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Abstract 

Chronic stress is an important factor to several physical and mental diseases. Ishige foliacea, an edible brown seaweed, 
has various biological properties; however, its role in alleviating stress-induced depression remains unclear. Thus, the 
antidepressant-like effects of I. foliacea ethanolic extract (IE) were investigated using corticosterone (CORT)-treated 
HT22 cells and CORT-induced depressive mice. IE significantly reduced the production of reactive oxygen species 
(ROS) and inhibited monoamine oxidase (MAO) activity and protein expression; furthermore, it up-regulated the 
extracellular signal-regulated kinase (ERK)-cAMP response element-binding protein (CREB)-brain derived neurotrophic 
factor (BDNF) signaling pathway. In the CORT-induced depressive mice, IE administration (500 mg/kg, bodyweight) 
exerted antidepressant effects according to behavioral tests. In addition, IE activated the ERK-CREB-BDNF signaling 
pathway owing to CORT exposure in the hippocampus. Therefore, IE inhibited ROS production and MAO activity and 
improved depressive behaviors caused by stress hormones, which demonstrates the therapeutic potential of IE in the 
treatment of depression.

Keywords: Corticosterone, Depression, ERK-CREB-BDNF pathway, Ishige foliacea, Monoamine oxidase

Introduction
Depression has become a major health issue that affects 
280 million people worldwide and causes severe health, 
social, and economic burdens [1]. The primary features 
of depression have been reported to be hypothalamus-
pituitary-adrenal axis hyperactivity owing to stress, high 
glucocorticoid levels, and impaired regulation of feed-
back inhibition [2]. In this regard, antidepressants are the 
first-line therapy for patients with less severe cases; how-
ever, multiple concerns remain about their effectiveness, 
efficiency, and side effects [3]. Hence, effective alternative 
treatment options are desired.

Marine algae frequently produce an abundance of bio-
active compounds. In particular, brown algae contain 
various constituents such as phlorotannins, pigments, 
and fucoidans [4]. Ishige foliacea is an edible brown alga 

that mainly inhabits Jeju Island, South Korea. Many bio-
logical activities of I. foliacea, including antioxidant, 
anti-inflammatory, and hypoglycemic effects have been 
reported [5, 6]. In addition, previous study has reported 
that an I. foliacea ethanol extract alleviates scopolamine-
induced memory impairment by protecting oxidative 
stress-induced cellular damage and activating the extra-
cellular signal-regulated kinase (ERK) –brain-derived 
neurotrophic factor (BDNF)–tropomyosin receptor 
kinase B (TrkB) pathway in the hippocampus [7]. How-
ever, despite numerous pharmacological studies, the 
effects of I. foliacea on depression have not been eluci-
dated. Therefore, in the present study, these effects and 
their potential mechanisms were evaluated using the I. 
foliacea ethanol extract (IE) in HT22 cells and mice with 
depression induced by a stress hormone.

Materials and methods
Preparation of I. foliacea ethanol extract
I. foliacea from Jeju Island (South Korea) were washed, 
dried, and extracted 10 times with 70% (v/v) ethanol/
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water at 50  °C for 24 h. After filtered, the extracts were 
subsequently lyophilized and air-dried.

Monoamine oxidase enzyme activity
Monoamine oxidase (MAO) activity was measured using 
an Amplex Red Monoamine Oxidase Assay Kit (Inv-
itrogen, Carlsbad, CA, USA). Fluorescence was meas-
ured using a fluorescence microplate reader (Molecular 
Device, Sunnyvale, CA, USA) at excitation = 550 nm and 
emission = 590 nm, respectively.

Cell culture and cell viability
The mouse hippocampal neuronal HT22 cells (ATCC, 
Rockville, VA, USA) were cultured in Dulbecco’s modi-
fied Eagle’s medium   (DMEM) containing 10% fetal 
bovine serum (FBS) and 1% penicillin/streptomycin in a 
humidified incubator at 37℃ under 5%  CO2 and 95% air. 
Cell viability was assessed by MTT [3-(4,5-dime thylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide] assay as 
described by Um et al. [8].

Reactive oxygen species measurements
To measure the reactive oxygen species (ROS) pro-
duction, 2’,7’-dichlorodihydrofluorescein diacetate 
(DCFH-DA) staining assay was performed as per the 
manufacturer’s instructions (Invitrogen, Carlsbad, CA, 
USA). HT22 cells (1 ×  104 cells/well) were co-treated 
with 200  μM corticosterone (CORT) and IE (10 or 
100 μg/mL) for 24 h. Using a fluorescence microscope 
(Olympus, Shinjuku, Tokyo, Japan), DCFH-DA fluores-
cence was captured.

Animals and treatments
All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of the Korea 
Food Research Institute (KFRI-M-17064). Male ICR 
mice (5  weeks of age, 21–25  g) were obtained from 
KOATECH Animal Inc. (Pyeongteak, South Korea) 
and housed under constant conditions on a 12-h light/
dark cycle at 23 ± 1  °C and 55 ± 5% humidity. After 
1-week adaption, the mice received repeat intraperi-
toneal (i.p.) injections of CORT (40  mg/kg body-
weight (B.W.)) to induce depressive-like behavior. 
Fifty mice were divided randomly into five groups: 
(1) Vehicle+Vehicle (NOR), (2) CORT+Vehicle 
(CORT+VEH), (3) CORT+fluoxetine (FLU) at 20  mg/
kg B.W. (CORT+FLU), (4) CORT+Hypericum perfo-
ratum (St John’s wort) extract (SE) at 300  mg/kg B.W. 
(CORT+SE), and (5) CORT+IE at 500  mg/kg B.W. 
(CORT+IE). In this study, FLU and SE were used as 
positive controls. All dosages were based on previously 
published studies [7, 9, 10]. After the mice were anes-
thetized with isoflurane, brain tissues were subsequently 

isolated and stored at −80 °C. The experimental scheme 
is presented in Fig. 3a.

Behavioral tests
Tail suspension test
The tail suspension test (TST) was performed accord-
ing to a previously described method [11]. The immobil-
ity time was measured for 6 min using a TST apparatus 
(BioSeb, Chaville, France).

Forced swimming test
The forced swimming test (FST) was performed accord-
ing to a previously described method [12]. The immobil-
ity time was recorded for 6 min and analyzed by SMART 
3.0 software (Panlab SL, Barcelona, Spain).

Western blotting
Protein was extracted from HT22 cells and hippocampal 
tissues using a RIFA buffer with a cocktail inhibitor and 
quantified using BCA assay kit (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). Proteins were separated using 
10–12% SDS-PAGE and transferred to PVDF membranes 
(Bio-Rad, Hercules, CA, USA). After blocking, mem-
branes were incubated with primary antibodies (MAO-
A, MAO-B, ERK, p-ERK, CREB, p-CREB, BDNF, and 
α-tubulin) overnight at 4  °C (Cell signaling Technology, 
Danvers, Massachusetts, USA). Using a chemilumines-
cence imaging system (Vilber Lourmat, France), mem-
branes were visualized. Relative protein densities were 
measured using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA).

Statistical analysis
All data are presented as mean ± standard deviation. 
Comparisons among groups were performed using one-
way analysis of variance, followed by Tukey’s post-hoc 
test using Prism 9 (GraphPad Software, Inc., San Diego, 
CA, USA). Statistical significance was set at p < 0.05.

Results and discussion
IE attenuated CORT-induced ROS production via inhibition 
of MAO in HT22 cells
Stress hormone could increase ROS production by acti-
vation of MAO enzyme in the brain [13]. Previous studies 
have reported that MAO is an crucial source of hydrogen 
peroxide [14]. Damier et al. [15] reported that MAO-cat-
alyzed ROS production caused increased cellular dam-
age. Hence, MAO inhibition is directly associated with 
the scavenging capacity of ROS; therefore, ROS levels in 
HT22 neuronal cells were assessed in the present study 
using DCFH-DA. When HT22 cells were treated with IE, 
the cell viability did not change. Figure  1a shows, after 
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Fig. 1 a Effects of IE on the ROS production in CORT-treated HT22 cells. DCFH-DA fluorescence images and intensity. HT22 cells were co-treated 
with CORT (200 μM) and IE (10 or 100 μg/mL) for 24 h. After staining using DCFH-DA (5 μM) for 45 min, fluorescence images were captured. b-c 
Effects of IE on the MAO enzyme activity and protein expression. b IE inhibited both MAO-A and MAO-B activity at concentrations of 1–100 μg/
mL. c Immunoblot showing MAO protein expression. Data are presented as mean ± standard deviation. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CTL; 
*p < 0.05, **p < 0.01 vs. CORT-only treated cells
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exposure to 200  μM CORT for 24  h, intracellular ROS 
levels significantly increased to 147% compared to those 
from VEH-only treated HT22 cells (p < 0.01). However, 
this elevated ROS production was significantly decreased 
by treatment with IE (10 or 100 μg/ml).

Next, we confirmed whether IE regulated MAO activi-
ties as an underlying mechanism of CORT-induced ROS 
production. MAO is strongly related to stress-induced 
depression because it catalyzes the oxidative degrada-
tion of neurotransmitters [16]. Several studies have 
reported this dysregulation of neurotransmitters by 
MAO in the brains of patients with depression [17, 18]. 
Thus, MAO inhibition provides an important treatment 

for depression. In the present study, IE remarkably inhib-
ited both MAO-A and MAO-B activities at all concentra-
tions (1–100 μg/mL) compared with those of the control 
(Fig. 1b), suggesting that IE can prevent oxidative stress 
by regulating MAO activity. Additionally, whether IE also 
regulated MAO protein expression was investigated. The 
immunoblotting data revealed that MAO-A and MAO-B 
protein expression increased following 24  h of expo-
sure to 200 μM CORT compared to those of the control 
in   HT22 cells. However, treatment with IE remarkably 
inhibited the CORT-mediated increase in MAO expres-
sions (Fig. 1c). Therefore, the results suggest that IE mod-
ulates CORT-induced ROS production by suppressing 
MAO activities and protein expressions.

Fig. 2 Effects of IE on the ERK-CREB-BDNF signaling pathway in CORT-treated HT22 cells. Immunoblot representing the ERK-CREB-BDNF signaling 
pathway related-protein expression. Data are presented as mean ± standard deviation. ##p < 0.01, ###p < 0.001 vs. CTL; **p < 0.01, ***p < 0.001 vs. 
CORT-only treated cells
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IE up-regulated the ERK-CREB-BDNF signaling pathway 
in CORT-treated HT22 cells
BDNF is a key neurotrophic factor and plays an cru-
cial role in neurodegenerative diseases and depression 
[19]. CREB is the transcription factor of BDNF and also 
plays an important role in depression [20]. ERK, which is 
upstream to CREB, controls neurogenesis and activates 
in response to stress [21]. Therefore, the ERK-CREB-
BDNF signaling pathway is associated with the neurogen-
esis, synaptic plasticity, and pathology of depression [22]. 
Additionally, several studies have reported that this sign-
aling was downregulated in depressive animal models 
[23, 24]. Based on these facts, in present study, the reg-
ulatory effects of IE on the ERK-CREB-BDNF signaling 
pathway in response to CORT were investigated. Figure 2 

shows that BDNF expression was down-regulated follow-
ing CORT treatment in HT22 cells, which was reversed 
by IE treatment. Moreover, ERK and CREB phospho-
rylation significantly decreased in the HT22 cells treated 
with CORT, but IE partially reversed this reduction. Sev-
eral antidepressants, including drugs, natural products, 
and phytochemicals, have upregulated BDNF, CREB, and 
ERK expression [25, 26]. For example, phlorotannins, 
which are prevalent in brown algae extracts, including 
that of I. foliacea, promote neuronal plasticity and upreg-
ulate BDNF and CREB mRNA levels in stress hormone-
treated neuroblastoma cells [27]. As previous studies 
have reported, a decrease in the activation of ERK-CREB-
BDNF signaling pathways leads to depressive-like behav-
iors in rodents; thus, several antidepressants, such as 

Fig. 3 Effects of IE on the CORT-induced depressive-like behaviors in mice. a Experimental schedule. Mice were exposed to CORT (40 mg/kg/
day, i.p.) for 14 days with FLU (20 mg/kg/day, per oral (p.o.)), SE (300 mg/kg/day, p.o.), or IE (500 mg/kg/day, p.o.). Immobility time during the b 
TST and c FST (n = 10 per group). Data are presented as mean ± standard deviation. #p < 0.05, ##p < 0.01 vs. NOR group; **p < 0.01, ***p < 0.001 vs. 
CORT-treated mice
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FLU, can alleviate these symptoms by upregulating this 
pathway [28]. Therefore, IE may up-regulate the reduc-
tion of ERK-CREB-BDNF signaling pathway induced by 
CORT.

IE improved depressive-like behaviors in CORT-treated 
mice
To determine the effects of IE on depression in CORT 
injection induced-depressive animal models, behavio-
ral tests (TST and FST) were conducted based on our 
in vitro findings. CORT treatment can induce depressive-
like behaviors in rodents [29]. For evaluation of depres-
sion pathology in rodents, the TST and FST are powerful 

tools due to its good reliability and predictive validity 
[30]. The immobility during the TST and FST has been 
reported to represent depression-like phenotypes and 
can be attenuated by antidepressant treatment [31]. FLU 
is a widely used antidepressant, and SE is a commonly 
used alternative medicines for mild depression [32, 33]. 
Figure  3b and c represent that the CORT+VEH group 
had an increase in immobility time during the TST and 
FST in comparison with those of the NOR group. How-
ever, IE administration significantly decreased immobil-
ity times during both tests, similar to results with FLU 
and SE. Therefore, IE has antidepressant-like effects in 
CORT-treated mice.

Fig. 4 Effects of IE on the ERK-CREB-BDNF signaling pathway in the hippocampus of CORT-treated mice. Immunoblot representing the 
ERK-CREB-BDNF signaling pathway related-protein expression. Data are presented as mean ± standard deviation. ##p < 0.01, ###p < 0.001 vs. NOR 
group; ***p < 0.001 vs. CORT-treated mice
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To further examine the underlying mechanisms of the 
antidepressant effects of IE, the ERK-CREB-BDNF sign-
aling pathway in the hippocampus was investigated via 
immunoblotting analysis. As expected, CORT remarka-
bly reduced the hippocampal p-ERK, p-CREB, and BDNF 
expressions in the CORT+VEH group in comparison 
with those in the NOR group (Fig.  4). Interestingly, we 
did not find change in the CREB phosphorylation, with 
the exception of significant increase of the ERK phospho-
rylation and BDNF protein expression in the hippocam-
pus after chronic IE administration. However, these 
results suggested that other factors might be responsible 
for the modification found in depressive-like behaviors.

In summary, our study demonstrates that IE inhib-
ited MAO activity and ROS production. Additionally, 
IE improved CORT-induced depressive symptoms by 
enhancing the ERK-CREB-BDNF signaling pathway in 
both HT22 cells and the hippocampus of mice. However, 
further studies are needed to identify the active ingredi-
ent in IE and investigate its detailed mechanisms, such 
as examining neurotransmitters, genes associated with 
stress-susceptibility, and synaptic plasticity. Neverthe-
less, IE may provide a potential agent for preventing 
depression.
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