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Depression is a prevalent psychiatric disorder and a leading cause of disability worldwide.
Despite a variety of available treatments currently being used in the clinic, a substantial
proportion of patients is unresponsive to these treatments, urging the development of
more effective therapeutic approaches. Hederagenin (Hed), a triterpenoid saponin
extracted from Fructus Akebiae, has several biological activities including anti-
apoptosis, anti-hyperlipidemic and anti-inflammatory properties. Over the years, its
potential therapeutic effect in depression has also been proposed, but the information
is limited and the mechanisms underlying its antidepressant-like effects are unclear. The
present study explored the neuroprotective effects and the potential molecular
mechanisms of Hederagenin action in corticosterone (CORT)-injured PC12 cells.
Obtained results show that Hederagenin protected PC12 cells against CORT-induced
damage in a concentration dependent manner. In adittion, Hederagenin prevented the
decline of mitochondrial membrane potential, reduced the production of intracellular
reactive oxygen species (ROS) and decreased the apoptosis induced by CORT. The
protective effect of Hederagenin was reversed by a specific phosphatidylinositol-3-kinase
(PI3K) inhibitor LY294002 and AKT (also known as protein kinase B) inhibitor MK2206,
suggesting that the effect of Hederagenin is mediated by the PI3K/AKT pathway. In line
with this, western blot analysis results showed that Hederagenin stimulated the
phosphorylation of AKT and its downstream target Forkhead box class O 3a (FoxO3a)
and Glycogen synthase kinase-3-beta (GSK3β) in a concentration dependent manner.
Taken together, these results indicate that the neuroprotective effect of Hederagenin is
likely to occur via stimulation of the PI3K/AKT pathway.
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INTRODUCTION

Depression is a major mental disorder and a leading cause of disability worldwide. TheWorld Health
Organization estimates that more than 264 million individuals are affected by depression around the
world which poses a substantial socioeconomical burden (James et al., 2018). At present, selective
serotonin reuptake inhibitors (SSRIs), as well as serotonin and norepinephrine reuptake inhibitors
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(SNRIs), are the most commonly used drugs in the clinical
treatment of depression (Dale et al., 2015; Gałecki et al.,
2018). However, as multiple pathogenic factors are involved in
its etiology, a considerable part of patients shows no
improvements upon treatment. This is further aggravated by
the fact that these antidepressant medications are often associated
with a variety of side effects such as sexual dysfunction,
hypertension, sleep and gastrointestinal disturbances and
higher fracture risk (Predictable et al., 2006; Vestergaard et al.,
2006; Cascade et al., 2009). Thus, the search for new effective
antidepressants with no or low adverse effects is desirable to
improve the therapeutic arsenal. In this regard, the use of
alternative natural compounds derived from medicinal plants
has been increasingly attracting attention all over the world due to
their lower toxicity, adverse events, and better compliance.

Hederagenin (Hed, C30H48O4) is a pentacyclic triterpenoid
saponin, widely found in various plants and that is used as a
chemotaxonomic marker of the Sapindaceae family. Currently,
there is an increasing interest in Hederagenin due to its multiple
pharmacological activities including anti-hyperlipidemia, anti-
inflammatory (Takagi et al., 1980; Su-Hong et al., 2015), as well as
significant cytotoxic effects in several types of cancers (Kim et al.,
2017a; Bai et al., 2017; Tatia et al., 2019). In addition, hederagenin
is also able to promote the degradation of neurodegenerative
mutant disease proteins (Wu et al., 2017) and may act as a
therapeutic candidate for Alzheimer’s disease (Wang et al., 2020)
and ischemic stroke (Yu et al., 2020). Recently, Hederagenin was
reported to have antidepressant-like effects (Zhou et al., 2010; Jin
et al., 2012; Liang et al., 2015). However, the mechanisms by
which hederagenin exerts its antidepressant-like are not clear,
and further proofs regarding the protective activity of
Hederagenin against depression models are necessary.

In spite of the pathophysiology of depression not being fully
understood, several putative mechanisms have been suggested.
One well-known mechanism is associated with the overactivation
of the hypothalamic–pituitary–adrenal (HPA) axis, which is
characterized by an increase of the concentration of circulating
glucocorticoids. The elevated glucocorticoids levels lead to DNA
damage in nerve cells and eventually induce apoptosis and
depression-like behaviors (Latt et al., 2018).

PC12 cells, a cell line derived from a pheochromocytoma of
the rat adrenal medulla, are widely used to examine mechanistic
studies of neuronal functions due to their typical neuronal
features (Greene and Tischler, 1976). Importantly, numerous
classical antidepressants, such as venlafaxine (Wang et al.,
2013) and fluoxetine (Zeng et al., 2016) have shown protective
effects against the cytotoxicity induced by the glucocorticoid
corticosterone (CORT) in PC12 cells. These evidence indicate
that CORT-treated PC12 cells is a valid depression cellular model
to evaluate the efficacy of antidepressant candidates and to
explore the mechanisms of action of these compounds.
Accordingly, if neurons can be protected from glucocorticoid-
induced injury, the neurological dysfunction caused by chronic
stress may be alleviated.

The effects of Hederagenin against CORT-induced damage
and the mechanisms underlying these responses remain unclear.
Therefore, in the present study, we used this model to study the

protective effect of Hederagenin and its potential mechanisms of
action. Obtained results demonstrated that Hederagenin
inhibited CORT-induced injury through the activation of the
AKT/FoxO3a/GSK3β pathway. These findings provide a novel
insight into the molecular mechanisms by which Hederagenin
protects neurons against CORT-induced damage.

MATERIALS AND METHODS

Materials
Hederagenin (S98% purity by HPLC) was purchased from
Nanjing Puyi Biological Biotech Co. Ltd. (Nanjing, China).
CORT (purity S98%) was purchased from Meilunbio (Dalian,
China). Fetal bovine serum (FBS), Dulbecco’s Modified Eagle
Medium, penicillin and streptomycin were purchased fromGibco
(Grand Island, United States). Primary antibodies for GAPDH,
anti-phospho-AKT, anti-AKT, anti-phospho-FoxO3a, anti-
FoxO3a, anti-phosphor-GSK3β and anti-GSK3β were
purchased from Cell Signaling (CST, United States), Brain-
derived neurotrophic factor (BDNF) was purchased from
Abcam (Cambridge, United Kingdom). Dimethyl sulfoxide
(DMSO) was purchased from Sigma-Aldrich Co. (St Louis,
United States). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) was purchased from Molecular
Probes (Eugene, OR, USA). LY294002 was purchased from
Calbiochem. MK-2206 was purchased from Selleckchem.
Annexin V FITC Apoptosis Detection Kit was obtained from
BD Biosciences (San Diego, CA) The commercial kit for
measuring Reactive Oxygen Species (ROS) and mitochondrial
membrane potential ΔΨm (JC-1) content were purchased from
Beyotime Biotechnology (Shanghai, China).

Methods
Cell Culture
PC12 cells were kindly provided by Dr. Gordon Guroff (National
Institute of Child Health and Human Development, National
Institutes of Health, Bethesda, MD). Cells were cultured in 25-
cm2

flasks in Dulbeccoʼs modified Eagleʼs medium (DMEM),
supplemented with 10% FBS, 100 μg/ml streptomycin, 100 U/ml
penicillin, and incubated at 37°C with 5% CO2 humidified
atmosphere. The cells were sub-cultured 2–3 times a week at a
split of 1:5 with fresh medium as described above.

Hippocampal Neurons Primary Culture
Primary cultured neurons were prepared from C57BL/6 1 day
born mice (weighing 4–6 g) provided by the Animal Facility of
the University of Macau, as previously described (Zhao, 2019).
Briefly, the mice were disinfected with 75% alcohol, the brain was
collected and the whole hippocampus tissue was dissected and
washed with HBSS three times to remove the mixed blood vessels.
Subsequently, the hippocampus was cut into small pieces, washed
with HBSS and digested with 0.125% trypsin in a CO2 incubator
for 15 min. After stopping the digestion with 10% FBS, the cells
were centrifuged at 1,000 rpm for 10 min and suspended in a
chemically defined Neurobasal medium supplemented with 2%
B27. The cells were seeded in poly-D- lysine treated plates at a

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 7128762

Lin et al. Hederagenin Protects PC12 Cells

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


density of 2×105 cells/ml, and grown at 37°C with 5% CO2

humidified atmosphere. Half of medium was changed every
2 days. Experimental treatments were performed when cell
density reached 70% confluency.

Cell Treatments
Hederagenin and CORT were dissolved in DMSO and the final
concentration of DMSO was taken up to less than 0.1% for all
treatments. The same volume of DMSO (0.1% v/v) was added to
the control groups. To research the neuroprotective effect of
Hederagenin, PC12 cells were divided into the following three
groups: 1) Control group: cells were cultured for 48 h in DMEM;
2) CORT model treatment group: cells were incubated for 48 h in
DMEM in the presence of 100, 200, 400, 600 or 800 µM CORT; 3)
CORT plus Hederagenin treatment group: cells were incubated
for 48 h in DMEM containing 400 µM CORT in the presence of
0.03, 0.1, 0.3 or 1 µM Hederagenin.

MTT Assay
Cell viability was assessed by MTT assay as previously described
with some modifications (Zheng and Quirion, 2009). Briefly,
PC12 cells were seeded in 96-well plates at a density of
1×104 cells/well in DMEM medium supplemented with 1%
FBS. After cell adhesion to the plates, the cultures were treated
with Hederagenin and CORT for 48 h. Subsequently the cells
were incubated withMTT (0.5 mg/ml) for 3–4 h. After this period
the medium was removed and DMSO (150 μl) was added to each
well. Absorbance was detected at 490 nm by Infinite M200 PRO
Multimode Microplate (Tecan, Switzerland). The OD values
obtained for each group were averaged and cell viability was
presented as a percentage of the control group.

Annexin V-FITC/Propidium Iodide Staining for
Apoptosis Evaluation
CORT-induced apoptosis was determined using the Annexin
V-FITC/PI staining method according to the manufacturer’s
protocol (BD Biosciences, CA). Briefly, after appropriate
treatment, PC12 cells were harvested, washed with ice-cold
PBS and resuspended in 195 µl annexin V-FITC binding
buffer supplemented with 5 µl Annexin V-FITC solution for
15 min at room temperature in the dark. The buffer was then
replaced by 190 µl binding buffer PI (10 μl) and apoptotic cells
were immediately analyzed by flow cytometry. According to the
assay principles, viable cells are both Annexin V and PI negative
(lower-left quadrant), early apoptotic cells are Annexin V positive
and PI negative (lower-right quadrant), and late apoptotic or
necrotic cells are both Annexin V and PI positive (upper-left
quadrant). CellQuest™ Pro Software (BD Biosciences, San Diego,
CA) was used to quantify apoptotic cells and the apoptosis rate
was expressed as the percentage of Annexin V-positive cells.

Measurement of Intracellular Reactive Oxygen
Species Levels
Intracellular ROS levels were determined using a ROS assay kit
according to the manufacturer’s protocols (Beyotime, China).
Briefly, after appropriate treatment, PC12 cells were incubated
with the diluted green-fluorescent probe DCFH-DA (10 µM in

medium) for 30 min in the dark. Then the cells were rinsed with
serum-free DMEM and the fluorescence was observed and
recorded using a fluorescence microscope (EVOS FL Imaging
System). All values were normalized to the control group.

Measurement of Mitochondrial Membrane Potential
JC-1 detection kit was used to monitor the alterations in
mitochondrial membrane potential (Ψm) according to the
manufacturer’s protocols. In brief, after appropriate treatment,
PC12 cells were washed with serum-free DMEM and stained with
JC-1 (10 μg/ml in medium) at 37°C for 20 min in the dark.
Subsequently, cells were washed twice with ice-cold JC-1
staining buffer and the fluorescent signal in the cells was
directly observed and photographed using a fluorescence
microscope (EVOS FL Imaging System). The ratio (%) of red/
green fluorescence intensity was calculated by ImageJ software as
a percentage of the control group.

Western Blot Analysis
Western blot was performed as previously described (Zheng and
Quirion, 2009). Briefly, harvested cells were washed with ice-cold
PBS and lysed in RIPA buffer. Protein concentration was
quantified with a BCA protein assay kit according to the
manufacturer’s instructions. Equal amounts of total protein
(20 µg) were separated by 8–12% SDS-PAGE and transferred
to PVDF membranes. The membranes were blocked with 5%
BSA in TBST for 1 h at room temperature and then incubated
with diluted selected primary antibodies at 4°C overnight. The
membranes were then washed three times with TBST and further
probed with the corresponding HRP-conjugated secondary
antibodies for 1 h at room temperature. The unbound
secondary antibodies were finally washed with TBST. Bands
were visualized using enhanced chemiluminescence (ECL).
The intensity of the bands was semi-quantified using Image J
software (National Institute of Health).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5.0 statistical
software (GraphPad software, Inc.). The experiments were performed
in triplicates. The data is expressed asmean ± standard deviation (SD).
Statistical analysis was carried out using one-way ANOVA followed
by Tukey’s multiple comparison post-hoc test. Differences were
considered to be statistically significant at p < 0.05.

RESULTS

Hederagenin Alleviated CORT-Induced
Injury in PC12 Cells
Assessment of the neurotoxicity of Hederagenin on PC12 cells
revealed that cell viability was not significantly affected by
Hederagenin concentrations below 3 μM, although 10 µM
Hederagenin significantly reduced cell viability (Figure 1A).
Accordingly, Hederagenin range of concentrations lower than
3 µM were used in the subsequent studies. To assess the effect of
CORT on cell viability, PC12 cells were treated with increasing
concentrations of CORT (100, 200, 400, 600 and 800 µM) or vehicle
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(0.1% DMSO). Figure 1B shows that CORT decreased cell viability
in a concentration-dependent manner, with 400 µM causing a
decrease of approximately 50% of viable cells in comparison
with the control group. Therefore, the concentration 400 µM
was used in the subsequent experiments to induce the CORT-
induced cell injury model (Figure 1B). To determine the
cytoprotective effects of Hederagenin against CORT-induced
injury, PC12 cells were treated with 400 μM of CORT in the
absence or presence of different doses of Hederagenin for 48 h.
Obtained results showed that incubation with Hederagenin (0.1 and
0.3 µM) significantly increased the survival rate to 65 and 72%,
respectively (Figure 1C). These results indicate that Hederagenin is
able to protect PC12 cells against CORT-induced cellular injury.

Hederagenin Attenuated the Loss of
Mitochondrial Membrane Potential in
CORT-Treated PC12 Cells
The loss of mitochondrial membrane potential (Δψm) is an early
sign of apoptosis and the decline of red to green fluorescence ratio
in JC-1 assay is used as an indicative of Δψm loss (Smiley et al.,
1991). Assessment of the effect of Hederagenin and CORT on the
mitochondrial membrane potential of PC12 cells, revealed that
CORT incubation promoted a significant decrease in the red/
green fluorescence ratio compared with the control group (p <
0.01), which is indicative of a decrease of ΔΨm (Figure 2). In
contrast, treatment of cells with Hederagenin at 0.3 μMmarkedly
attenuated the CORT-induced decline of Δψm. Furthermore,
0.3 μM Hederagenin alone had no effect on the ratio of red/
green fluorescence (Figure 2). These results indicate that the anti-
apoptotic effect of Hederagenin is probably due to its effect on the
recovery of the mitochondrial function.

Hederagenin Blocked CORT-Induced
Increase of Intracellular ROS in PC12 Cells
Oxidative stress is a redox state caused by an imbalance between the
generation and detoxification of ROS, that contributes to diverse
neurological disorders (Simonian and Coyle, 1996). Previous studies
indicated that the cytotoxicity of CORT is mediated by increasing

levels of ROS (Mao et al., 2011; Jin et al., 2019). Thus, the protective
role of Hederagenin against CORT-induced oxidative stress was also
investigated. As shown in Figure 3, CORT increased the production
of ROS, whereas co-treatment with Hederagenin prevented this
increase. Treatment with Hederagenin alone did not affect the
production of ROS (Figure 3). These findings suggest that
Hederagenin may reduce CORT-induced oxidative stress in PC12
cells by reducing the accumulation of ROS.

Hederagenin Attenuated CORT-Induced
Apoptosis in PC12 Cells
Annexin V-FITC and PI double staining was performed to
investigate the protective effect of Hederagenin against CORT-
induced cell apoptosis. Obtained results, show that CORT
exposure significantly increased early apoptosis, that was
prevented by co-treatment with Hederagenin (0.3 μΜ)
(Figure 4). Hederagenin treatment alone did not change the
apoptosis rate of PC12 cells. The results indicate that
Hederagenin is able to inhibit CORT-induced apoptosis.

Hederagenin Stimulated PI3K/AKT/FoxO3a
Signaling
Next, we investigated the signaling pathways involved in the
protective effect of Hederagenin. Accumulating evidence indicate
that AKT and extracellular signal-regulated kinase (ERK) pathways
are themajor pathways associated with cell survival (Beaulieu, 2012;
Kitagishi et al., 2012). Therefore, we explored the effect of
Hederagenin on the activation of these signaling pathways on
PC12 cells. As shown in Figures 5A–D, Hederagenin stimulated
the phosphorylation of AKT in a time- (0.3 µM) and concentration-
dependent (20 min) manner. Furthermore, it also promoted an
increase in the phosphorylation of AKT two major downstream
targets FoxO3a and GSK3β, as well as an upregulation of brain-
derived neurotrophic factor (BDNF), in a concentration dependent
manner, while having no significant effect on ERK phosphorylation
(Figures 6A–E). Western blot assessment of the effect of a PI3K
inhibitor LY294002 and an AKT specific inhibitor MK2206 on the
phosphorylation cascades, showed that blocking the AKT signaling

FIGURE 1 | Hederagenin attenuated the decrease in cell viability induced by corticosterone (CORT) in PC12 cells. (A) The cytotoxicity of Hederagenin. PC12 cells
were treated with Hederagenin (3–30 μM) for 48 h, then cell viability was measured using the MTT assay. (B) The cytotoxicity of CORT. PC12 cells were treated with
CORT (100–800 μM) for 48 h, and cell viability wasmeasured byMTT. (C) The protective effect of Hederagenin against CORT-induced damage. PC12 cells were treated
with CORT (400 μM) and Hederagenin at the indicated concentrations for 48 h, then cell viability was measured by MTT. The data are represented as the mean ±
SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control. #< 0.05, ##< 0.01 compared with CORT group, SD: standard deviation.
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pathway reduced AKT activation in cells treated with Hederagenin
and CORT (Figures 6F–I).

AKT Signaling Was Involved in the
Protective Effect of Hederagenin
Further confirmation of the involvement of PI3K/AKT signaling in
the protective effect of Hederagenin, showed that both LY294002
and MK2206 blocked the protective effect of Hederagenin against
CORT-induced cell death (Figure 7A). Similar results were

obtained from ROS assay, in which Hederagenin failed to
suppress the increase of intracellular ROS levels caused by
CORT in the presence of LY294002 (Figures 7B,C).

Neuroprotective Effects of Hederagenin
Against CORT-Induced Injury in Primary
Hippocampal Neurons
To check if the neuroprotective effect of Hederagenin against
CORT-induced toxicity is not only applicable to PC12 cells line,

FIGURE 2 | Hederagenin attenuated CORT-induced mitochondrial membrane potential (ψm) loss in PC12 Cells. (A) PC12 cells were treated with Hederagenin
(0.3 μM) and CORT (400 μM) for 48 h, then Δψm was determined by the JC-1 assay. The decline in the membrane potential was reflected by the shift of fluorescence
from red to green indicated by JC-1. (B) Quantitative analysis of (A). CTL, non-treated control; CORT, (400 µM) CORT treatment; CORT + Hed, (400 μM) CORT plus
(0.3 μM) hederagenin treatment; Hed, (0.3 μM) Hederagenin treatment only. Bars represent mean ± SD of three independent experiments. **p < 0.01 compared
with CTL group; ##p < 0.01 compared with CORT group.

FIGURE 3 |Hederagenin inhibited CORT-induced increase of reactive oxygen species (ROS) levels in PC12 cells. (A) PC12 cells were co-treated with Hederagenin
(0.3 μM) and CORT (400 μM) for 48 h, then, intracellular ROS levels were measured. (B)Quantitative analysis of (A). The data are represented as the mean ± SD of three
independent experiments. ***p < 0.001 versus the control group, ##p < 0.01 versus the CORT group.
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FIGURE 4 |Hederagenin decreased the apoptosis induced by CORT. PC12 cells were co-treated with Hederagenin (0.3 μM) and CORT (400 μM) for 48 h, and cell
apoptosis was determined by flow cytometry. (A) Representative dot plots of intact cells at lower-left quadrant, FITC(-)/PI(-); early apoptotic cells at lower-right quadrant,
FITC(+)/PI(-) and late apoptotic or necrotic cells at upper-right quadrant, FITC(+)/PI(+). (B) Quantitative analysis of (A). The data are represented as the mean ± SD of
three independent experiments. **p < 0.01 versus the control group, #p < 0.05 versus the CORT group.

FIGURE 5 |Hederagenin stimulated the phosphorylation of AKT in PC12 cells. (A,B) PC12 cells were collected after Hederagenin treatment for different times (0, 5,
10, 20, 40 and 80 min) at 0.3 μM, and at different concentrations (0, 0.01, 0.03, 0.1, 0.3, and 1 μM) for 20 min. The expression of phosphorylated AKT, total AKT and
GAPDHwere detected byWestern blot analysis. (C,D)Quantitative analysis of (A,B). The data are represented as the mean ± SD of three independent experiments. *p <
0.05, **p < 0.01, compared with control.
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the neuroprotective effect of hederagenin on primary
hippocampal neurons was also examined. As shown in
Figure 8, Hederagenin successfully protected hippocampal
neurons from the deleterious effects of CORT in a
concentration-dependent manner. Its protection was
significant at 0.3 µM and reached its maximum at about 1 μM.
Western blot results also showed that Hederagenin increased the
phosphorylation of AKT, GSK, FoxO3a in a concentration
dependent manner (Figures 8C–F).

DISCUSSION

Depression is a leading cause of disability worldwide, and is
becoming a major source of global disease burden (WHO, 2008).
Despite the available pharmacological treatments, most
antidepressants are only effective in the treatment of some
patients and are often associated with a variety of side effects.
Therefore, it is urgent to develop more effective therapeutic
approaches with no or low adverse effects. Hederagenin, a

FIGURE 6 | Hederagenin stimulated the phosphorylation of FoxO3a/GSK3β and augmented the expression of BDNF in PC12 cells. (A) PC12 cells were collected
after Hederagenin treatment at different concentrations, then western blot assays were performed to detect the levels of BDNF and the phosphorylation of FoxO3a,
GSK-3β and ERK. (B–E) Quantitative analysis of (A). (F) PC12 cells were pre-treated with 20 µM LY294002 and 5 µM MK2206 for 45 min and then incubated with
Hederagenin and CORT for 24 h, then the expression of phosphorylated AKT, FoxO3a, GSK-3β and GAPDH was detected by western blot. (G–I) Quantitative
analysis of (F). The data are represented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with control group.
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pentacyclic triterpenoid found in many plants, reported to be able
to cross the blood-brain barrier (Yang et al., 2011) was also shown
to have some anti-depression-like properties (Jin et al., 2012;
Liang et al., 2015). However, the information related to it and the
underlying mechanisms is very limited. The present study shows
that this natural compound has a significant anti-depression-like
action in a classical cellular model of depression that consists in
the incubation of PC12 cells and primary cultured neurons with
CORT. We report that Hederagenin protected neuronal cells
from CORT-induced injury in a concentration dependent
manner. In addition, it promoted an upregulation of BDNF
levels and the phosphorylation of AKT and its downstream
signaling targets FoxO3a/GSK3β, suggesting that Hederagenin
action is likely to be mediated via Akt/FoxO3a/GSK3β pathway.
A schematic representation of our findings is shown in Figure 9.
To our knowledge, this is the first report showing that

Hederagenin prevented CORT-induced neuronal injury via
this signaling pathway.

In this study, incubation of PC12 cells with 400 μM CORT
resulted in a significant decline of the cell survival rate in
comparison with untreated control group. Increasing evidence
suggest that the cellular mechanisms of CORT-induced insults in
PC12 cells involves the induction of mitochondrial dysfunction
(Li et al., 2014; Wen-Xia et al., 2019), the overproduction of ROS
(Liu et al., 2014b; Zhou et al., 2017) and the induction of apoptosis
(Li et al., 2003b; Crochemore et al., 2005). Elucidation of the
potential protective action of Hederagenin against these insults
showed that it is able to restore the alterations in mitochondrial
membrane potential and to downregulate ROS levels increase
induced by CORT. These findings suggest that hederagenin anti-
apoptotic and cytoprotective effect may occur via the blockade of
mitochondrial dysfunction and the decrease of ROS levels.

FIGURE 7 | AKT signaling is involved in the protective effects of Hederagenin on PC12 cells against CORT-induced oxidative damage. (A) PC12 cells were
pretreated with 20 μMLY294002 for 45 min followed by treatment with Hederagenin with or without 400 μMCORT for another 48 h. Then, cell viability wasmeasured by
MTT assay. Data represent mean ± SD, ***p < 0.001 versus control group, ##p < 0.01 and &p < 0.05 versus CORT-treated group. (B) PC12 cells were pretreated with
20 μM LY294002 for 45 min followed by treatment with Hederagenin with or without 400 μM CORT for another 48 h. Then, ROS levels were measured. (C)
Quantitative data of (B), Data represent mean ± SD of three independent experiments, **p < 0.01 versus control group, ##p < 0.01, &p < 0.05 versus CORT group.
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PI3K/AKT pathway plays a critical role in neuronal cell
proliferation and survival (Brunet et al., 2001). AKT is
phosphorylated by PDK1/2 and the phosphorylation of AKT
activates this kinase. Activated AKT then phosphorylates its
downstream proteins, such as GSK3β and FoxO3a
transcription factors, controlling cell growth, differentiation
and cell survival (Pap and Cooper, 1998; Zhang et al., 2011).
FoxO3a belongs to a large family of fork head transcription
factors and is largely controlled by posttranslational
modifications such as phosphorylation. In the presence of
survival factors, PI3K signaling cascade is activated and
activated AKT phosphorylates FoxO3a (Brunet et al., 1999),

resulting in its relocation from the nucleus to the cytosol
inhibiting the induction of the expression of death genes,
leading to the survival of cells (Biggs et al., 1999). Previous
studies reported that antidepressants treatment promoted an
upregulation of the phosphorylation levels of FoxO3a and AKT
in PC12 cells (Wang et al., 2013; Zeng et al., 2016; Zeng et al.,
2017). Similarly, in this study, Hederagenin treatment also
remarkably increased the phosphorylation of AKT and
FoxO3a. Furthermore, our MTT results indicate that
Hederagenin protective effect was abolished when the cells
were treated with the PI3K inhibitor LY294002 or AKT
inhibitor MK2206. Similar results were observed in the ROS

FIGURE 8 | Hederagenin protected primary cultured hippocampal neurons against CORT-induced damage. (A) Cytotoxicity of CORT on primary hippocampal
neurons. (B) Primary hippocampal neurons were treated with CORT (200 μM) and Hederagenin at the indicated concentrations for 48 h, then cell viability was measured
by MTT. (C) Primary cultured hippocampal neurons were collected after Hederagenin treatment at the indicated concentrations (0, 0.01, 0.03, 0.1, 0.3, and 1 μM) for
20 min and then the expression of phosphorylated AKT, GSK, FoxO3a and GAPDH was detected by western blot. (D–F)Quantitative analysis of (C). The data are
represented as the mean ± SD of three independent experiments. ##p < 0.01 versus CTL group, *p < 0.05 and **p < 0.01 versus CORT group.
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assay, in which LY29402 inhibited Hederagenin antioxidant
action and prevented the reduction of CORT-induced ROS
overproduction. These results suggest that Hederagenin
protective effect is likely to be mediated via the PI3K/Akt
pathway. Nevertheless, since both LY29402 and MK2206 did
not show a complete inhibition of the effect of Hederagenin, the
possibility of more signaling pathways, other than the PI3K/
AKT, being involved in the beneficial effect of Hederagenin
cannot be ruled out. Previous studies have shown that
Hederagenin is not only able to promote the activation of
AKT pathway but also the ERK pathway in hepatocytes (Kim
et al., 2017b). However, in the present study, phospho-ERK
signaling was not significantly affected by Hederagenin
treatment.

BDNF, a key neurotrophin in the brain, is a pivotal
regulator of neuronal survival, hippocampal neurogenesis,
and behavioral effects of antidepressants (Lee et al., 2002;
Shirayama et al., 2002; Scharfman et al., 2005). It has been
widely reported that depression is associated with a
downregulation of brain BDNF levels (Brunoni et al., 2008;
Lee and Kim, 2010) being regarded as a major target of
antidepressant medications (Chen et al., 2001). An
accumulating amount of evidence indicate that the neuro-
modulatory effects of BDNF can be induced by various classes
of antidepressants, such as selective serotonin reuptake
inhibitors, norepinephrine selective reuptake inhibitors,
monoamine oxidase inhibitors (Duman and Monteggia,
2006); and medicinal plant compounds such as resveratrol,
curcumin and lignan glycoside (Huang et al., 2011; Liu et al.,
2014a; Yang et al., 2020). Consistent with these findings, our
results revealed that BDNF expression was significantly
increased after treatment with Hederagenin, suggesting that

BDNF is involved in its antidepressant-like effect. Besides, it
has been reported that BDNF can stimulate the
phosphorylation of FoxO3a by activation of the PI3K/AKT
pathway in human neuroblastoma SH-SY5Y cells (Mai et al.,
2002; Zhu et al., 2004) and a similar regulatory effect was found
on primary cultured neurons in our previous studies (Zheng
et al., 2002; Zheng and Quirion, 2004). Taken together, these
findings suggest that Hederagenin can activate the FoxO3a/
PI3K/AKT pathway by increasing the levels of BDNF.

GSK3β, an important intracellular protein kinase, is among
the most extensively studied key downstream substrates of
PI3K/AKT survival signaling pathway. GSK3β activity is
restrained upon Ser9 phosphorylation by AKT (Cross et al.,
1995) and its inhibition is one of the key mechanisms by
which PI3K/AKT stimulates neuronal survival (Hetman et al.,
2000). Besides evidence of GSK3β important regulatory
effects in neuronal survival, increasing reports suggest its
involvement in the pathophysiological mechanisms of
depression, as GSK3β inhibitors have anti-depressant effects
and ameliorate depressive-like behavior in animal models
(Kaidanovich-Beilin et al., 2004). In addition, treatment
with antidepressants was shown to promote the upregulation
of phospho-Ser9-GSK3β expression levels in animal models
(Li et al., 2004a; Beurel et al., 2011; Garza et al., 2012). In the
present study, the increase of AKT phosphorylation after
Hederagenin treatment is consistent with the enhancement
of GSK3β phosphorylation. Interestingly, BDNF can
also increase the phosphorylation of GSK3β, which
therefore inhibits GSK3β activity (Mai et al., 2002). Thus,
the possible signal-transduction mechanisms underlying
Hederagenin regulation of GSK3β activity may involve the
upregulation of BDNF levels and the activation of AKT
signaling, which eventually contribute to increased neurogenesis
and survival.

Since depression has been associated with the over-activation
of the hypothalamic-pituitary-adrenal axis that promotes the
increase of corticosterone serum levels. The cell model
induced by CORT is a canonical in vitro model for screening
compounds with potential anti-depressive-like activities (Li et al.,
2003a; Li et al., 2004b; Mao et al., 2012; Wang et al., 2013; Zeng
et al., 2016; Tian et al., 2018). We find that hederagenin is a
promising candidate for the treatment of depression in present
study using PC12 cells treated with CORT. This finding is
consistent with the animal study showing that HG
significantly increased the percent of sucrose preference in the
sucrose preference test and decreased the immobility time in the
forced swimming test (Liang et al., 2015). More important is our
present finding about the involvement of PI3K/Akt/FoxO3a,
GSK3β, and BDNF, is new and have not been investigated
including in animal models of depression. These data will add
immense value to the pre-clinical evaluation of hederagenin.
Moreover, as depression is a complicated mental disorder, it is
beneficial to evaluate the anti-depressant effects of hederagenin in
different cellular and animal models. Further investigations are
also needed to compare the effects of hederagenin on the model of
CORT-induced PC12 cell toxicity with other in vitro and in vivo
models.

FIGURE 9 | Schematic diagram of the signaling mechanisms involved in
the effect of Hederagenin against corticosterone-induced damage.
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CONCLUSION

In conclusion, the present study demonstrates that Hederagenin
exerted antidepressant-like and anti-apoptotic effects in an
in vitro model of depression. We found that the potential
mechanism of these effects is at least in part due to
hederagenin activation of the PI3K/AKT pathway and through
the modulation of mitochondrial disfunction. These results
provide valuable evidence on hederagenin neuroprotective
effect against CORT-induced damage in the pathogenesis of
depression in vitro, and serves as a reference for further
studies aiming to assess the potential of this natural
antidepressant compound in the future. Further clarification
of the mechanisms of hederagenin action, may help to
elucidate potential applications for this potent neuroprotective
candidate.

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.

ETHICS STATEMENT

The animal study was reviewed and approved by University of
Macau.

AUTHOR CONTRIBUTIONS

RL and LL performed the experiments and drafted the
manuscript. WZ and HW contributed research conception and
design. MS, JF, and ZZ revised the manuscript. JX and TL
performed part of experiments. All authors contributed to the
article and approved the final manuscript.

FUNDING

This research was supported by the National Natural Science
Foundation of China (File No. 31771128 and 32070969), The
Science and Technology Development Fund, Macau SAR (File
No. 0127/2019/A3, 0044/2019/AGJ, and 0113/2018/A3),
University of Macau (File No. MYRG2018-00134-FHS and
MYRG2020-00158-FSH).

REFERENCES

Bai, X., Guan, B., Liu, M., Zhu, Q., He, Y., Wang, P., et al. (2017). The Antitumor
Effect of Hederagenin on Tumors Growth of Hepatocarcinoma (H22) Tumor-
Bearing Mice. Lat Am. J. Pharm. 36, 142–150.

Beaulieu, J. M. (2012). A Role for Akt and Glycogen Synthase Kinase-3 as
Integrators of Dopamine and Serotonin Neurotransmission in Mental
Health. J. Psychiatry Neurosci. 37, 7–16. doi:10.1503/jpn.110011

Beurel, E., Song, L., and Jope, R. S. (2011). Inhibition of Glycogen Synthase Kinase-
3 Is Necessary for the Rapid Antidepressant Effect of Ketamine in Mice. Mol.
Psychiatry. 16, 1068–1070. doi:10.1038/mp.2011.47

Biggs, W. H., Meisenhelder, J., Hunter, T., Cavenee,W. K., and Arden, K. C. (1999).
Protein Kinase B/Akt-Mediated Phosphorylation Promotes Nuclear Exclusion
of the Winged Helix Transcription Factor FKHR1. Proc. Natl. Acad. Sci. U S A.
96, 7421–7426. doi:10.1073/pnas.96.13.7421

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., et al. (1999).
Akt Promotes Cell Survival by Phosphorylating and Inhibiting a Forkhead
Transcription Factor. Cell. 96, 857–868. doi:10.1016/s0092-8674(00)
80595-4

Brunet, A., Datta, S. R., and Greenberg, M. E. (2001). Transcription-Dependent
and -Independent Control of Neuronal Survival by the PI3K-Akt Signaling
Pathway. Curr. Opin. Neurobiol. 11, 297–305. doi:10.1016/s0959-4388(00)
00211-7

Brunoni, A. R., Lopes, M., and Fregni, F. (2008). A Systematic Review and Meta-
Analysis of Clinical Studies on Major Depression and BDNF Levels:
Implications for the Role of Neuroplasticity in Depression. Int.
J. Neuropsychopharmacol. 11, 1169–1180. doi:10.1017/S1461145708009309

Cascade, E., Kalali, A. H., and Kennedy, S. H. (2009). Real-World Data on SSRI
Antidepressant Side Effects. Psychiatry (Edgmont). 6, 16–18.

Chen, B., Dowlatshahi, D., MacQueen, G. M., Wang, J. F., and Young, L. T. (2001).
Increased Hippocampal BDNF Immunoreactivity in Subjects Treated With
Antidepressant Medication. Biol. Psychiatry. 50, 260–265. doi:10.1016/s0006-
3223(01)01083-6

Crochemore, C., Lu, J., Wu, Y., Liposits, Z., Sousa, N., Holsboer, F., et al. (2005).
Direct Targeting of Hippocampal Neurons for Apoptosis by Glucocorticoids Is
Reversible by Mineralocorticoid Receptor Activation. Mol. Psychiatry. 10,
790–798. doi:10.1038/sj.mp.4001679

Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., and Hemmings, B. A.
(1995). Inhibition of Glycogen Synthase Kinase-3 by Insulin Mediated by
Protein Kinase B. Nature. 378, 785–789. doi:10.1038/378785a0

Dale, E., Bang-Andersen, B., and Sánchez, C. (2015). Emerging Mechanisms and
Treatments for Depression Beyond SSRIs and SNRIs. Biochem. Pharmacol. 95,
81–97. doi:10.1016/j.bcp.2015.03.011

Duman, R. S., and Monteggia, L. M. (2006). A Neurotrophic Model for Stress-
Related Mood Disorders. Biol. Psychiatry. 59, 1116–1127. doi:10.1016/
j.biopsych.2006.02.013

Garza, J. C., Guo, M., Zhang, W., and Lu, X. Y. (2012). Leptin Restores Adult
Hippocampal Neurogenesis in a Chronic Unpredictable Stress Model of
Depression and Reverses Glucocorticoid-Induced Inhibition of GSK-3β/
β-Catenin Signaling. Mol. Psychiatry. 17, 790–808. doi:10.1038/mp.2011.161

Gałecki, P., Mossakowska-Wójcik, J., and Talarowska, M. (2018). The Anti-
Inflammatory Mechanism of Antidepressants - SSRIs, SNRIs. Prog.
Neuropsychopharmacol. Biol. Psychiatry. 80, 291–294. doi:10.1016/
j.pnpbp.2017.03.016

Greene, L. A., and Tischler, A. S. (1976). Establishment of a Noradrenergic Clonal
Line of Rat Adrenal Pheochromocytoma Cells Which Respond to Nerve
Growth Factor. Proc. Natl. Acad. Sci. U S A. 73, 2424–2428. doi:10.1073/
pnas.73.7.2424

Hetman, M., Cavanaugh, J. E., Kimelman, D., and Xia, Z. (2000). Role of Glycogen
Synthase Kinase-3Beta in Neuronal Apoptosis Induced by TrophicWithdrawal.
J. Neurosci. 20, 2567–2574. doi:10.1523/jneurosci.20-07-02567.2000

Huang, Z., Zhong, X. M., Li, Z. Y., Feng, C. R., Pan, A. J., and Mao, Q. Q. (2011).
Curcumin Reverses Corticosterone-Induced Depressive-Like Behavior and
Decrease in Brain BDNF Levels in Rats. Neurosci. Lett. 493, 145–148.
doi:10.1016/j.neulet.2011.02.030

James, S. L., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., et al.
(2018). Global, Regional, and National Incidence, Prevalence, and Years
Lived With Disability for 354 Diseases and Injuries for 195 Countries and
Territories, 1990-2017: a Systematic Analysis for the Global Burden of
Disease Study 2017. Lancet. 392, 1789–1858. doi:10.1016/S0140-6736(18)
32279-7

Jin, W., Xu, X., Chen, X., Qi, W., Lu, J., Yan, X., et al. (2019). Protective Effect of Pig
Brain Polypeptides against Corticosterone-Induced Oxidative Stress,
Inflammatory Response, and Apoptosis in PC12 Cells. Biomed.
Pharmacother. 115, 108890. doi:10.1016/j.biopha.2019.108890

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 71287611

Lin et al. Hederagenin Protects PC12 Cells

https://doi.org/10.1503/jpn.110011
https://doi.org/10.1038/mp.2011.47
https://doi.org/10.1073/pnas.96.13.7421
https://doi.org/10.1016/s0092-8674(00)80595-4
https://doi.org/10.1016/s0092-8674(00)80595-4
https://doi.org/10.1016/s0959-4388(00)00211-7
https://doi.org/10.1016/s0959-4388(00)00211-7
https://doi.org/10.1017/S1461145708009309
https://doi.org/10.1016/s0006-3223(01)01083-6
https://doi.org/10.1016/s0006-3223(01)01083-6
https://doi.org/10.1038/sj.mp.4001679
https://doi.org/10.1038/378785a0
https://doi.org/10.1016/j.bcp.2015.03.011
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1038/mp.2011.161
https://doi.org/10.1016/j.pnpbp.2017.03.016
https://doi.org/10.1016/j.pnpbp.2017.03.016
https://doi.org/10.1073/pnas.73.7.2424
https://doi.org/10.1073/pnas.73.7.2424
https://doi.org/10.1523/jneurosci.20-07-02567.2000
https://doi.org/10.1016/j.neulet.2011.02.030
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/j.biopha.2019.108890
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Jin, Z. L., Gao, N., Zhou, D., Chi, M. G., Yang, X. M., and Xu, J. P. (2012). The
Extracts of Fructus Akebiae, a Preparation Containing 90% of the Active
Ingredient Hederagenin: Serotonin, Norepinephrine and Dopamine
Reuptake Inhibitor. Pharmacol. Biochem. Behav. 100, 431–439. doi:10.1016/
j.pbb.2011.10.001

Kaidanovich-Beilin, O., Milman, A., Weizman, A., Pick, C. G., and Eldar-Finkelman,
H. (2004). Rapid Antidepressive-Like Activity of Specific Glycogen Synthase
Kinase-3 Inhibitor and its Effect on Beta-Catenin in Mouse hippocampus. Biol.
Psychiatry. 55, 781–784. doi:10.1016/j.biopsych.2004.01.008

Kim, E. H., Baek, S., Shin, D., Lee, J., and Roh, J.-L. (2017a). Hederagenin Induces
Apoptosis in Cisplatin-Resistant Head and Neck Cancer Cells by Inhibiting the
Nrf2-ARE Antioxidant Pathway. Oxidative Med. Cell. longevity. 2017.
doi:10.1155/2017/5498908

Kim, G.-J., Song, D., Yoo, H., Chung, K.-H., Lee, K., and An, J. (2017b).
Hederagenin Supplementation Alleviates the Pro-Inflammatory and
Apoptotic Response to Alcohol in Rats.Nutrients. 9, 41. doi:10.3390/nu9010041

Kitagishi, Y., Kobayashi, M., Kikuta, K., and Matsuda, S. (2012). Roles of PI3K/
AKT/GSK3/mTOR Pathway in Cell Signaling of Mental Illnesses. Depress. Res.
Treat. 2012. doi:10.1155/2012/752563

Latt, H. M., Matsushita, H., Morino, M., Koga, Y., Michiue, H., Nishiki, T., et al.
(2018). Oxytocin Inhibits Corticosterone-Induced Apoptosis in Primary
Hippocampal Neurons. Neuroscience. 379, 383–389. doi:10.1016/
j.neuroscience.2018.03.025

Lee, B. H., and Kim, Y. K. (2010). The Roles of BDNF in the Pathophysiology of
Major Depression and in Antidepressant Treatment. Psychiatry Investig. 7,
231–235. doi:10.4306/pi.2010.7.4.231

Lee, J., Duan, W., and Mattson, M. P. (2002). Evidence that Brain-Derived
Neurotrophic Factor Is Required for Basal Neurogenesis and Mediates, in
Part, the Enhancement of Neurogenesis by Dietary Restriction in the
hippocampus of Adult Mice. J. Neurochem. 82, 1367–1375. doi:10.1046/j.1471-
4159.2002.01085.x

Li, X., Zhu, W., Roh, M. S., Friedman, A. B., Rosborough, K., and Jope, R. S.
(2004a). In Vivo regulation of Glycogen Synthase Kinase-3beta (GSK3beta) by
Serotonergic Activity in Mouse Brain. Neuropsychopharmacology. 29,
1426–1431. doi:10.1038/sj.npp.1300439

Li, Y. F., Liu, Y. Q., Yang, M., Wang, H. L., Huang, W. C., Zhao, Y. M., et al.
(2004b). The Cytoprotective Effect of Inulin-Type Hexasaccharide Extracted
From Morinda Officinalis on PC12 Cells Against the Lesion Induced by
Corticosterone. Life Sci. 75, 1531–1538. doi:10.1016/j.lfs.2004.02.029

Li, Y. F., Liu, Y. Q., Huang, W. C., and Luo, Z. P. (2003a). Cytoprotective Effect Is
One of Common Action Pathways for Antidepressants. Acta Pharmacol. Sin.
24, 996–1000.

Li, Y. F., Gong, Z. H., Yang, M., Zhao, Y. M., and Luo, Z. P. (2003b). Inhibition of
the Oligosaccharides Extracted From Morinda Officinalis, a Chinese
Traditional Herbal Medicine, on the Corticosterone Induced Apoptosis in
PC12 Cells. Life Sci. 72, 933–942. doi:10.1016/s0024-3205(02)02331-7

Li, Z. Y., Jiang, Y. M., Liu, Y. M., Guo, Z., Shen, S. N., Liu, X. M., et al. (2014).
Saikosaponin D Acts Against Corticosterone-Induced Apoptosis via Regulation
of Mitochondrial GR Translocation and a GR-Dependent Pathway. Prog.
Neuropsychopharmacol. Biol. Psychiatry. 53, 80–89. doi:10.1016/
j.pnpbp.2014.02.010

Liang, B. F., Huang, F., Wang, H. T., Wang, G. H., Yuan, X., Zhang, M. Z., et al.
(2015). Involvement of Norepinephrine and Serotonin System in
Antidepressant-Like Effects of Hederagenin in the Rat Model of
Unpredictable Chronic Mild Stress-Induced Depression. Pharm. Biol. 53,
368–377. doi:10.3109/13880209.2014.922586

Liu, D., Xie, K., Yang, X., Gu, J., Ge, L., Wang, X., et al. (2014a). Resveratrol
Reverses the Effects of Chronic Unpredictable Mild Stress on Behavior, Serum
Corticosterone Levels and BDNF Expression in Rats. Behav. Brain Res. 264,
9–16. doi:10.1016/j.bbr.2014.01.039

Liu, Y., Shen, S., Li, Z., Jiang, Y., Si, J., Chang, Q., et al. (2014b). Cajaninstilbene
Acid Protects Corticosterone-Induced Injury in PC12 Cells by Inhibiting
Oxidative and Endoplasmic Reticulum Stress-Mediated Apoptosis.
Neurochem. Int. 78, 43–52. doi:10.1016/j.neuint.2014.08.007

Mai, L., Jope, R. S., and Li, X. (2002). BDNF-Mediated Signal Transduction Is
Modulated by GSK3beta and Mood Stabilizing Agents. J. Neurochem. 82,
75–83. doi:10.1046/j.1471-4159.2002.00939.x

Mao, Q. Q., Huang, Z., Ip, S. P., Xian, Y. F., and Che, C. T. (2012). Protective Effects
of Piperine Against Corticosterone-Induced Neurotoxicity in PC12 Cells. Cell
Mol Neurobiol. 32, 531–537. doi:10.1007/s10571-011-9786-y

Mao, Q. Q., Xian, Y. F., Ip, S. P., Tsai, S. H., and Che, C. T. (2011). Protective Effects
of Peony Glycosides Against Corticosterone-Induced Cell Death in PC12 Cells
Through Antioxidant Action. J. Ethnopharmacol. 133, 1121–1125. doi:10.1016/
j.jep.2010.11.043

Pap, M., and Cooper, G. M. (1998). Role of Glycogen Synthase Kinase-3 in the
Phosphatidylinositol 3-Kinase/Akt Cell Survival Pathway. J. Biol. Chem. 273,
19929–19932. doi:10.1074/jbc.273.32.19929

Predictable, S., Laurencic, G., and Malone, D. (2006). Side Effects of
Antidepressants: an Overview. Cleveland Clin. J. Med. 73, 351. doi:10.3949/
ccjm.73.4.351

Scharfman, H., Goodman, J., Macleod, A., Phani, S., Antonelli, C., and Croll, S.
(2005). Increased Neurogenesis and the Ectopic Granule Cells After
Intrahippocampal BDNF Infusion in Adult Rats. Exp. Neurol. 192, 348–356.
doi:10.1016/j.expneurol.2004.11.016

Shirayama, Y., Chen, A. C., Nakagawa, S., Russell, D. S., and Duman, R. S. (2002).
Brain-Derived Neurotrophic Factor Produces Antidepressant Effects in
Behavioral Models of Depression. J. Neurosci. 22, 3251–3261. doi:10.1523/
JNEUROSCI.22-08-03251.2002

Simonian, N. A., and Coyle, J. T. (1996). Oxidative Stress in Neurodegenerative
Diseases. Annu. Rev. Pharmacol. Toxicol. 36, 83–106. doi:10.1146/
annurev.pa.36.040196.000503

Smiley, S. T., Reers, M., Mottola-Hartshorn, C., Lin, M., Chen, A., Smith, T. W.,
et al. (1991). Intracellular Heterogeneity in Mitochondrial Membrane
Potentials Revealed by a J-Aggregate-Forming Lipophilic Cation JC-1. Proc.
Natl. Acad. Sci. U S A. 88, 3671–3675. doi:10.1073/pnas.88.9.3671

Su-Hong, L., Jian-Hua, G., Yan-Li, H., Yu-Wei, P., Wei, Y., Hai, L., et al. (2015).
Experimental Study of Antiatherosclerosis Effects With Hederagenin in Rats.
Evidence-Based Complementray Altern. Med. 2015, 456354. doi:10.1155/2015/
456354

Takagi, K., Park, E. H., and Kato, H. (1980). Anti-Inflammatory Activities of
Hederagenin and Crude Saponin Isolated From Sapindus Mukorossi Gaertn.
Chem. Pharm. Bull. (Tokyo). 28, 1183–1188. doi:10.1248/cpb.28.1183

Tatia, R., Zalaru, C., Tarcomnicu, I., Moldovan, L., Craciunescu, O., and Calinescu,
I. (2019). Isolation and Characterization of Hederagenin From Hedera helix L.
Extract With Antitumor Activity. Rev. Chim. 70, 1157–1161. doi:10.37358/
rc.19.4.7084

Tian, J. S., Liu, S. B., He, X. Y., Xiang, H., Chen, J. L., Gao, Y., et al. (2018).
Metabolomics Studies on Corticosterone-Induced PC12 Cells: a Strategy for
Evaluating an In Vitro Depression Model and Revealing the Metabolic
Regulation Mechanism. Neurotoxicol Teratol. 69, 27–38. doi:10.1016/
j.ntt.2018.07.002

Vestergaard, P., Rejnmark, L., and Mosekilde, L. (2006). Anxiolytics, Sedatives,
Antidepressants, Neuroleptics and the Risk of Fracture. Osteoporos. Int. 17,
807–816. doi:10.1007/s00198-005-0065-y

Wang, H., Zhou, X., Huang, J., Mu, N., Guo, Z., Wen, Q., et al. (2013). The Role of
Akt/FoxO3a in the Protective Effect of Venlafaxine Against Corticosterone-
Induced Cell Death in PC12 Cells. Psychopharmacology (Berl). 228, 129–141.
doi:10.1007/s00213-013-3017-9

Wang, H., Zhang, C., Yang, L.-e., and Yang, Z. (2020). Hederagenin Modulates M1
Microglial Inflammatory Responses and Neurite Outgrowth. Nat. Prod.
Commun. 15, 1934578X2094625. doi:10.1177/1934578x20946252

Wen-Xia, G., Yu-Zhi, Z., Xue-Mei, Q., and Guan-Hua, D. (2019). Involvement of
Mitochondrial Apoptotic Pathway andMAPKs/NF-κ B Inflammatory Pathway
in the Neuroprotective Effect of Atractylenolide III in Corticosterone-Induced
PC12 Cells. Chin. J. Nat. medicines. 17, 264–274. doi:10.1016/S1875-5364(19)
30030-5

WHO (2008). The Global burden of Disease: 2004 Update. Geneva, Switzerland:
World Health Organization.

Wu, A. G., Zeng, W., Wong, V. K., Zhu, Y. Z., Lo, A. C., Liu, L., et al. (2017).
Hederagenin and α-Hederin Promote Degradation of Proteins in
Neurodegenerative Diseases and Improve Motor Deficits in MPTP-Mice.
Pharmacol. Res. 115, 25–44. doi:10.1016/j.phrs.2016.11.002

Yang, D., Wu, W., Gan, G., Wang, D., Gong, J., Fang, K., et al. (2020).
(-)-Syringaresinol-4-O-β-D-Glucopyranoside from Cortex Albizziae Inhibits

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 71287612

Lin et al. Hederagenin Protects PC12 Cells

https://doi.org/10.1016/j.pbb.2011.10.001
https://doi.org/10.1016/j.pbb.2011.10.001
https://doi.org/10.1016/j.biopsych.2004.01.008
https://doi.org/10.1155/2017/5498908
https://doi.org/10.3390/nu9010041
https://doi.org/10.1155/2012/752563
https://doi.org/10.1016/j.neuroscience.2018.03.025
https://doi.org/10.1016/j.neuroscience.2018.03.025
https://doi.org/10.4306/pi.2010.7.4.231
https://doi.org/10.1046/j.1471-4159.2002.01085.x
https://doi.org/10.1046/j.1471-4159.2002.01085.x
https://doi.org/10.1038/sj.npp.1300439
https://doi.org/10.1016/j.lfs.2004.02.029
https://doi.org/10.1016/s0024-3205(02)02331-7
https://doi.org/10.1016/j.pnpbp.2014.02.010
https://doi.org/10.1016/j.pnpbp.2014.02.010
https://doi.org/10.3109/13880209.2014.922586
https://doi.org/10.1016/j.bbr.2014.01.039
https://doi.org/10.1016/j.neuint.2014.08.007
https://doi.org/10.1046/j.1471-4159.2002.00939.x
https://doi.org/10.1007/s10571-011-9786-y
https://doi.org/10.1016/j.jep.2010.11.043
https://doi.org/10.1016/j.jep.2010.11.043
https://doi.org/10.1074/jbc.273.32.19929
https://doi.org/10.3949/ccjm.73.4.351
https://doi.org/10.3949/ccjm.73.4.351
https://doi.org/10.1016/j.expneurol.2004.11.016
https://doi.org/10.1523/JNEUROSCI.22-08-03251.2002
https://doi.org/10.1523/JNEUROSCI.22-08-03251.2002
https://doi.org/10.1146/annurev.pa.36.040196.000503
https://doi.org/10.1146/annurev.pa.36.040196.000503
https://doi.org/10.1073/pnas.88.9.3671
https://doi.org/10.1155/2015/456354
https://doi.org/10.1155/2015/456354
https://doi.org/10.1248/cpb.28.1183
https://doi.org/10.37358/rc.19.4.7084
https://doi.org/10.37358/rc.19.4.7084
https://doi.org/10.1016/j.ntt.2018.07.002
https://doi.org/10.1016/j.ntt.2018.07.002
https://doi.org/10.1007/s00198-005-0065-y
https://doi.org/10.1007/s00213-013-3017-9
https://doi.org/10.1177/1934578x20946252
https://doi.org/10.1016/S1875-5364(19)30030-5
https://doi.org/10.1016/S1875-5364(19)30030-5
https://doi.org/10.1016/j.phrs.2016.11.002
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Corticosterone-Induced PC12 Cell Apoptosis and Relieves the Associated
Dysfunction. Food Chem. Toxicol. 141, 111394. doi:10.1016/j.fct.2020.111394

Yang, X., Li, G., Chen, L., Zhang, C., Wan, X., and Xu, J. (2011). Quantitative
Determination of Hederagenin in Rat Plasma and Cerebrospinal Fluid by Ultra
Fast Liquid Chromatography-Tandem Mass Spectrometry Method.
J. Chromatogr. B Analyt Technol. Biomed. Life Sci. 879, 1973–1979.
doi:10.1016/j.jchromb.2011.05.029

Yu, H., Song, L., Cao, X., Li, W., Zhao, Y., Chen, J., et al. (2020). Hederagenin
Attenuates Cerebral Ischaemia/Reperfusion Injury by Regulating MLK3
Signalling. Front. Pharmacol. 11, 1173. doi:10.3389/fphar.2020.01173

Zeng, B., Li, Y., Niu, B., Wang, X., Cheng, Y., Zhou, Z., et al. (2016). Involvement
of PI3K/Akt/FoxO3a and PKA/CREB Signaling Pathways in the
Protective Effect of Fluoxetine Against Corticosterone-Induced
Cytotoxicity in PC12 Cells. J. Mol. Neurosci. 59, 567–578. doi:10.1007/
s12031-016-0779-7

Zeng, Z., Wang, X., Bhardwaj, S. K., Zhou, X., Little, P. J., Quirion, R., et al.
(2017). The Atypical Antipsychotic Agent, Clozapine, Protects Against
Corticosterone-Induced Death of PC12 Cells by Regulating the Akt/
FoxO3a Signaling Pathway. Mol. Neurobiol. 54, 3395–3406. doi:10.1007/
s12035-016-9904-4

Zhang, X., Tang, N., Hadden, T. J., and Rishi, A. K. (2011). Akt, FoxO and
Regulation of Apoptosis. Biochim. Biophys. Acta. 1813, 1978–1986. doi:10.1016/
j.bbamcr.2011.03.010

Zhao, X., Zeng, Z., Gaur, U., Fang, J., Peng, T., Li, S., et al. (2019). Metformin
Protects PC12 Cells and Hippocampal Neurons From H2 O 2 -Induced
Oxidative Damage Through Activation of AMPK Pathway. J. Cell Physiol.
234, 16619. doi:10.1002/jcp.28337

Zheng, W.-H., and Quirion, R. (2009). Glutamate Acting on N-Methyl-D-
Aspartate Receptors Attenuates Insulin-Like Growth Factor-1 Receptor
Tyrosine Phosphorylation and its Survival Signaling Properties in Rat
Hippocampal Neurons. J. Biol. Chem. 284, 855–861. doi:10.1074/
jbc.m807914200

Zheng, W. H., Kar, S., and Quirion, R. (2002). FKHRL1 and its Homologs Are New
Targets of Nerve Growth Factor Trk Receptor Signaling. J. Neurochem. 80,
1049–1061. doi:10.1046/j.0022-3042.2002.00783.x

Zheng, W. H., and Quirion, R. (2004). Comparative Signaling Pathways of Insulin-
Like Growth Factor-1 and Brain-Derived Neurotrophic Factor in Hippocampal
Neurons and the Role of the PI3 Kinase Pathway in Cell Survival. J. Neurochem.
89, 844–852. doi:10.1111/j.1471-4159.2004.02350.x

Zhou, D., Jin, H., Lin, H. B., Yang, X. M., Cheng, Y. F., Deng, F. J., et al. (2010).
Antidepressant Effect of the Extracts From Fructus Akebiae. Pharmacol.
Biochem. Behav. 94, 488–495. doi:10.1016/j.pbb.2009.11.003

Zhou, Y. Z., Li, X., Gong, W. X., Tian, J. S., Gao, X. X., Gao, L., et al. (2017).
Protective Effect of Isoliquiritin Against Corticosterone-Induced Neurotoxicity
in PC12 Cells. Food Funct. 8, 1235–1244. doi:10.1039/c6fo01503d

Zhu, W., Bijur, G. N., Styles, N. A., and Li, X. (2004). Regulation of FOXO3a by
Brain-Derived Neurotrophic Factor in Differentiated Human SH-Sy5y
Neuroblastoma Cells. Brain Res. Mol. Brain Res. 126, 45–56. doi:10.1016/
j.molbrainres.2004.03.019

Conflict of Interest: TL was employed by Research and Development Department,
Lansson Bio-Pharm Co., Ltd.

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 Lin, Liu, Silva, Fang, Zhou, Wang, Xu, Li and Zheng. 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 Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 71287613

Lin et al. Hederagenin Protects PC12 Cells

https://doi.org/10.1016/j.fct.2020.111394
https://doi.org/10.1016/j.jchromb.2011.05.029
https://doi.org/10.3389/fphar.2020.01173
https://doi.org/10.1007/s12031-016-0779-7
https://doi.org/10.1007/s12031-016-0779-7
https://doi.org/10.1007/s12035-016-9904-4
https://doi.org/10.1007/s12035-016-9904-4
https://doi.org/10.1016/j.bbamcr.2011.03.010
https://doi.org/10.1016/j.bbamcr.2011.03.010
https://doi.org/10.1002/jcp.28337
https://doi.org/10.1074/jbc.m807914200
https://doi.org/10.1074/jbc.m807914200
https://doi.org/10.1046/j.0022-3042.2002.00783.x
https://doi.org/10.1111/j.1471-4159.2004.02350.x
https://doi.org/10.1016/j.pbb.2009.11.003
https://doi.org/10.1039/c6fo01503d
https://doi.org/10.1016/j.molbrainres.2004.03.019
https://doi.org/10.1016/j.molbrainres.2004.03.019
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Hederagenin Protects PC12 Cells Against Corticosterone-Induced Injury by the Activation of the PI3K/AKT Pathway
	Introduction
	Materials and Methods
	Materials
	Methods
	Cell Culture
	Hippocampal Neurons Primary Culture
	Cell Treatments
	MTT Assay
	Annexin V-FITC/Propidium Iodide Staining for Apoptosis Evaluation
	Measurement of Intracellular Reactive Oxygen Species Levels
	Measurement of Mitochondrial Membrane Potential
	Western Blot Analysis
	Statistical Analysis


	Results
	Hederagenin Alleviated CORT-Induced Injury in PC12 Cells
	Hederagenin Attenuated the Loss of Mitochondrial Membrane Potential in CORT-Treated PC12 Cells
	Hederagenin Blocked CORT-Induced Increase of Intracellular ROS in PC12 Cells
	Hederagenin Attenuated CORT-Induced Apoptosis in PC12 Cells
	Hederagenin Stimulated PI3K/AKT/FoxO3a Signaling
	AKT Signaling Was Involved in the Protective Effect of Hederagenin
	Neuroprotective Effects of Hederagenin Against CORT-Induced Injury in Primary Hippocampal Neurons

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


