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Abstract

Background

Agomelatine (AGO) is an antidepressant with unique pharmacological effects; however, its

underlying mechanisms remain unknown. In this study, we examined agomelatine’s effects

on catalase activity, oxidative stress, and inflammation.

Methods

Chronic restraint stress (CRS) model mice were established over 4 weeks, and AGO 50 mg/

kg was administered to different groups alongside a deferasirox (DFX) 10 mg/kg gavage

treatment. Behavioral tests were performed to assess the effect of AGO on the remission of

depression-like behaviors. Meanwhile, the expression of CAT, the oxidative stress signaling

pathway and inflammatory protein markers were assessed using ELISA, qRT-PCR, West-

ern blot, and immunohistochemistry.

Results

Four weeks of AGO treatment significantly improved depression-like behavior in mice

through the activation of catalase in the hippocampus and serum of the model mice,

increased superoxide dismutase expression, reduced malondialdehyde expression, and

reduced oxidative stress damage. Deferasirox was found to offset this therapeutic effect

partially. In addition, the inflammatory pathway (including nuclear factor-κB and nuclear fac-

tor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha) was not significantly

altered.
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Conclusions

AGO can exert antidepressant effects by altering oxidative stress by modulating catalase

activity.

Background

Depression (major depressive disorder, MDD) is one of the most common clinical psychiatric

disorders, affecting nearly 350 million people worldwide [1]. Epidemiological surveys have

shown that the lifetime prevalence of mood disorders has reached 7.37% [2], with depression

accounting for 4.7% [3]. However, because of the enormous disease burden of MDD, the cur-

rent scientific understanding of its occurrence and progression remains inadequate.

Currently, most antidepressants in clinical use, such as selective serotonin reuptake inhibi-

tors, work by selectively inhibiting serotonin reuptake (5-hydroxytryptamine, 5-HT) in the

brain. Agomelatine (AGO), an alternative antidepressant, may exert its anxiolytic effects

through an agonist effect on MT1/MT2 receptors and an antagonist effect on 5-HT2C recep-

tors. Lu et al. [4] showed that AGO could improve depression symptoms in mice with chronic

unpredictable mild stress (CUMS) by regulating the level of a brain-derived neurotrophic fac-

tor in the hippocampus. Previous studies have shown that the antidepressant effects of AGO

are not entirely mediated through the same mechanisms as other conventional antidepressants

[5–9].

Oxidative stress is an important factor in MDD pathogenesis [10] and is considered one of

the main causes of MDD [11]. Maes et al. [12] found that plasma peroxide levels in MDD

patients significantly increased compared to normal controls. Moreover, the peroxide levels

were significantly higher in patients in the acute phase of the disease than in those with chronic

depression (defined as depression lasting more than 2 years). As an important site of reactive

oxygen species (ROS) production, the peroxisome plays a crucial role in maintaining the

dynamic redox balance in cells and participates in various oxidative stress processes [13]. Cata-

lase (CAT), such as superoxide dismutase (SOD) and glutathione peroxidase, are antioxidative

enzymes that can overcome the role of oxidative stress [14]. CAT comprises approximately

40% of all peroxisomal enzymes and is involved in cell proliferation-associated transduction

pathways, apoptosis, carbohydrate metabolism, and platelet activation [15]. CAT acts as an

antioxidant enzyme by removing excess intracellular hydrogen peroxide (H2O2) and ROS

[16]. Moreover, CAT activity can be significantly suppressed under oxidative stress conditions

[17]. Ding et al. [18] conducted an in vivo study of depression using constructed fluorescent

probe techniques in mouse models. They revealed the excess of peroxisomes and intracellular

H2O2 in the mouse brain, leading to CAT inactivation, dysfunction of the 5-HT system, and,

ultimately, depression-related behaviors in mice.

Studies have shown that cysteine and vitamin C can enhance CAT activity and remove

excess H2O2 [19]. In contrast, deferasirox (DFX) can inhibit CAT activity and improve H2O2

levels [18]. The results of several clinical studies identified elevated CAT activity in the acute

and chronic phases of MDD [20–22]. Increased CAT activity may reflect a compensatory

mechanism reducing the effects of oxidative stress. However, some studies have presented the

opposite conclusion. Ozcan et al. [23] found significantly lower CAT activity in depressed

patients than in healthy controls, with no significant change in CAT activity after treatment.

However, their study did not describe a specific drug treatment regimen. Bhatt et al. [24]

found decreased CAT levels in the brains of mice with CUMS. Olsen et al. [25] found that
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antidepressants improved memory and reduced depression and anxiety symptoms by increas-

ing CAT levels in mouse brain tissue, even without increased oxidative stress.

The activation of the oxidative stress pathway is an important pathophysiological factor in

depression, based on the proposed hypothesis of the involvement of oxidative stress in the

pathogenesis of MDD. AGO may improve depression symptoms, anxiety symptoms, and bio-

chemical indicators of depression by affecting oxidative stress and inflammation.

This study mainly examined the changes in CAT levels and oxidative stress in the brain tis-

sue during AGO treatment in a depression mouse model, determined the presence or absence

of a correlation between this change and depression and anxious behavior in mice, and investi-

gated whether this change would be affected by DFX. It was found that AGO can modulate

oxidative stress in depression model mice by regulating CAT, thus highlighting new ideas for

treating depression.

Results

AGO attenuated depressive behavior in depression model mice

The effect of AGO on depression-like behavior was investigated, first analyzing baseline body

weight in the six groups of mice (Fig 1A). Secondly, body weight after 28 days of chronic

restraint stress (CRS) and drug intervention (Fig 1B) and body weight gain values in the same

groups of mice (Fig 1C). Statistical analysis showed that the CRS group lost significantly more

body weight than the control group. AGO and AGO + DFX treatment partially offset this

weight loss. The therapeutic effect of AGO was partially weakened by DFX, while the DFX

treatment group and CRS group did not show any significant differences. At the end of the

chronic stress period, a series of well-established behavioral tests that were designed to mea-

sure anxiety-like Open Field Test (OFT) and depression-like Sugar-water preference test

(SPT), and Forced swimming test (FST) behaviors were conducted in different groups of mice.

CRS mice showed lower sucrose preference (Fig 1D), significantly prolonged rest in the FST

(Fig 1E), and a significant decrease in total travel in the central region of the OFT (Fig 1F)

compared with control mice. These findings were significantly recovered in mice treated with

AGO and AGO + DFX compared with those in CRS mice. However, the DFX treatment and

CRS groups did not show significant differences in the tests mentioned above. Unfortunately,

no significant effects were observed in the total travel time and central region movement time

in the OFT tests (Fig 1G–1H). These experiments demonstrated that AGO treatment could

restore depressive-like behavior after CRS. However, the therapeutic effect of AGO would be

partially attenuated by DFX, indicating that AGO partially improves depressive-like behavior

in mice.

Effect of AGO on CAT levels in mice

The hippocampal sections were immunohistochemically stained with CAT as a specific

marker to investigate the effect of AGO on CAT protein expression in the hippocampus of the

model mice (Fig 2A). The expression of CAT protein in the CRS group decreased significantly

relative to that in the normal control group, and CAT protein expression in the AGO treat-

ment group was significantly restored compared with that in the CRS group (Fig 2B).

Meanwhile, we detected CAT activity in mouse serum (Fig 3A) and found that CAT activity

was significantly lower in the CRS group than in the control group. CAT activity increased sig-

nificantly after AGO treatment, and the DFX had a clear inhibitory effect.

In addition, analysis of CAT protein expression levels by protein immunoblotting (Fig 3D)

confirmed that CAT protein expression was significantly lower in the CRS group than in the
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control group and that AGO treatment effectively restored CAT protein expression (Fig 3E

and 3F).

We observed differences in CAT expression by measuring the mRNA expression of CAT in

each group through quantitative real-time polymerase chain reaction (PCR), although these

were not statistically significant.

In conclusion, we showed that AGO could effectively increase the CAT expression in

depressed model mice with CRS.

Effects of AGO on oxidative stress in depression model mice

The serum concentrations of SOD and malondialdehyde (MDA) were measured using

enzyme-linked immunosorbent assay (ELISA) to confirm the effect of AGO on oxidative stress

in depression model mice (Fig 3B and 3C). The results showed that the CRS group had

Fig 1. Effects of the CRS, AGO, and DFX intervention on body weight and behavioral tests. Depression-like

behavior in mice induced by CRS. (a) Initial body weight of the mice. (b) Body weight of the mice after different

treatments. (c) Weight gain of the mice. (d) Sucrose preference rate in mice. (e) Forced swimming rest time in mice. (f)

The total distance of mice in the central region of the open field test. (g) Total time of mice in the central region in the

open field test. (h) The total distance of mice in the open field test. *P<0.05; ** P<0.01; *** P<0.001; CRS, chronic

restraint stress; AGO, agomelatine; DFX, deferasirox; ns, no significant difference. Data are expressed as the

mean ± standard deviation and were analyzed by one-way ANOVA, followed by post hoc multiple comparisons (LSD

method). n = 10.

https://doi.org/10.1371/journal.pone.0289248.g001
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significantly lower serum MDA concentrations after AGO treatment, while serum SOD

increased significantly with AGO treatment. Meanwhile, this therapeutic effect was partially

offset by DFX.

Effect of AGO treatment on the NF-кB pathway in mouse models of

depression

Extensive preclinical and clinical evidence shows that external stress is accompanied by

increased proinflammatory cytokines and their downstream regulators. Nuclear factor (NF)-

кB is a transcription factor reported to regulate an excess of proinflammatory cytokines. The

expression levels of the NF-кB protein and IкB-α were analyzed by protein immunoblot (Fig

3G and 3H). Meanwhile, we detected the mRNA expression levels of NF-кB and IкBα by

quantitative and real-time PCR (Fig 3I–3K). Unfortunately, our experiments did not reveal

significant differences in the expressions of NF-кB and IкBα in each group.

Fig 2. Effects of the CRS, AGO, and DFX intervention on immunohistochemistry of CAT protein in the

hippocampus of mice. Immunohistochemistry shows the changes in CAT protein expression in the hippocampus of

mice after CRS, AGO, and DFX intervention. (a) Staining of CAT protein. (B) Positive rate of CAT protein expression

in the mouse hippocampus. *P<0.05; **P<0.01; ***P<0.001; CAT, catalase; CRS, chronic restraint stress; AGO,

agomelatine; DFX, deferasirox; ns, no significant difference. Data are expressed as the mean ± standard deviation and

were analyzed by one-way ANOVA, followed by post hoc multiple comparisons (LSD method). n = 3.

https://doi.org/10.1371/journal.pone.0289248.g002
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Discussion

We hypothesized that the effect of AGO in treating depression is associated with reducing the

oxidative stress process in vivo, given the role of oxidative stress in the pathogenesis of depres-

sion. CRS induced depression-like behavior in mice, leading to increased MDA and decreased

SOD and CAT levels, showing a redox imbalance and oxidative stress state in mice, consistent

with previous studies [26]. The marked improvement in depression-like behavior and

decreased MDA in depression model mice treated with AGO may be related to increased anti-

oxidant enzymes. In this study, we found that AGO treatment for 4 weeks could activate CAT

in the hippocampus of CRS mice, while the CAT inhibitor DFX could partially counteract this

therapeutic effect. These findings indicate that AGO can alleviate depression-like behavior in

mice by reducing oxidative stress. In addition, inflammation (as determined by NF-κB and

Fig 3. ELISA, Western blot, and PCR results. Effect of agomelatine on oxidative stress and the NF-кB pathway in

CRS mice. (a) CAT activity in the serum of mice under CRS, AGO, and DFX intervention. (b-c) SOD and MDA

concentrations in the serum of mice under CRS, AGO, and DFX intervention. (d, g) Representative protein blot results

of CAT, NF-кB p65, and IкBα in the mouse hippocampus under CRS and AGO intervention, showing the quantitative

density analysis of CAT in the hippocampus (e, f, h). (i-k) mRNA expression levels of CAT, NF-кB, and IкBα in the

mouse hippocampus. *P<0.05; **P<0.01; ***P<0.001; CAT, catalase; CRS, chronic restraint stress; AGO,

agomelatine; DFX, deferasirox; SOD, superoxide dismutase; MDA, malondialdehyde; ns, no significant difference.

Data are expressed as the mean ± standard deviation and were analyzed by one-way ANOVA, followed by post hoc

multiple comparisons (LSD method). n = 3–5.

https://doi.org/10.1371/journal.pone.0289248.g003
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IкBα levels) was not significantly altered, meaning that regulating oxidative stress may be

another mechanism of action for depression of AGO [27].

The brain uses aerobic respiration to meet its high energy demand. Although the brain is

only 2% of the body’s body weight, it consumes approximately 20% oxygen and 25% glucose

[28]. Therefore, the central nervous system is very susceptible to oxidative stress, high levels of

which can eventually cause oxidative damage, which is mainly manifested as an imbalance of

pro-oxidants and antioxidants [29]. SOD converts superoxide anion radicals into H2O2; CAT,

which reduces hydrogen to H2O2; and glutathione peroxidase are the main enzymatic antioxi-

dants [30]. Previously, it was shown that oxidative stress plays a critical role in the pathophysi-

ology of MDD [31]. Patients with MDD had a lower total antioxidant status and higher MDA

levels in their blood than the controls [32]. However, the initially reduced SOD activity and

elevated MDA levels in the serum of patients with MDD have been shown to normalize after

long-term antidepressant treatment [33,34]. Oxidative stress is an imbalance between ROS

and antioxidant enzymes that may cause biomolecular damage. Excess ROS eventually leads to

the formation of proinflammatory factors, such as MDA and 8-hydroxy-2-deoxyguanosine,

promoting the damage-related molecular patterns of immune responses [35]. MDA inhibits

nucleotide excision repair systems and sensitization mutagenesis; disrupts DNA; and causes

mitochondrial damage by increasing mitochondrial ROS, inhibiting mitochondrial respiration

processes, and reducing mitochondrial membrane potential and antioxidant levels [36]. Super-

oxide production is increased in the brains of rats with CUMS [37], alongside increased pro-

tein and lipid peroxidation and unbalanced SOD and CAT activity [38]. Studies show that

elevated oxidative stress has also been found in the brains of adult rats after maternal care dep-

rivation [39]. Our data showed that CRS led to a decreased sugar water preference rate, pro-

longed forced swimming rest time, and depression-like behaviors such as decreased central

total distance in the open field in mice. Meanwhile, CRS also leads to increased MDA expres-

sion in the serum, decreased CAT activity in the mouse hippocampus, and decreased SOD

expression in the serum. The results of this study are consistent with those of previous studies.

AGO acts as a potent agonist of melatoninergic MT1 and MT2 receptors and as a 5-HT2C

receptor antagonist. Evidence accumulated over the extensive course of a previous study

[40,41] supports the idea that the antidepressant effect of AGO is because of its synergistic mel-

atoninergic and serotonergic effects [27]. The antidepressant effects of AGO have been illus-

trated in several mature rodent models reflecting the core clinical features of depression [27].

Chronic (3-week) AGO (40 mg/kg, intraperitoneal injection) has been shown to increase cell

proliferation, neurogenesis, and cell survival in the rat hippocampus [39]. Furthermore, AGO

improves cell maturity and survival throughout the hippocampus [42]. It has been reported

that AGO increases SOD activity in the rat striatum and posterior cortex at 10 mg/kg and 30

mg/kg, respectively [43]. Our results showed that AGO significantly attenuated depressive-like

behavior in CRS mice; by increasing CAT activity in the hippocampus and serum, it increased

SOD and decreased MDA expression, thus reducing oxidative stress. Meanwhile, we adminis-

tered the CAT-specific inhibitor DFX to the CRS model mice. We observed that the depres-

sion-like behavior and oxidative stress levels in this group were not significantly different from

those in the CRS model group. It may be that CAT inhibition has participated in the pathologi-

cal mechanism of the CRS model. In addition, we concurrently administered DFX and AGO

treatment, which showed that the depression-like behavior and oxidative stress levels in the

mice were significantly different from those in the AGO treatment group and the CRS group

alone. This finding indicated that the therapeutic effect of AGO was produced through multi-

ple different mechanisms and was partly achieved by enhancing CAT expression and activity,

thus reducing oxidative stress.
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The NF-κB protein family plays an important role in the expression of several proinflam-

matory genes as a key transcription factor. Regulation of this pathway by bioactive substances

may be a potential solution for treating inflammatory diseases [44]. NF-κB is a key mediator of

chronic stress-induced depression-like behaviors [45]. Moreover, it has been shown that cellu-

lar damage can be induced by the activation of the NF-κB signaling pathway, which is heavily

involved in inflammation through ROS and proinflammatory cytokines. Research shows that

AGO blocked this activation and the above effects, showing that antidepressant treatment may

have broad neuroprotective effects [46]. AGO treatment has been shown to significantly

inhibit NF-κB phosphorylation without changing the basal levels of the NF-κB/p65 protein.

Because of the inhibition of NF-κB phosphorylation, NF-κ cannot be activated and trans-

ported into the nucleus, thus preventing cytokine synthesis [47]. Our experiments showed that

NF-κB expression varied within different groups. However, there were no significant differ-

ences between groups, possibly because AGO affects NF-κB phosphorylation rather than the

basal amount of NF-κB expression.

Conclusions

In conclusion, our study demonstrated that AGO has a clear antidepressant-like effect in a

CRS model, consistent with previous studies. AGO can also reduce oxidative stress in mice by

activating CAT, which we believe is one of the underlying antidepressant mechanisms.

Methods

Study animals

This study used 6–8-week-old specific pathogen-free male C57BL/6 mice weighing 22±3 g pro-

vided by Beijing Weitong Lihua Experimental Animal Company (experimental animal pro-

duction license no. SCXK [Beijing] 2019–0011) and raised by the Experimental Animal Center

of Zhejiang University of Traditional Chinese Medicine (experimental animal use license no.

SYXK [Zhejiang] 2019–0022). The animals were adaptively maintained for 1 week. The mice

were given a standard pelleted diet and free water, and they were housed at a controlled tem-

perature (23˚C±2˚C) with 60% relative humidity and a 12 h light/dark cycle.

Model construction and grouping

Establishment of the CRS model [47,48]: the mice were placed in a transparent cylindrical tube

with a length of approximately 10 cm and an internal diameter of approximately 3 cm. There-

fore, this restricted the head and limb movement so that the head could only be moved slightly.

Around the bound tube were eight ventilated holes approximately 0.6 cm in diameter for the

mice to breathe. The binding time was from 10:00 to 16:00 (6 h). Each mouse was fed water ad

libitum, although the water was not given during the binding process. We have considered the

following aspects to ensure that the CRS model has been successfully built as much as possible:

The weight of the mice after CRS modeling decreased significantly, with statistical signifi-

cance.Through behavioral tests, it proved that mice after CRS modeling had depressive behav-

ior. In this experiment, 1) the decreased sugar water preference rate in the sugar-water

preference test, 2) the prolonged forced swimming rest time in the forced swimming test, 3)

the decreased central total distance in the open field tests.[49,50] Successful mice were studied

after 4 weeks of CRS molding.

Group: Sixty mice were randomly divided into six groups of 10 mice each: normal control

(CON), CAT inhibitor (DFX), model (CRS), model + AGO (CON + AGO), model + CAT
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inhibitor (deferasirox) (CRS + DFX), and model + AGO + CAT inhibitor (CRS + AGO

+ DFX).

Drug treatment: Animals were treated for 4 weeks through intragastric administration.

CRS + AGO mice, CRS + DFX mice, and CRS + AGO + DFX mice were treated with AGO

(Jiangsu Hausen Pharmaceutical Company) 50 mg/kg, DFX, or both (Shanghai Bide Medical

Technology Company) 10 mg/kg once a day, all drugs were dissolved in normal saline and

administered as described in previous studies [5,51]. Mice from the CRS group were given

equal normal saline from the first day until the fourth weekend. Mice in the CON and DFX

groups were not treated with CRS stimulation. The CON group was administered equal

amounts of normal saline (10 mg/kg) once a day; meanwhile, the DFX group was administered

DFX (10 mg/kg) once a day.

Behavior index detection

Sugar-water preference test (SPT). This Tang et al. [52] test is divided into adaptation

and experimental stages. Adaptation stage: Single-cage feeding, with two water bottles placed

simultaneously. Both bottles were filled with 1% sucrose water Within the first 24 h. One bottle

contained pure water for the subsequent 24 h, and the other contained 1% sucrose water.

Experimental stage: one bottle of 1% sucrose water and one bottle of pure water were given

after 24 h of the SPT, and the overall weights of the bottles were recorded. The positions of the

two water bottles were exchanged after 12 h, and their overall weight was re-recorded after 24

h. The sugar water preference rate was calculated as the indicator of the SPT (sugar water pref-

erence rate = sugar water consumption/[sugar water consumption + pure water consumption]

× 100%).

Open Field Test (OFT). SMART 3.0 virtually divided the absent field analysis box (40

cm × 40 cm × 40 cm) into central and peripheral parts using the Song et al. [53] OFT. Experi-

ments were performed in a darker observation box. First, the mice were placed in the central

grid to be observed for 5 min. After the experiment, the field box was wiped to remove the

residual odor, and the next animal was tested. The main observation indicators were the cen-

tral crossing time (s) and the total distance (cm).

Forced swimming test (FST). Using the Lin et al. [54] FST, mice were placed in a circular

transparent swimming bucket, 30 cm high, 12 cm in diameter, and 18 cm deep (i.e., that the

tail and hind limbs could not touch the bottom), with a water temperature of 25˚C±1˚C. Each

mouse first swam for 1 min to adapt to the environment. The behavioral indicators of the mice

were recorded with a camera for 5 min, and their stationary time was recorded. The mice were

dried with a towel after the experiment.

Immunohistochemistry

Mice were perfused with 4% paraformaldehyde (PFA) after being perfused with 50 mL (±) of

saline through the heart for the immunohistochemistry study, and their brains were removed.

The hippocampus was isolated and fixed in 4% paraformaldehyde for 3 days at 4 ˚C after that.

Fixed Hippocampal tissue was embedded in paraffin and sectioned to 10μm thickness. Paraffin

tissue sections were taken and baked at 60˚C for 1 h; dried in three cylinders of xylene for 10

min; dehydrated by 95%, 80%, and 75% gradient alcohol for 1 min; immersed in tap water for

1 min; soaked in 3% H2O2 at 37˚C for 30 min, phosphate-buffered saline (PBS) for 3 min, and

0.01 M citrate buffer for 20 min at 95˚C; cooled to room temperature; and washed with PBS.

Normal sheep serum working fluid was blocked at 37˚C for 10 min. One-drop antibody plus

rabbit anti-rat CAT (ab209211, Abcam) was added at 4˚C overnight and rinsed in PBS. It was

incubated with horseradish-labeled secondary antibody for 30 min in DAB. The section was
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re-stained with hematoxylin and sealed. PBS was used instead of the primary antibody as a

negative control, and the normal mucosa was used as a positive control. The positive cell rate

was calculated by randomly selecting five high-power fields (400X) and counting 100 cells per

field [5,55].

ELISA experiments

The mice were anesthetized with 0.3% (0.15 ml/10 g) pentobarbital sodium by intraperitoneal

injection. Blood was collected through a puncture of the retrobulbar venous plexus after anes-

thesia was deemed effective. Approximately 0.2 ml of blood was collected in a labeled centri-

fuge tube and kept at 20˚C for 1–2 h. The blood was precooled to 4˚C and centrifuged at 3000

rpm/min for 10 min. The serum was pipetted into a newly labeled centrifuge tube, frozen, and

stored at -80˚C for backup. Mouse catalase (CAT) ELISA Kit (ml037752, Enzyme-Linked Bio-

technology), mouse superoxide dismutase (SOD) ELISA kit (ml643059, Enzyme-Linked Bio-

technology), and MDA (Malondialdehyde) ELISA Kit (E-EL-0060c, Elabscience) content were

determined according to the manufacturer’s instructions.

CAT activity detection

The methodology was carried out according to the manufacturer’s instructions (BC0200,

Solarbio) [56–58]. Ice bath homogenate at a ratio of tissue mass (g): extract volume (mL) of

1:5˚C–10.4˚C was centrifuged at 8000 g for 10 min. The supernatant was then removed and

placed on ice for testing. The working fluid was then configured according to the instructions.

The spectrophotometer was preheated for more than 30 min, the wavelength was adjusted to

240 nm, and the distilled water was adjusted to 0. The CAT working fluid was detected for 10

min before determination in a 25˚C water bath. Then, 1 mL of CAT detection solution was

added to a 1 mL quartz plate before 35 L samples were added and mixed for 5 s. The initial

light absorption at 240 nm and light absorption after 1 min were measured immediately at

room temperature.

Quantitative real-time-PCR

Primers for CAT, GAPDH, NF-κB, and IкBα were designed and submitted to TaKaRa for syn-

thesis. Total RNA was extracted with the RNA extraction kit. The reverse transcription system

was 20 μL, which was performed according to the reagent instructions. The reaction solution

was taken for quantitative PCR according to the kit’s instructions. GAPDH was used as the

internal reference control, and 2-ΔΔCt calculated the relative expression content of the target

gene expression. Each group of samples was tested more than three times.

Western blot

Each group of mice was killed by cervical dislocation after completing the last behavioral test.

Each subject’s brain was dissected and quickly placed on the ice surface. The hippocampal

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

NF-κB [59] CCGCTCGAGCTATGGACGATCTGTTTCCCCTC CGGAATTCACCTTAGGAGCTGATCTGAC

CAT [60] GCAGATACCTGTGAACTGTC GTAGAATGTCCGCACCTGAG

IкBα [61] CACTCCATCCTGAAGGCTACCAA AAGGGCAGTCCGGCCATTA

GAPDH [62] TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT

https://doi.org/10.1371/journal.pone.0289248.t001
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tissue was quickly isolated according to the stereotactic map of the mouse brain, immediately

placed in liquid nitrogen, and then moved to an -80˚C refrigerator for storage. The brain tissue

was ground to a homogenate for the subsequent experimental testing, and a radioimmunopre-

cipitation assay lysate was added on ice for 30 min. The solution was centrifuged at 4˚C at

14400 rpm for 15 min. The supernatant was removed and quantified with a bicinchoninic acid

assay kit using a 5-protein loading buffer at 95˚C for 10 min. SDS-PAGE electrophoresis was

used to separate the protein, transferred to a polyvinylidene fluoride membrane, and then

blocked for 1 h at room temperature with 5% skim milk powder. The membrane was then

washed three times in TBST plus CAT (ab209211, Abcam), NF-κB (ab207297, Abcam), IкBα
(ab32518, Abcam), and GAPDH (ab9484, Abcam). The primary antibody was incubated over-

night at 4˚C and then washed away with TBST. Then the corresponding secondary antibody

was added for 1 h. The membrane was washed in TBST three times and swept with the ODYS-

SEY two-color infrared laser imaging system. The experimental results were processed with

Image Studio Ver 2.0 software.

Statistical analysis

SPSS 25.0 software (IBM Corp., Armonk, NY, USA) was used for the statistical analysis. All

data are presented as mean ± standard deviation. Multi-group overall comparisons were ana-

lyzed using one-way ANOVA and post hoc multiple comparisons (LSD method). A P-value of

<0.05 was considered statistically significant.
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39. Réus GZ, Nacif MP, Abelaira HM, Tomaz DB, dos Santos MA, Carlessi AS, et al. Ketamine ameliorates

depressive-like behaviors and immune alterations in adult rats following maternal deprivation. Neurosci

Lett. 2015; 584: 83–87. https://doi.org/10.1016/j.neulet.2014.10.022 PMID: 25459283

PLOS ONE Agomelatine improves depression by altering catalase activity

PLOS ONE | https://doi.org/10.1371/journal.pone.0289248 February 9, 2024 13 / 15

https://doi.org/10.1155/2015/898393
http://www.ncbi.nlm.nih.gov/pubmed/26078821
https://doi.org/10.9758/cpn.2017.15.1.35
http://www.ncbi.nlm.nih.gov/pubmed/28138108
https://doi.org/10.1097/00004850-200403000-00006
https://doi.org/10.1097/00004850-200403000-00006
http://www.ncbi.nlm.nih.gov/pubmed/15076017
https://doi.org/10.1016/j.pharep.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25149984
https://doi.org/10.1111/jnc.12187
http://www.ncbi.nlm.nih.gov/pubmed/23383735
https://doi.org/10.1089/rej.2018.2157
https://doi.org/10.1089/rej.2018.2157
http://www.ncbi.nlm.nih.gov/pubmed/31452446
https://doi.org/10.1111/bph.12720
http://www.ncbi.nlm.nih.gov/pubmed/24724693
https://doi.org/10.1016/j.pnpbp.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/23022673
https://doi.org/10.1155/2016/3975101
http://www.ncbi.nlm.nih.gov/pubmed/27563374
https://doi.org/10.1155/2012/609421
http://www.ncbi.nlm.nih.gov/pubmed/22693652
https://doi.org/10.2174/138161212803523554
http://www.ncbi.nlm.nih.gov/pubmed/22681168
https://doi.org/10.1371/journal.pone.0138904
http://www.ncbi.nlm.nih.gov/pubmed/26445247
https://doi.org/10.1016/j.arcmed.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17227736
https://doi.org/10.4088/JCP.14r09179
http://www.ncbi.nlm.nih.gov/pubmed/26579881
https://doi.org/10.1111/imm.12443
http://www.ncbi.nlm.nih.gov/pubmed/25580634
https://doi.org/10.1038/mp.2012.33
http://www.ncbi.nlm.nih.gov/pubmed/22525486
https://doi.org/10.1016/j.neuint.2009.01.001
https://doi.org/10.1016/j.neuint.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19171172
https://doi.org/10.1016/j.jpsychires.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19100996
https://doi.org/10.1016/j.neulet.2014.10.022
http://www.ncbi.nlm.nih.gov/pubmed/25459283
https://doi.org/10.1371/journal.pone.0289248


40. Millan MJ, Marin P, Kamal M, Jockers R, Chanrion B, Labasque M, et al. The melatonergic agonist and

clinically active antidepressant, agomelatine, is a neutral antagonist at 5-HT(2C) receptors. Int J Neu-

ropsychopharmacol. 2011; 14(6):768–83. https://doi.org/10.1017/S1461145710001045 PMID:

20946699

41. Norman TR, Cranston I, Irons JA, Gabriel C, Dekeyne A, Millan MJ, et al. Agomelatine suppresses loco-

motor hyperactivity in olfactory bulbectomised rats: a comparison to melatonin and to the 5-HT(2c)

antagonist, S32006. European journal of pharmacology. 2012; 674(1):27–32. https://doi.org/10.1016/j.

ejphar.2011.10.010 PMID: 22040921

42. Soumier A, Banasr M, Lortet S, Masmejean F, Bernard N, Kerkerian-Le-Goff L, et al. Mechanisms con-

tributing to the phase-dependent regulation of neurogenesis by the novel antidepressant, agomelatine,

in the adult rat hippocampus. Neuropsychopharmacology. 2009; 34: 2390–2403. https://doi.org/10.

1038/npp.2009.72 PMID: 19571795

43. de Mello AH, Souza Lda R, Cereja AC, Schraiber Rde B, Florentino D, Martins MM, et al. Effect of sub-

chronic administration of agomelatine on brain energy metabolism and oxidative stress parameters in

rats. Psychiatry Clin Neurosci. 2016; 70: 159–66 https://doi.org/10.1111/pcn.12371 PMID: 26548699

44. Hyeon JY, Choi EY, Choe SH, Park HR, Choi JI, Choi IS, et al. Agomelatine, a MT1/MT2 melatonergic

receptor agonist with serotonin 5-HT2C receptor antagonistic properties, suppresses Prevotella inter-

media lipopolysaccharide-induced production of proinflammatory mediators in murine macrophages.

Arch Oral Biol. 2017; 82: 11–18. https://doi.org/10.1016/j.archoralbio.2017.05.015 PMID: 28578027

45. Horowitz MA, Wertz J, Zhu D, Cattaneo A, Musaelyan K, Nikkheslat N, et al. Antidepressant com-

pounds can be both pro- and anti-inflammatory in human hippocampal cells. Int J Neuropsychopharma-

col. 2014;18. https://doi.org/10.1093/ijnp/pyu076 PMID: 25522414

46. Asci H, Ozmen O, Erzurumlu Y, Sofu A, Icten P, Kaynak M. Agomelatine protects heart and aorta

against lipopolysaccharide-induced cardiovascular toxicity via inhibition of NF-kbeta phosphorylation.

Drug Chem Toxicol. 2022; 45: 133–142. https://doi.org/10.1080/01480545.2019.1663209 PMID:

31514555

47. Chiba S, Numakawa T, Ninomiya M, Richards MC, Wakabayashi C, Kunugi H. Chronic restraint stress

causes anxiety- and depression-like behaviors, downregulates glucocorticoid receptor expression, and

attenuates glutamate release induced by brain-derived neurotrophic factor in the prefrontal cortex. Prog

Neuropsychopharmacol Biol Psychiatry. 2012; 39: 112–119. https://doi.org/10.1016/j.pnpbp.2012.05.

018 PMID: 22664354

48. Jung J, Lee SM, Lee MJ, Ryu JS, Song JH, Lee JE, et al. Lipidomics reveals that acupuncture modu-

lates the lipid metabolism and inflammatory interaction in a mouse model of depression. Brain Behav

Immun. 2021; 94: 424–436. https://doi.org/10.1016/j.bbi.2021.02.003 PMID: 33607237

49. Yan HC, Cao X, Das M, Zhu XH, Gao TM. Behavioral animal models of depression. Neurosci Bull.

2010; 26(4):327–37. https://doi.org/10.1007/s12264-010-0323-7 PMID: 20651815

50. Campos AC, Fogaça MV, Aguiar DC, Guimarães FS. Animal models of anxiety disorders and stress.

Revista brasileira de psiquiatria (Sao Paulo, Brazil: 1999). 2013; 35 Suppl 2:S101–11. https://doi.org/

10.1590/1516-4446-2013-1139 PMID: 24271222

51. Wu Y, Ran L, Yang Y, Gao X, Peng M, Liu S, et al. Deferasirox alleviates dss-induced ulcerative colitis

in mice by inhibiting ferroptosis and improving intestinal microbiota. Life Sci. 2023; 314: 121312. https://

doi.org/10.1016/j.lfs.2022.121312 PMID: 36563842

52. Tang J, Liang X, Dou X, Qi Y, Yang C, Luo Y, et al. Exercise rather than fluoxetine promotes oligoden-

drocyte differentiation and myelination in the hippocampus in a male mouse model of depression. Transl

Psychiatry. 2021; 11: 622. https://doi.org/10.1038/s41398-021-01747-3 PMID: 34880203

53. Song AQ, Gao B, Fan JJ, Zhu YJ, Zhou J, Wang YL, et al. NLRP1 inflammasome contributes to chronic

stress-induced depressive-like behaviors in mice. J Neuroinflammation. 2020; 17: 178. https://doi.org/

10.1186/s12974-020-01848-8 PMID: 32513185

54. Lin J, Song Z, Chen X, Zhao R, Chen J, Chen H, et al. Trans-cinnamaldehyde shows anti-depression

effect in the forced swimming test and possible involvement of the endocannabinoid system. Biochem

Biophys Res Commun. 2019; 518: 351–356. https://doi.org/10.1016/j.bbrc.2019.08.061 PMID:

31421826

55. Cai M, Lee JH, Yang EJ. Electroacupuncture attenuates cognition impairment via anti-neuroinflamma-

tion in an Alzheimer’s disease animal model. J Neuroinflammation. 2019; 16: 264. https://doi.org/10.

1186/s12974-019-1665-3 PMID: 31836020

56. Zhang X, Jing S, Lin H, Sun W, Jiang W, Yu C, et al. Anti-fatigue effect of anwulignan via the NRF2 and

PGC-1α signaling pathway in mice. Food Funct. 2019; 10: 7755–7766. https://doi.org/10.1039/

c9fo01182j PMID: 31696200

PLOS ONE Agomelatine improves depression by altering catalase activity

PLOS ONE | https://doi.org/10.1371/journal.pone.0289248 February 9, 2024 14 / 15

https://doi.org/10.1017/S1461145710001045
http://www.ncbi.nlm.nih.gov/pubmed/20946699
https://doi.org/10.1016/j.ejphar.2011.10.010
https://doi.org/10.1016/j.ejphar.2011.10.010
http://www.ncbi.nlm.nih.gov/pubmed/22040921
https://doi.org/10.1038/npp.2009.72
https://doi.org/10.1038/npp.2009.72
http://www.ncbi.nlm.nih.gov/pubmed/19571795
https://doi.org/10.1111/pcn.12371
http://www.ncbi.nlm.nih.gov/pubmed/26548699
https://doi.org/10.1016/j.archoralbio.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28578027
https://doi.org/10.1093/ijnp/pyu076
http://www.ncbi.nlm.nih.gov/pubmed/25522414
https://doi.org/10.1080/01480545.2019.1663209
http://www.ncbi.nlm.nih.gov/pubmed/31514555
https://doi.org/10.1016/j.pnpbp.2012.05.018
https://doi.org/10.1016/j.pnpbp.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22664354
https://doi.org/10.1016/j.bbi.2021.02.003
http://www.ncbi.nlm.nih.gov/pubmed/33607237
https://doi.org/10.1007/s12264-010-0323-7
http://www.ncbi.nlm.nih.gov/pubmed/20651815
https://doi.org/10.1590/1516-4446-2013-1139
https://doi.org/10.1590/1516-4446-2013-1139
http://www.ncbi.nlm.nih.gov/pubmed/24271222
https://doi.org/10.1016/j.lfs.2022.121312
https://doi.org/10.1016/j.lfs.2022.121312
http://www.ncbi.nlm.nih.gov/pubmed/36563842
https://doi.org/10.1038/s41398-021-01747-3
http://www.ncbi.nlm.nih.gov/pubmed/34880203
https://doi.org/10.1186/s12974-020-01848-8
https://doi.org/10.1186/s12974-020-01848-8
http://www.ncbi.nlm.nih.gov/pubmed/32513185
https://doi.org/10.1016/j.bbrc.2019.08.061
http://www.ncbi.nlm.nih.gov/pubmed/31421826
https://doi.org/10.1186/s12974-019-1665-3
https://doi.org/10.1186/s12974-019-1665-3
http://www.ncbi.nlm.nih.gov/pubmed/31836020
https://doi.org/10.1039/c9fo01182j
https://doi.org/10.1039/c9fo01182j
http://www.ncbi.nlm.nih.gov/pubmed/31696200
https://doi.org/10.1371/journal.pone.0289248


57. Kong D, Yan Y, He XY, Yang H, Liang B, Wang J, et al. Effects of resveratrol on the mechanisms of anti-

oxidants and estrogen in Alzheimer’s disease. Biomed Res Int. 2019; 2019: 8983752. https://doi.org/10.

1155/2019/8983752 PMID: 31016201

58. Wang ZX, Lian WW, He J, He XL, Wang YM, Pan CH, et al. Cornuside ameliorates cognitive impair-

ments in scopolamine induced ad mice: involvement of neurotransmitter and oxidative stress. J Ethno-

pharmacol. 2022; 293: 115252. https://doi.org/10.1016/j.jep.2022.115252 PMID: 35405255

59. Yuan YH, Sun JD, Wu MM, Hu JF, Peng SY, Chen NH. Rotenone could activate microglia through nfκb
associated pathway. Neurochem Res. 2013; 38: 1553–1560. https://doi.org/10.1007/s11064-013-

1055-7
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