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ARTICLE INFO ABSTRACT

Keywords: We previously demonstrated the antioxidant activity of Coeloglossum viride var. bracteatum extract (CE) in rat
CE cortical neurons and in mice with chemically induced cognitive impairment. In this work, we established a
Dnmt3a staurosporine (STS)-induced toxicity model to decipher the neuroprotective mechanisms of CE. We found that CE
FDg;nztSb protected cell viability and neurite integrity in STS-induced toxicity by restoring the levels of FGF2 and its
PI3K/Akt associated PIBK/Akt signaling axis. LY294002, a pan-inhibitor of PI3K, antagonized the activity of CE, although
Staurosporine its-mediated restoration of FGF2 was unaffected. In addition, CE restored levels of Bcl-2/Caspase-3, PKCa/CaM

pathway, and Dnmt3a and Dnmt3b, two methyltransferases that contribute to de novo DNA methylation. The
Dnmts inhibitor 5-azacytidine impaired CE-mediated restoration of Dnmt3 or CaM, as well as the transition of
DNA methylation status on the Dnmt3 promoter. These results reveal potential mechanisms that could facilitate
the study and application of CE as a neuroprotective agent.

1. Introduction

The dried tuber of Coeloglossum viride var. bracteatum has long been
used as food and medicine, and is documented as a superior tonic in
classical Chinese medicine (Schubert et al., 2018). In recipes, it is used as
a tonic to treat spermatorrhea and impotence, improve blood circulation,
calm the mind, promote intelligence and prolong life (Shang et al., 2017).
Coeloglossum viride var. bracteatum extract (CE) has been shown to
enhance immunity, including antioxidant capacity, and enhance Alz-
heimer's disease (AD)-like mice in learning and memory (Guo et al,,
2013; Ma et al., 2008; Pan et al., 2017; Qin et al., 2010; Zhang et al.,
2006a). Pharmacological analysis has identified more than 120 com-
pounds whose main components are glucosides, dihydrostilbenes,
phenanthrenes, and aromatic compounds (Huang et al., 2004; Li et al.,
2009; Shang et al., 2017). Among them, dactylorhin B exerts a protective
effect against Afos.3s-induced toxicity in SH-SY5Y cells, which is a typical
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toxin for AD development (Zhang et al., 2006¢). We and colleagues have
previously revealed the detoxification activity of CE in rat cortical and
hippocampal neurons induced by Afgs.35, H2O2, NaNOy, ischemia and
glutamate, etc (Guo et al., 2013; Ma et al., 2008; Pan et al., 2017; Qin
et al.,, 2010). In particular, we recently found that CE has activity to
improve learning and memory in mice with chemically induced cognitive
impairment mice (Zhong et al., 2019). However, it is not clear how CE
exerts these functions.

FGF2 (fibroblast growth factor 2) is a chemokine with broad mito-
genic and cell survival-promoting activities in embryonic development,
wound healing, cell migration and differentiation (Ford-Perriss et al.,
2001; Johnson-Farley et al., 2007; Tomomi et al., 2011). The PI3K/Akt
pathway is an intracellular signaling pathway that promotes metabolism,
proliferation, and cell survival by mediating by serine and/or threonine
phosphorylation of a number of downstream substrates in response to
extracellular signals (Hemmings and Restuccia, 2012). Dysregulation of

E-mail addresses: lan@szu.edu.cn (R. Lan), bjqinxiaoyan@muc.edu.cn (X.-Y. Qin).

1 These authors contribute equally as the first authors.

https://doi.org/10.1016/j.heliyon.2021.e07503

Received 15 October 2020; Received in revised form 3 May 2021; Accepted 3 July 2021
2405-8440/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:lan@szu.edu.cn
mailto:bjqinxiaoyan@muc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e07503&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e07503
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2021.e07503

Z.-P. Cai et al.

the PI3K/Akt signaling pathway is seen in a variety of human diseases,
including diabetes, cancer, cardiovascular disease, and neurological
disorders (Hers et al., 2011). During neuroprotection, FGF2 binds to
membrane receptors and activates the downstream PI3K/Akt or Erk1/2
signaling pathway, inducing expression of anti-apoptotic protein Bcl-2
but inhibiting activation of caspase-3 (Cheng et al., 2016; Pan et al.,
2017). Thus, FGF2 attenuates Ap-induced toxicity in hippocampal neu-
rons. In addition, FGF2 was recently reported to be an intracellular
anti-apoptotic factor independent of FGFR activation and downstream
signaling (Kostas et al., 2018). Therefore, FGF2 is a key regulator of
neuronal survival and longevity.

Epigenetic modifications such as DNA methylation have been re-
ported as a response to toxic brain injury (Zhao et al., 2013). DNA
methylation frequently occurs in CpG islands of the genome, where
methyl transfer to cytosine nucleotides is catalyzed by enzymes (Okano
et al,, 1999; Rhee et al., 2000). DNA (cytosine-5)-methyltransferase
(Dnmt) is responsible for DNA methylation in mammals. However,
Dnmts operate in different ways. Dnmt3a and Dnmt3b mainly mediate de
novo methylation, while Dnmtl prefers to methylate hemimethylated
DNA. During STS-induced apoptosis in cancer cells, Dnmt3b is down
regulated (Zhao et al., 2013). In contrast, Dnmt3a is essential for the
long-lasting effects of cocaine in the nucleus accumbens of mouse, sug-
gesting an important role in regulating cellular and behavioral plasticity
in response to emotional stimuli (Cannella et al., 2018; LaPlant et al.,
2010). Thus, epigenetic modifications and regulators play an indispens-
able function in neuropharmacology and drug development.

Staurosporine (STS) has a strong but non-selective inhibitory effect on
protein kinase C (PKC) and other kinases, leading to cytotoxicity and
induction of apoptosis (Qin et al., 2012; Zhao et al., 2013). Therefore, we
used STS to establish an in vitro cellular model to investigate neuro-
protective agents. We have previously demonstrated that STS-induced
neurotoxicity can be attenuated by extract of Plygonum multiflorum (He
shou wu, a traditional Chinese medicine known for its anti-aging prop-
erties) in cultured hippocampal neurons (Yang et al., 2014). In this study,
STS was used to introduce toxicity and induce apoptosis in cultured
hippocampal neurons to establish a cellular model to decipher the neu-
roprotective effects of CE. Special emphasis was placed on the
CE-mediated regulation of de novo DNA methylation.

2. Materials and methods
2.1. Cultured hippocampal neurons

Rat primary hippocampal neurons were prepared as described pre-
viously (Cheng et al., 2016; Pan et al., 2017). The experimental methods
were performed according to the guidelines approved by the Animal Care
and Use Committee, Minzu University of China. Briefly, DIV1(day in
vitro), hippocampus of neonatal Sprague-Dawley (SD) rats was isolated
under aseptic conditions, mechanically fragmented, and digested with
0.25% trypsin (Invitrogen) at 37 °C for 30 min. Digestion was terminated
with DMEM containing 10% fetal bovine serum (FBS). The mixture was
then filtered through a nylon mesh (mesh number = 70) and centrifuged
at 1,500 rpm for 5 min to collect neurons. Neurons were suspended in
DMEM containing 10% FBS, 2 g/L HEPES, penicillin G (100 U/mL) and
100 pg/mL streptomycin (Invitrogen), seeded onto poly-L-lysine-coated
plates or coverslips with a cell density of 1x10° cells/mL, and incu-
bated at 37 °C in a 5% CO» incubator. DMEM medium was used for the
first 5 days, and then (DIV6) replaced with neural medium containing
B-27 supplement in half the volume every two days. Neurons were used
in the experiments in DIV7.

2.2. CE
Dried tubers (1.0 kg) of Coeloglossum viride var. bracteatum were

extracted with 70% ethanol by reflux as described (Li et al., 2009; Ma
et al., 2008; Zhang et al., 2006a, 2006b). The extracts were suspended in
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water and partitioned successively with petroleum ether, ethyl acetate,
and n-butanol. The n-butanol extract was then passed through HP-20
macroporous resin (#MO0043, Solarbio) to obtain a 40% ethanol frac-
tion. After removal of the solvent, the extract was weighed and sus-
pended in water for use. The fractions were analyzed and confirmed
using an YMC Hydroshere C18 column (4.6 mm x 250 mm,
HS12S05-2546WT) equipped with an Agilent 1260. The four main
components, Dactylorhin A, Dactylorhin B, Loroglossin, and Militarine,
were characterized and confirmed (Supplementary Material
Figures S1-3).

2.3. Chemicals

Staurosporine (#569397, non-selective kinase inhibitor of PKC, 0.2
uM in use) and Dnmts inhibitor 5-azacytidine (5-AZ, #A2385, 0.4 pM in
working solution) were obtained from Sigma-Aldrich. The pan-PI3K in-
hibitors LY294002, (#9901, 10 pM in use) and U0126 (#9903, 10 uM in
use) were provided by Cell Signaling Technology, Inc.

2.4. MTT cell viability assay

Prior to the experiment, neurons were isolated and cultured in 96-
well plates for 6 days. After drug administration, the medium was
replaced with medium containing 0.5 mg/mL of MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and further cultured
for 3-4 h. Finally, the medium was removed and 100 pL. DMSO was
added to completely dissolve the resulting formazan. The absorbance was
recorded at 492 nm using a microplate spectrophotometer (Bio-Rad).

2.5. LDH determination

The lactate dehydrogenase (LDH) assay was performed using the
CytoTox96 Non-Radioactive Cytotoxicity Assay kit (Promega). LDH is a
cellular enzyme released in response to apoptosis or membrane damage.
The released LDH was measured enzymatically by conversion of tetra-
zolium to formazan according to the manufacturer's instructions. The
absorbance of the formazan solution was determined similarly in MTT.

2.6. TUNEL assay

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling (TUNEL) was used to quantify apoptotic cells by measuring the 3'-
OH of DNA strand breaks. Cells were fixed with 4% paraformaldehyde for
15 min at room temperature and permeabilized with 0.2% Triton X-100
for 25 min. Cells were then subjected to TUNEL assay using the in situ cell
death assay kit I (Roche) according to the manufacturer's instructions.
The ratio of TUNEL-positive cells/DAPI-positive cells represents the rate
of cell death. Images were obtained by a Leica SP8 confocal microscope,
and three images were obtained for each group.

2.7. Western blot

Neurons were collected and protein were extracted with RIPA lysis
buffer (#P0013C, Beyotime Biotechnology) containing 1% phenyl-
methylsulfonyl fluoride (PMSF, Roche) and then centrifuged at 4 °C,
13,000 rpm for 25 min. Proteins were collected and separated by 10%
SDS-PAGE and then transferred to PVDF membranes. The primary and
secondary antibodies were subsequently incubated. Primary antibodies
were as follows: anti Akt (#9272), phospho-Akt (Ser473) (#4060), Bcl-2
(#3498), B-actin (#4970) and cleaved-Caspase-3 (#9662) antibodies
were purchased from Cell Signaling Technology, Inc. Anti-Dnmtl
(#ab188453), Dnmt3b (#ab79822), CaM (#ab2860), phospho-Erk1/2
(#ab200807), and Erkl/2 (#ab184699) antibodies were purchased
from Abcam plc. Anti-Dnmt3a (#20954-1-AP) antibody was purchased
from Proteintech Group, Inc. Anti PKCa (#sc-17769) antibody was sup-
plied by Santa Cruz Biotechnology and FGF2 (#SAB2100814) was
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purchased from Sigma-Aldrich. Western blot images were obtained from
the Odyssey CLx infrared fluorescence imaging system (LI-COR Bio-
sciences). The relative optical density of the blotted bands was quantified
using Image J software, and relative protein levels were calculated.

2.8. Immunofluorescence

After experimental treatment, neurons seeded on 24-well plates with
coverslips were subjected to immunofluorescence. Cells were fixed with
4% paraformaldehyde for 15 min and then incubated for 1 h in blocking
buffer (PBS containing 5% serum and 0.3% Triton X-100), followed by
incubation with the primary antibody f-III tubulin (dilution 1:500,
#T8578, Sigma-Aldrich) or MAP2 (1:1000, #T8578, Sigma-Aldrich)
overnight at 4 °C. After washing 3 times with PBS, neurons were
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incubated with Alexa Fluor 488 or 546-conjugated secondary antibodies
(Invitrogen) for 1.5 h at room temperature, rinsed 3 times with PBS and
stained with DAPI (4',6-diamidino-2-phenylindole) for 15 min. Images
were obtained using a Leica SP8 confocal microscope. The length of
neurite was measured by Image J.

2.9. Methylation-specific PCR

Methylation-specific PCR was performed on CpG islands within gene
targets using the bisulfite conversion method (TIANGEN Biotech (Bei-
jing) Co., Ltd.) as described previously (Herman et al., 1996). Briefly, 500
ng of genomic DNA purified with the TIANamp Genomic DNA Kit
(#DP304) was converted by the DNA bisulfite conversion kit (#DP215)
for transformation. To amplify the methylated sequences, PCR was
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Figure 1. CE protects hippocampal neurons from STS-induced toxicity. (A) Experimental timeline. Hippocampal neurons were isolated from neonatal rats and
incubated with Coeloglossum viride var. bracteatum extract (CE) or staurosporine (STS). (B) Purity and integrity of neurons were examined by immunofluorescence of
neuron-specific f-III tubulin. Scale bar = 25 pm. (C) Neurons were treated with set concentrations of STS. The optimal concentration is 0.2 uM, corresponding to a
40%-50% decreases in cell viability. Cell viability assay (D) and LDH cytotoxicity assay (E) determined the optimal CE concentration (5-10 mg/mL) to protect neurons
from STS-induced toxicity. (F-G) TUNEL assay confirmed the effectiveness of CE in protecting neurons from STS-induced cell death (apoptosis). In C-E and G, results

are shown as mean =+ s.e.m. Statistical significance between groups was tested by one-way ANOVA, post hoc Tukey's tests in D (n
p < 0.001. Non-adjusted images of Figure 1B were presented in Supplementary Material Figure S5.

0.05;
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performed on 20 ng of bisulfite-transformed DNA using MSP DNA po-
lymerase from the Methylation-specific PCR Kit (EM101) with specific
primers (Supplementary Table S3). The PCR product (10 pL) was loaded
onto a 1% agarose gel, stained with GelRed (Biotium), and visualized
under UV illumination.

2.10. Statistical analysis

Results are expressed as mean =+ s.e.m. Statistical differences between
groups were determined by one-way analysis of variance (ANOVA) and
Tukey's multiple comparison tests in GraphPad Prism 7.0 software. n.s,
not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3. Results

3.1. CE attenuates STS-induced toxicity and apoptosis in hippocampal
neurons

To determine the neuroprotective effects of CE, we established a
model of STS-induced cytotoxicity and apoptosis in hippocampal neu-
rons. Hippocampal neurons were newly isolated from neonatal Sprague-
Dawley rats (Figure 1A). The purity of hippocampal neurons was
examined by immunofluorescence using an antibody against the neuron-
specific marker M-III tubulin (Figure 1B, Supplementary Material
Figure S5). The purity of hippocampal neurons exceeded 90% and was
considered to meet the experimental requirements. In establishing the
STS-induced cytotoxicity model, hippocampal neurons were incubated
with set concentrations of STS (0.1-1 pM) and their cell viability was
measured (Figure 1C). Accordingly, we concluded that 0.2 uM of STS is a
reasonable concentration to induce cytotoxicity and apoptosis in hippo-
campal neurons, where cell viability is reduced to 50%. Also, the optimal
concentration of CE for neuroprotection was determined. 5 or 10 mg/mL
of CE had a significant protective effect on hippocampal neurons with no
measurable adverse effect on cell viability (Figure 1D). In the next study,
we used 5 or 10 mg/mL of CE and 0.2 pM of STS to explore the neuro-
protective mechanism of CE. In addition, we performed LDH assay and
TUNEL assay, respectively. CE attenuated STS-mediated toxicity at con-
centrations of 5 or 10 mg/mL (Figure 1E). The TUNEL assay showed that
CE significantly abrogated STS-induced apoptosis, narrowing cell mor-
tality from 50% to 20% (Figure 1F and G). Thus, we established a model
of STS-mediated hippocampal neurotoxicity and confirmed the neuro-
protective effect of CE.

3.2. CE protects neuronal integrity, neurite outgrow and extension from
STS-induced toxicity

To verify the protective effect of CE against STS-induced toxicity,
neurons were immuno-labeled with antibodies against microtubule-
associated protein 2 (MAP2), a protein that regulates neuronal

A Control STS CE+STS CE

MAP2 DAPI
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morphogenesis and organelle transport in neurites (Dehmelt and Hal-
pain, 2005). STS clearly compromised cell body integrity and led to
neurite fragmentation (Figure 2A, Supplementary Material Figure S6),
indicating that although the cells did not die, neuronal function was
significantly affected. In contrast, CE rescued neurons from STS-induced
morphological collapse and preserved their neurite outgrowth and
extension (Figure 2, CE + STS column). Thus, CE maintains the integrity
of the cell body and the continuity of neurite.

3.3. The FGF2-PI3K/Akt signaling axis is required for the neuroprotective
activity of CE

It has been previously reported that CE has antioxidant or anti-amyloid
neurotoxic activity by restoring the PI3K/Akt signaling axis (Pan et al.,
2017; Qin et al., 2010). Therefore, we used the pan-PI3K inhibitor
LY294002 (working concentration of 10 pM) to elucidate the mechanism
of CE mediated neuroprotective function (Figure 3A). In STS-treated
neurons, FGF2, phosphorylation of Akt and Erkl/2 was significantly
down-regulated, while the apoptotic indicator cleaved-Caspase-3 (clea-
ved-Casp-3) was apparently elevated, while the anti-apoptotic protein
Bcl-2 was decreased (Figure 3B-F, Supplementary Material Figure S7).
However, CE effectively rescued FGF2 expression and reactivated Akt or
Erk1/2 (p-Akt, p-Erk1/2) as well as Bcl-2 (Figure 3B-E). In contrast,
cleaved-Casp-3 was clearly abolished. Thus, CE ameliorated the expres-
sion of FGF2, Akt, and Bcl-2/cleaved-Casp-3 to antagonize STS-induced
toxicity. However, by pretreating neurons with LY294002 prior to CE
and STS treatment to inhibit PI3K and its downstream Akt signaling
pathway, we unexpectedly observed that CE-mediated rescue of cell
viability was inhibited (Figure 3G, STS + CE + LY column). Consistently,
the activation of Akt (p-Akt) was apparently also eliminated (Figure 3H).
However, CE was able to rescue FGF2 expression despite the inhibition of
the Akt signaling pathway (Figure 3I), because FGF2 is located upstream
of the PI3K/Akt pathway. In other words, CE regulates FGF2 expression
independently of PI3K/Akt signaling. Furthermore, Erk1/2 activity was
rescued by CE and blocked by Erkl/2 inhibitor U0126 (Figure 3J).
However, U0126 did not impair CE-mediated restoration of cell viability
(Figure 3G), and therefore Erkl/2 activity was not essential in
CE-mediated neuroprotection. Therefore, we suggest that the
FGF2-PI3K/Akt signaling axis plays an essential role in the neuro-
protective effects of CE in response to STS-induced toxicity.

3.4. Dnmt3a and Dnmt3b are involved in CE-mediated neuroprotective
functions

There is compelling evidence that neurotoxicity of harmful sub-
stances can modulate epigenetic modifications, including methylation,
acetylation or ubiquitination (Hu and Su, 2017). Neurotoxins are thought
to cause DNA hypomethylation and in this way enable the expression of
downstream genes. With this in mind, we intended to test whether DNA

B Figure 2. CE protects neuronal cell body integrity,
neurite outgrowth and extension from STS-induced
toxicity. (A) Neurons were incubated with STS (0.2
pM) and CE (5 mg/mL) and immuno-labeled with
MAP2 antibody. STS compromised cell body integrity
and caused neurite shortening, indicating impaired
neuronal activity. In contrast, CE rescued neurons
from STS-induced toxicity, while CE alone did not
introduce observable toxicity. Scale bar 25um.
Nuclei were stained with DAPI. (B) The length of
neurite was calculated by Image J (n > 17). Data are
shown as mean + s.e.m. Statistical significance of
difference between groups was examined by one-way
ANOVA followed by Tukey's multiple comparison
tests. **

images were presented in Supplementary Material
Figure S6.

neurite length (um)
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Figure 3. CE restores the FGF2-Akt, Erk1/2 signaling axis and Bcl-2/caspase-3 apoptotic pathway to protect neurons from STS-induced toxicity. (A) Experimental
timeline. Hippocampal neurons were incubated with LY294002 (PI3K inhibitor) or U0126 (Erk1/2 inhibitor), STS or CE as indicated, followed by Western blot and
MTT cell viability assay. (B-F) Representative blots of FGF2, Akt, Erk1/2, Bcl-2, and cleaved-Casp-3. STS induced a decrease in FGF2 levels, inhibited the FGF2-Akt/
Erk1/2 pathway and turned on the apoptotic pathway. In contrast, CE restored FGF2 expression, reactivated the Akt/Erk1/2 pathway, and eliminated activation of the
apoptotic pathway. Relative protein levels of FGF2, Bcl-2 and cleaved-Casp-3 were normalized to p-actin, whereas p-Akt and p-Erk1/2 were normalized to their total
protein (Akt or Erk1/2), respectively. (G) MTT cell viability assay of neurons incubated with STS, CE, LY294002, or U0126 as indicated. LY294002 but not U0126
antagonized the neuroprotective effect of CE on STS-induced toxicity. (H-J) Representative blots of Akt, FGF2, and Erk1/2. Inhibition of the PI3K/Akt pathway (via
LY294002) abrogated CE-mediated rescue of p-Akt, but did not affect CE-mediated recovery of FGF2. In this figure, results are expressed as mean + s.e.m. One-way
ANOVA and Tukey's multiple comparison tests were performed to examine statistical significant differences between groups (n = 5). *, p < 0.05; **, p < 0.01. Non-

adjusted blots were presented in Supplementary Material Figure S7.

methyltransferases are involved in CE-mediated neuroprotective func-
tions. 5-azacytidine (5-AZ), an analog of cytidine, effectively inhibits
DNA methyltransferase and induces DNA hypomethylation (Jiemjit et al.,
2008; Yang et al., 2017). In the experiments, neurons were pretreated
with 5-AZ followed by STS or CE treatment (Figure 4A and B, Supple-
mentary Material Figure S8). As observed from microscopic imaging and
MTT cell viability assay, the cell viability of the CE + STS+5-AZ group
was significantly better than that of STS or STS+5-AZ group and com-
parable to that of the CE + STS group (Figure 4C). In other words, 5-AZ
did not synergize with STS to inhibit cell viability. However, we observed

that STS down-regulated the expression of Dnmt1, Dnmt3a and Dnmt3b,
while in contrast, the addition of CE rescued the expression of Dnmt3a,
Dnmt3b but not Dnmtl (Figure 4D and E, Supplementary Material
Figure S9). These results suggest that Dnmt3a and Dnmt3b may be
downstream effectors that promote CE-mediated neuroprotective func-
tions. Consistently, addition of 5-AZ prevented CE-mediated rescue
functions of Dnmt3a and Dnmt3b (Figure 4E). The activity of Dnmt3a
and Dnmt3b mainly contributes to de novo methylation of DNA (Okano
etal., 1999). Thus, de novo methylation of DNA is thought to be involved
in CE-mediated protection of neurons from STS-induced toxicity.
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Figure 4. Dnmt3 is involved in CE-mediated neuroprotective effects. (A) Experimental timeline. Hippocampal neurons were incubated with 5-AZ (Dnmts inhibitor),
STS or CE, followed by microscopic imaging, Western blot and MTT assay. (B) Images of drug-exposed neurons. Scale bar, 25 pm. (C) MTT assay showing that in-
hibition of Dnmts did not inhibit CE-mediated protection against STS-induced toxicity. n = 5. (D) Representative blots of Dnmt3b and Dnmt1. Dnmt3b but not Dnmt1
was restored by CE to recover from STS-induced toxicity (CE + STS column). (E) Representative blots of Dnmt3a and Dnmt3b. Inhibition of Dnmts (by 5-AZ) prevented
CE-mediated recovery of Dnmt3a and Dnmt3b. In D (n = 5) and E (n = 3), relative protein levels were calculated from the optical density of blots and normalized to
B-actin. (C-E) Data are shown as mean =+ s.e.m. One-way ANOVA, post hoc Tukey's tests were performed. *, p < 0.05; **, p < 0.01. n.s, not significant. Non-adjusted

images and blots were presented in Supplementary Material Figures S8 and S9.

3.5. CaM may be a downstream effector of the protective process mediated
by CE through restoration of DNA methylation

STS is a broad-spectrum protein kinase inhibitor that induces
apoptosis mainly through inhibition of protein kinase C (PKC) activity
(Omura et al., 1977). Therefore, we designed to investigate the function
of the PKC/CaM signaling axis in CE-mediated neuroprotective function
(Figure 5, Supplementary Material Figure S10). Calmodulin regulates a
large number of enzymes, especially protein kinases and phosphatases,
ion channels, aquaporins and other proteins through calcium binding.
Western blotting showed that both PKCa and CaM (Calmodulin-2, also
known as CALM2) were significantly down-regulated in STS-treated
neurons (Figure 5A and B). However, the addition of CE effectively
rescued the expression of PKCa and CaM (Figure 5A and B, CE + STS
columns). These results suggest that CE restores the PKCa/CaM
signaling axis in response to STS-induced toxicity. However, the way CE

rescues PKCa and CaM expression may behave differently. Dnmt3a and
3b, but not Dnmtl, are involved in the process of CE-mediated neuro-
protective function (Figure 4). Neurons were incubated with 5-AZ to
inhibit DNA methyltransferases (Dnmts) that cause DNA hypo-
methylation and promote transcription. Consistently, PKCa expression
was rescued by the addition of 5-AZ or CE (Figure 5C, CE or 5-AZ
column vs STS). However, STS-induced CaM down-regulation could
not be rescued by CE (Figure 5D, CE + STS+5-AZ column). In other
words, 5-AZ was able to replace the rescue of CaM by CE (Figure 5D).
Moreover, CE rescued Bcl-2 expression to inhibit apoptosis with or
without the addition of 5-AZ (Figure 5E). Thus, CaM may be a down-
stream effector involved in CE-mediated neuroprotective processes.
Furthermore, methylation-specific PCR consistently showed that the
regulation of gene expression by CE is mediated by methylation, espe-
cially for Dnmt3b (Figure 5F, Supplementary Material Figure S11). CE
represses methylation of the Dnmt3b gene to promote its expression and
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can be inhibited by 5-AZ (Figure 5F, CE + STS vs STS). Thus, Dnmt3b
activity may also be involved in CE-mediated neuroprotective functions.

In summary, FGF2 and its downstream PI3K/Akt and PKCo/CaM
pathways and DNA methyltransferase Dnmt3b are involved in CE-
mediated neuroprotective functions, synergistically maintaining Bcl-
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Figure 6. Schematic representation of CE-mediated neuroprotection against
STS-induced toxicity. STS inhibits protein kinases and induces apoptosis and
severe cytotoxicity to neurons. CE restores expression of FGF2, maintains the
activity of PI3K/Akt, Erkl/2 and PKCa/CaM pathway, and promotes cell sur-
vival. The PI3K/Akt signaling pathway plays a role in CE-mediated function, as
inhibition of PI3K/Akt by LY294002 is known to abrogate CE activity. Mean-
while, the cleaved-Casp-3 associated apoptotic pathway activated by STS was
significantly attenuated by CE. In addition, DNA do novo methyltransferase ac-
tivity may be involved in CE-mediated regulation of gene expression and can be
inhibited by the Dnmts inhibitor 5-AZ, suggesting that epigenetic regulation is
involved in CE-mediated neuroprotection processes.

2expression and inhibiting the apoptotic enzyme cleaved-Casp-3
(Figure 6).

4. Discussion

The dried tuber of Coeloglossum viride var. bracteatum is an ancient
Tibetan medicine that has long been used a medicine and food. In eth-
nomedicine, it is used as a reinforcing agent to invigorate the body and
strengthen the Yang. Increasing attention and studies have demonstrated
the antioxidant activity, immunomodulation, learning and memory
enhancement, and antiviral activity of this ancient medicine (Shang
et al., 2017). Several Coeloglossum viride var. bracteatum extracts were
used in mouse models of dementia and Alzheimer's disease to verify
antioxidant, metabolic modulating and anti-apoptotic effects (Ma et al.,
2008; Zhang et al., 2006b). However, the pharmacological effects and
characteristic chemicals and biological indicators of CE still need to be
further developed.

We previously reported that CE has antioxidant, anti-glutamate and
Ap effects on cultured cortical neurons (Pan et al., 2017; Qin et al., 2010).
CE ameliorates learning and memory deficits in chemically induced mice
by restoring neurotrophin expression and inhibiting pro-inflammation
(Zhong et al., 2019). In this study, we established an STS-induced
toxicity and apoptotic cell model based on hippocampal neurons to
explore the signaling axis and potential epigenetic modifications of
CE-mediated neuroprotective functions. Consistently, neurons cultured
with STS exhibited collapse of neuronal bodies and neurites decay (Fig-
ures 1 and 2). Fortunately, CE rescued neurons from STS-induced
morphological disorder and maintained cellular integrity and neurite
continuity. In addition, there was no toxicity in neurons treated with
5-10 mg/mL CE relative to those administered with 0.2 pM STS. Thus,
we confirmed the neuroprotective effect of CE in promoting neuronal
survival and plasticity. During the protection of neuronal survival and
growth, the expression of cytokines such as FGF2 and BDNF was acti-
vated. Also, since FGF2 and BDNF usually act as signaling primers, the
PI3K/Akt signaling axis is frequently activated from its background level
in response to cellular stress. Indeed, we previously observed the
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activation of Akt signaling in CE-treated cells in response to HyO, or
Ap-induced oxidative stress (Pan et al., 2017; Qin et al., 2010). However,
CE is non-toxic and CE-treated healthy cells did not show significant
signaling of the PI3K/Akt pathway. Therefore, in STS-treated neurons,
we consistently observed restored expression of FGF2 after CE adminis-
tration (Figure 3). FGF2 is a potent factor in activating PI3K/Akt, Erk1/2,
and PKCo/CaM signaling pathways to promote cell survival (Ford-Perriss
et al., 2001; Tomomi et al., 2011; Zhang and Yuan, 1998). Accordingly,
inhibition of the apoptotic pathway, for antagonistic expression of Bcl-2
and cleaved-caspase-3 was restored. Inhibition of PI3K by LY294002
abrogated both activation of the downstream Akt signaling axis and the
neuroprotective function of CE. However, CE-mediated expression of
FGF2 was still retained (Figure 3). Furthermore, the sustained expression
of FGF2 after CE incubation suggests an independent mechanism to
induce FGF2 transcription in addition to neuroprotective pathways such
as the PI3K/Akt signaling axis. Thus, the PI3K/Akt axis is one of the
important signaling axes in CE-mediated neuroprotective function.

DNA methylation occurs at CpG dinucleotides and represses gene
expression. Three DNA methyltransferases, Dnmt1, Dnmt3a and Dnmt3b,
are responsible for this reaction. Recently, epigenetic modifications on
DNA or histones have gained consideration in neuroscience regarding the
mechanisms of substance abuse, depression and neurodegenerative dis-
eases. Indeed, the importance of DNA methyltransferases such as Dnmt3a
in the regulation of emotional behavior and spinal plasticity has been
demonstrated (LaPlant et al., 2010). Dnmt3b is down-regulated in
STS-induced apoptosis in hepatocarcinoma cells (Zhao et al., 2013). In
general, Dnmt1 prefers to methylate hemimethylated DNA and maintain
methylation, while Dnmt3a and Dnmt3b play a role in de novo methyl-
ation. In this study, we found that Dnmt3 (Dnmt3a and Dnmt3b), but not
Dnmt1 exhibited responsive expression after CE incubation to eliminate
STS-induced toxicity (Figure 4). Recently, Dnmt3a was reported to
improve muscle atrophy in diabetic mice by activating Akt, suggesting
that Dnmt3a could provide feedback to the PI3K/Akt signaling pathway
and play a role in maintaining cell survival (Wang et al., 2020).
Furthermore, CE-mediated recovery of CaM was impaired by 5-AZ, an
inhibitor of Dnmts. These results suggest the importance of epigenetic
modifications in regulating neuronal survival and provide clues to
elucidate the mechanism underlying CE-induced neuroprotective func-
tions. Due to the lack of information on the direct targets of CE on cells,
further studies are needed to clarify the above issues. Furthermore, we
noted that CE-induced restorative expression of PKCa and Bcl-2 was
retained despite the inhibition of Dnmts (Figure 5), as PKCa and Bcl-2
can be activated by FGF2, as previously described, and can be continu-
ously activated after CE incubation (Figure 3). Furthermore, it is note-
worthy that Dnmt1 did not show reactive expression after CE incubation.
Therefore, deciphering the unique features of Dnmts in neurons, espe-
cially their unique function in response to neurotoxic injury, is an
interesting topic. A plausible explanation may be that neurons do not
undergo mitosis and that Dnmt1 is responsible for maintaining methyl-
ation after DNA replication. However, a deeper understanding of Dnmts
in neurons is needed, which may help to elucidate the epigenetic
mechanisms of folk medicine on the nervous system.

5. Conclusion

In this study, we demonstrate that the FGF2-PI3K/Akt axis is one of
the important signaling pathways for CE-mediated neuroprotection
against STS-induced toxicity and apoptosis. CE has a strong signaling
effect on the sustained expression of FGF2. In response to FGF2 stimu-
lation, PI3K/Akt, Erkl/2 and PKC/CaM pathways were turned on to
promote neuronal survival. Meanwhile, CE-mediated restoration of
Dnmt3 suggests profound alteration to the genome through epigenetic
modifications. Thus, this study illustrates the neuroprotective effect of CE
against STS-mediated toxicity and its mechanism, paving a new avenue
for pharmacological studies and therapeutic applications of the diseases
in traditional medicine.
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