
Vol.:(0123456789)1 3

Neurochemical Research (2022) 47:3137–3149 
https://doi.org/10.1007/s11064-022-03669-y

ORIGINAL PAPER

Miltirone Attenuates Reactive Oxygen Species‑Dependent Neuronal 
Apoptosis in  MPP+‑Induced Cell Model of Parkinson’s Disease Through 
Regulating the PI3K/Akt Pathway

Huiqiong Feng1 · Fuqiang Xi1

Received: 17 November 2021 / Revised: 21 June 2022 / Accepted: 23 June 2022 / Published online: 9 July 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Miltirone is a phenanthrene-quinone derived from Salvia miltiorrhiza Bunge with anti-inflammatory and anti-oxidant effects. 
Our study aimed to explore the protective effect of miltirone on 1-methyl-4-phenylpyridinium  (MPP+)-induced cell model 
of Parkinson’s disease (PD). PharmMapper database was employed to predict the targets of miltirone. PD-related genes 
were identified using GeneCards database. The overlapping genes between miltirone and PD were screened out using Venn 
diagram. KEGG analysis was performed using DAVID and KOBAS databases. Cell viability, reactive oxygen species (ROS) 
generation, apoptosis, and caspase-3 activity were detected by CCK-8 assay, a ROS assay kit, TUNEL, and caspase-3 activ-
ity assay, respectively. Effect of miltirone on the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) pathway was 
explored by western blot analysis. A total of 214 targets of miltirone and 372 targets related to PD were attained, including 
29 overlapping targets. KEGG analysis demonstrated that the 29 overlapping targets were both significantly enriched in the 
PI3K/Akt pathway.  MPP+ stimulation reduced the cell viability in SH-SY5Y cells and neuronal primary cultures derived from 
human brain. Miltirone or N-acetylcysteine (NAC) attenuated  MPP+-induced reduction in cell viability, ROS production, 
SOD activity reduction, apoptosis, and increase of caspase-3 activity. Additionally, miltirone recuperated  MPP+-induced 
inactivation of the PI3K/Akt pathway. Moreover, treatment with LY294002, an inhibitor of the PI3K/Akt pathway, reversed 
the inhibitory effect of miltirone on  MPP+-induced ROS generation and apoptosis in SH-SY5Y cells and neuronal primary 
cultures. In conclusion, miltirone attenuated ROS-dependent apoptosis in  MPP+-induced cellular model of PD through 
activating the PI3K/Akt pathway.
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Introduction

Parkinson’s disease (PD) is ranked as the second most com-
mon age-related neurodegenerative disorder occurring in 
middle-aged and elderly people [1]. The incidence of PD is 
increasing with an aging population, posing a serious threat 
to the aged people [2]. Clinically, PD is pathologically char-
acterized by the progressive and selective loss of dopamin-
ergic neurons in the substantia nigra pars compacta (SNpc), 
leading to the lack of dopamine (DA) in the striatum [3]. 

Several biochemical processes and molecular mechanisms 
have been recognized as the important contributors to the 
pathophysiology of PD, such as increased oxidative stress, 
neuroinflammation, and activation of the apoptotic cas-
cade [4, 5]. Accumulating evidence suggests that excessive 
production of reactive oxygen species (ROS) in response 
to oxidative stress appears to cause the impairment of cel-
lular function and contributes to the apoptotic process in 
PD [6–8]. Thus, the novel neuroprotective agents with the 
potential to alleviate ROS-induced neuronal apoptosis might 
be supposed to be beneficial to prevent PD progression. 
1-Methyl-4-phenylpyridinium  (MPP+) is selectively toxic 
to dopaminergic neurons, and has been commonly used as 
an in vitro etiologic model of PD [9].

Numerous studies have reported that natural compounds 
as an alternative source of drugs or herbal extracts are 
effective for the treatment of various diseases, including 
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PD. Miltirone, one of the tanshinones firstly identified in 
the 1970s, is a naturally occurring derivative of phenan-
threne-quinone derived from the roots of Salvia miltiorrhiza 
Bunge, a traditional Chinese herbal medicine (Danshen) 
widely applied either individually or synergistically with 
other therapies in China [10]. Miltirone was confirmed to 
exhibit extensive pharmacological activities, such as anti-
inflammatory, anti-oxidant, anti-cancer and anti-proliferative 
activities [11, 12]. However, there is no available informa-
tion concerning the effect of miltirone on PD.

Based on the concept of “Disease-Gene-Target-Medi-
cine”, network pharmacology is a novel interactive network 
using various publicly available bioinformatics resources 
to explore the scientific basis and therapeutic mechanism 
of Traditional Chinese medicine (TCM) formulae [13]. To 
uncover the molecular mechanism of miltirone against PD, 
we used the network pharmacology to analyze the drug tar-
gets and key biological pathways of miltirone in PD therapy. 
Furthermore, the current study used  MPP+-induced SH-
SY5Y cells and neuronal primary cultures as cellular models 
of PD to examine the effects and mechanism of miltirone in 
 MPP+-induced neuroapoptosis.

Methods

Miltirone Structural Information

The molecular structure information of miltirone was 
obtained from NCBI PubChem (https:// www. ncbi. nlm. nih. 
gov/ pccom pound). Absorption, distribution, metabolism, 
and excretion (ADME) screening criteria from the Tradi-
tional Chinese Medicine Systems Pharmacology (TCMSP) 
(http:// lsp. nwu. edu. cn/ tcmsp. php) database [14] for milti-
rone mainly included oral bioavailability (OB), drug-like-
ness (DL), and blood–brain barrier (BBB).

Screening of the Target Genes of Miltirone and PD

The potential targets of miltirone were identified using the 
PharmMapper database (http:// lilab. ecust. edu. cn/ pharm map-
per/) [15]. Known targets associated with PD were acquired 
from the currently available database GeneCards (http:// 
www. genec ards. org) with the keyword of “Parkinson’s dis-
ease” [16]. Finally, Venn diagram (http:// bioin forma tics. psb. 
ugent. be/ Webto ols/ Venn/) was used to identify the overlap-
ping genes relating to miltirone and PD.

Protein–Protein Interaction (PPI) Network 
Establishment

The 29 overlapping targets between miltirone and PD were 
imported into the STRING 11.0 (https:// string- db. org/) to 

perform PPI analysis, with the species set to “Homo sapi-
ens” and a confidence score > 0.4.

Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Pathway Enrichment Analysis

KEGG pathway enrichment analysis of the overlapping 
genes between miltirone and PD was carried out on the func-
tional annotation tool of Database for Annotation, Visuali-
zation, and Integrated Discovery (DAVID) ver. 6.8 (https:// 
david. ncifc rf. gov/) [17] and KOBAS 3.0 website (http:// 
kobas. cbi. pku. edu. cn/) [18], with the “Homo sapiens” set-
ting. The top 10 pathway terms with P value < 0.05 were 
selected.

Cell Culture and Treatment

The human neuroblastoma cell line (SH-SY5Y cells) were 
obtained from the ATCC (Manassas, VA, USA; CRL-
2266) and cultured in Dulbecco’s modified Eagle medium /
F12 (DMEM/F12) (Gibco, CA, USA) complemented with 
10% heat inactivated fetal bovine serum (FBS) (Hyclone, 
Logan, UT, USA), and 1% penicillin/streptomycin (Invit-
rogen, Carlsbad, CA, USA). Neuronal primary cultures 
derived from human brain were purchased from ScienCell 
(Carlsbad, CA, USA; #1520-5) and maintained in complete 
neurobasal® medium (ScienCell) containing 2% B27 sup-
plement (Thermo Fisher Scientific Inc., MA, USA) and 
2 mM glutamine (Thermo Fisher Scientific Inc.) on poly-
l-lysine-coated plates. SH-SY5Y cells and neuronal pri-
mary cultures were maintained in a humidified 5%  CO2-air 
incubator at 37 °C. To establish an experimental PD model 
in vitro, SH-SY5Y cells and neuronal primary cultures were 
stimulated with  MPP+ at various doses (0, 50, 100, 200, 400, 
and 800 μM) (Sigma, St. Louis, MO, USA) for 24 h. Addi-
tionally, SH-SY5Y cells and neuronal primary cultures were 
exposed to a series of concentrations of miltirone (0, 0.25, 
0.5, 1, 2, 4, and 8 μM) (Sigma). To eliminate ROS, cells 
were treated with 5 mM N-acetylcysteine (NAC), a scaven-
ger of ROS. To suppress the phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (Akt) pathway, cells were treated 
with 10 μM LY294002 (an inhibitor of PI3K/Akt pathway).

Cell Viability Determination

Cell Counting Kit-8 (CCK-8) assay exhibits superior detec-
tion sensitivity than other tetrazolium salts-based assays, 
e.g., 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium 
bromide (MTT) [19], and is widely applied for the evalua-
tion of cell viability and cytotoxicity. SH-SY5Y cells and 
neuronal primary cultures were inoculated in 96-well plates. 
Following 24 h of incubation, 10 μL CCK-8 solution (Solar-
bio, Beijing, China) was added to each well and the cells 
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were maintained for another 2 h. Finally, the optical density 
at 450 nm was recoded using a SpectraMax M5 microplate 
reader (Molecular Devices, Sunnyvale, CA, USA).

Examination of Caspase‑3 Activity

Caspase-3 activity was examined using a Caspase-3 Activ-
ity Kit (Beyotime, Shanghai, China) based on the manufac-
turer’s instructions. Following incubation with the indicated 
treatments, cell lysate was mixed with the reaction buffer 
containing 2 mM caspase-3 substrate (Ac-DEVD-pNA), 
followed by culturing for 2 h at 37 °C. The absorbance at 
405 nm was detected using a SpectraMax M5microplate 
reader (Molecular Devices).

Measurement of ROS Level

Intracellular ROS level was measured using an ROS assay 
kit (Beyotime) containing a fluorescent probe-2′, 7′-dichloro-
fluorescin diacetate (DCFH-DA). Briefly, cells were washed 
with PBS twice, and then cultured with 10 μM DCFH-DA 
for 30 min in darkness at 37 °C. The fluorescence intensity 
was estimated by a Shimadzu spectrofluorometer (Kyoto, 
Japan) at a 485/525 nm of excitation/emission wavelength.

Detection of Superoxide Dismutase (SOD) Activity

SH-SY5Y cells and neuronal primary cultures were added 
in 96-well plates (2 ×  104/well), and then suffered from 
indicated treatment, followed by lysis for detection of SOD 
activity using an SOD assay kit (Abcam) according to the 
manufacturer’s protocols.

Terminal Transferase‑Mediated dUTP Nick End 
Labeling (TUNEL) Assay

Apoptosis was evaluated using the one-step TUNEL kit 
(Roche Molecular Biochemicals, Indianapolis, IN, USA). 
The treated SH-SY5Y cells and neuronal primary cultures 
were cultured on the 4-well glass coverslips, fixed with 
freshly prepared fixation solution containing 4% paraform-
aldehyde for 15 min and penetrated with 0.1% Triton X-100 
for 5 min. The cells were further labeled with TUNEL rea-
gent mixture in a humidified incubator at 37 °C for 1 h, fol-
lowed by nuclear staining with 4′,6-diamidino-2-phenylin-
dole (DAPI) for 10 min in the dark. The TUNEL-positive 
cells were visualized using a Leica fluorescence microscope 
(Buffalo Grove, IL, USA). Apoptosis rate was determined by 
calculating the percentage of the number of TUNEL-positive 
cells to total number of cells in three random fields.

Western Blot Analysis

Protein lysates from SH-SY5Y cells and neuronal pri-
mary cultures were obtained using radioimmunoprecipi-
tation (RIPA) lysis buffer (Beyotime). The supernatant was 
collected after centrifugation at 14,000 rpm for 20 min 
and protein concentration was quantified using the bicin-
choninic acid (BCA) protein assay kit (Thermo Fisher 
Scientific Inc.). Equivalent amount of protein samples 
(40 μg) was then subjected to 10% SDS-PAGE and sub-
sequently transferred onto a 0.45 µm PVDF membrane, 
followed by the blockage of nonspecific binding using 
5% non-fat milk (Sigma) for 2 h. Then, the membranes 
were further incubated at 4 °C overnight with the follow-
ing monoclonal antibodies against phosphatidylinositol 
3-kinase (PI3K), phospho-PI3K, protein kinase B (Akt), 
phospho-Akt (p-Akt) and β-actin (all from Cell Signaling 
Technology, Danvers, MA, USA), followed by incubation 
with the horseradish peroxidase-conjugated anti-mouse 
IgG secondary antibody (Abcam, Cambridge, UK) for 1 h 
at room temperature. Lastly, the immuno-reactive bands 
were visualized using enhanced chemiluminescence rea-
gent (Sangon Biotech Co., Ltd., Shanghai, China).

Statistics

The results were analyzed by the investigators who 
were blind to the treatment. All data are expressed as 
mean ± standard deviation (SD) from three independent 
experiments. Statistical analysis was carried out using 
GraphPad Prism software 7.0 (GraphPad Software, Inc., 
San Diego, CA, USA). One-way analysis of variance 
(ANOVA) followed by Tukey post-hoc test was used 
to evaluate the statistical significance of difference. P 
value < 0.05 was considered to indicate a statistically sig-
nificant difference.

Results

Intersected Targets of Miltirone and PD

The structure and ADME-related information of miltirone 
were shown in Fig. 1A. As displayed in Fig. 1B a total of 
214 target genes of miltirone and 372 targets related to PD 
were attained from PharmMapper database and GeneCards 
database, respectively. The results of Venn diagram pre-
sented that 29 common targets between miltirone and PD 
were identified (Fig. 1B). These overlapping targets were 
presented in supplementary Table 1, and were input into the 
STRING online data platform to obtain a network of target 
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protein interaction. Supplementary Fig. 1 showed that the 
interaction between targets of miltirone and PD.

KEGG Enrichment Pathway Analysis

To explore the mechanism of action of miltirone on PD, 
KEGG enrichment pathway analysis of the 29 common tar-
gets between miltirone and PD was performed. The infor-
mation about the signaling pathway associated with these 
overlapping targets was obtained using the DAVID and 
KOBAS online analysis databases. The top ten KEGG sign-
aling pathways were depicted in Fig. 2A and B. The results 
showed that the 29 overlapping targets were both signifi-
cantly enriched in the PI3K/Akt pathway.

Cytotoxicity Evaluation of Miltirone and  MPP+

The cytotoxic effect of miltirone on SH-SY5Y cells and neu-
ronal primary cultures was explored by using CCK-8 assay. 
As shown in Fig. 3A and B, miltirone at the dose of 0.25, 
0.5, 1, and 2 μM did not affect cell viability in SH-SY5Y 
cells, and 0.25, 0.5, 1 μM miltirone showed no cytotoxic-
ity in neuronal primary cultures. Therefore, miltirone at a 
concentration of 1 μM was selected to explore its effect on 
 MPP+ -induced injury in SH-SY5Y cells and neuronal pri-
mary cultures. In addition, the impact of  MPP+ on neuronal 
cell viability was explored. The data indicated that cell via-
bility was impeded in a dose-dependent manner in SH-SY5Y 
cells and neuronal primary cultures after stimulation with 
 MPP+ (Fig. 3C and D).

Miltirone Attenuated ROS‑Dependent Viability 
Reduction in  MPP+‑Induced PD Cell Model

CCK-8 assay was used to further investigate the protective 
effect of miltirone against  MPP+-induced neurotoxicity in 
SH-SY5Y cells and neuronal primary cultures. As shown in 
Fig. 4A and B,  MPP+-induced reduction of the viability in 
SH-SY5Y cells and neuronal primary cultures was signifi-
cantly alleviated by treatment with miltirone. Moreover, we 
found that NAC, a ROS inhibitor, alleviated  MPP+-induced 

viability decrease in SH-SY5Y cells and neuronal primary 
cultures. Furthermore, the anti-oxidant effect of miltirone 
was examined. As shown in Fig. 4C and D,  MPP+ stimula-
tion caused an elevation of intracellular ROS level, while 
miltirone or NAC attenuated  MPP+-induced increase of ROS 
generation in SH-SY5Y cells and neuronal primary cultures. 
In addition, miltirone or NAC attenuated  MPP+-induced 
reduction of SOD activity in SH-SY5Y cells and neuronal 
primary cultures (Fig. 4E and F). These data suggested that 
miltirone attenuated ROS-dependent viability reduction in 
 MPP+-stimulated neuronal cells.

Miltirone Attenuated ROS‑Dependent Apoptosis 
in  MPP+‑Induced PD Cell Model

We further explored the effect of miltirone on  MPP+-induced 
apoptosis in SH-SY5Y cells and neuronal primary cultures 
using TUNEL assay. Higher apoptosis percentage was 
observed in  MPP+-treated SH-SY5Y cells and neuronal 
primary cultures, which was partially abolished after the 
addition of miltirone or NAC (Fig. 5A and B). Moreo-
ver, it was demonstrated that miltirone or NAC inhibited 
 MPP+-induced increase of caspase-3 activity in SH-SY5Y 
cells and neuronal primary cultures (Fig.  5C and D). 
Taken together, we concluded that miltirone attenuated 
 MPP+-induced apoptosis by suppressing ROS generation.

Miltirone Activated the PI3K/Akt Pathway 
in  MPP+‑Induced Cell Model of PD

The PI3K/Akt pathway is an important pathway that medi-
ates the neuroprotection in PD [20]. Thus, we explored 
the involvement of PI3K/Akt signal pathway in the anti-
PD effect of miltirone in the PD cell model. Western blot 
analysis implicated that  MPP+ treatment caused a significant 
decrease of p-PI3K/PI3K and p-Akt/Akt in SH-SY5Y cells 
(Fig. 6A and B) and neuronal primary cultures (Fig. 6C and 
D), while those changes in  MPP+-treated SH-SY5Y cells 
(Fig. 6A and B)and neuronal primary cultures (Fig. 6C and 
D) were restored after treatment with miltirone. However, 
LY294002, a PI3K inhibitor, overturned the promotion effect 

Fig. 1  Identification of the 
common targets of miltirone 
and PD. A The structure and 
ADME-related information of 
miltirone. B Venn diagram of 
the intersection of targets of 
miltirone and PD-related genes
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of miltirone on p-PI3K/PI3K and p-Akt/Akt expression in 
 MPP+-treated SH-SY5Y cells (Fig. 6A and B) and neuronal 
primary cultures (Fig. 6C and D) These findings suggested 
that the PI3K/Akt pathway was activated by miltirone in the 
PD cell model.

Inhibition of the PI3K/Akt Pathway Reversed 
the Effect of Miltirone on  MPP+‑Induced Viability 
Reduction, ROS Generation, and Cell Apoptosis

Furthermore, our results suggested that the inhibition on 
 MPP+-induced viability reduction (Fig. 7A and B), ROS gen-
eration (Fig. 7C and D), and SOD activity reduction (Fig. 7E 
and F) by miltirone treatment was reversed after the addition 

of LY294002. Additionally, TUNEL and caspase-3 activity 
assays revealed that inhibition of miltirone on  MPP+-induced 
apoptosis (Fig. 8A and B) and increase of caspase-3 activ-
ity (Fig. 8C and D) in SH-SY5Y cells and neuronal primary 
cultures was partially reversed by LY294002 treatment. These 
results suggested that miltirone attenuated  MPP+-induced via-
bility reduction, ROS generation, and apoptosis by activating 
the PI3K/Akt pathway (see Fig 9).

Fig. 2  KEGG enrichment path-
way analysis of the 29 common 
targets between miltirone and 
PD. A and B KEGG enrichment 
pathway analysis by DAVID 
and KOBAS databases
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Discussion

The etiology and pathogenesis of PD is extremely com-
plicated and thus has received more and more attention in 
recent years [21]. Accumulation of excessive ROS, mito-
chondrial dysfunction, apoptosis, and inflammation have 
been considered as the major causes of  MPP+-induced neu-
ronal injury in PD. Despite extensive preclinical investiga-
tions in in vivo models of PD, there remains a shortage of 
effective neuroprotective drugs that can inhibit or delay the 
progression of PD [22]. In our research, we demonstrated 
that miltirone alleviated ROS-dependent neuronal apoptosis 
in cell model of PD via activation of the PI3K/Akt pathway.

As a commonly used lipophilic compound presents in 
the root of the Chinese medicinal herb Salvia miltiorrhiza 
Bunge, miltirone has been reported to possess a wide range 
of pharmacological effects, such as renal function improve-
ment, anti-myocardial ischemic injury, and protection of 
brain tissue [23]. Multiple studies reported that miltirone 
exhibited potent antineoplastic activity in many types of can-
cers and inhibited cell growth in cancers [11, 24]. A previous 
study proved that miltirone exerted anti-inflammation effect 

against inflammatory bowel disease in vitro and in vivo [25]. 
Additionally, miltirone exerted protective effects against 
oxidized low-density lipoprotein-induced oxidative stress 
on human endothelial cells [26]. However, there were no 
studies providing insight into the effect of miltirone on PD 
pathogenesis. In our study, a common in vitro PD model 
 (MPP+-stimulated SH-SY5Y cells and neuronal primary 
cultures) was established to determine the protective effect 
of miltirone. The findings showed that miltirone effectively 
alleviated cytotoxicity and apoptosis induced by  MPP+ stim-
ulation in the PD cell model. Moreover, miltirone suppressed 
 MPP+-induced ROS generation in the PD cell model, which 
might be due to its anti-oxidative effect by regulating antiox-
idant enzyme SOD activity. Intriguingly, application of NAC 
also attenuated  MPP+ stimulation-induced cytotoxicity and 
apoptosis in the PD cell model. Published studies have dem-
onstrated that anti-oxidant, such as NAC, could effectively 
alleviate  MPP+-induced apoptosis [27]. More importantly, 
we provided the concrete evidence that NAC treatment sup-
pressed  MPP+-induced cytotoxicity and apoptosis, suggest-
ing that miltirone inhibited ROS-dependent cytotoxicity and 
apoptosis in  MPP+-induced cellular model of PD. Since 

Fig. 3  Cytotoxicity evaluation 
of miltirone and  MPP+. A and 
B SH-SY5Y cells and neuronal 
primary cultures were exposed 
to various concentration of 
miltirone (0, 0.25, 0.5, 1, 2, 4, 
and 8 μM) for 24 h, followed 
by the detection of cell viability 
by CCK-8 assay. C and D 
SH-SY5Y cells and neuronal 
primary cultures were stimu-
lated with a series of dose of 
 MPP+ (0, 50, 100, 200, 400, and 
800 μM) for 24 h, and CCK-8 
assay was applied to evalu-
ate cell viability. *P < 0.05, 
**P < 0.01, ***P < 0.001 com-
pared to the control group
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Fig. 4  Effect of miltirone on cell 
viability and ROS generation in 
 MPP+-induced PD cell model. 
SH-SY5Y cells and neuronal 
primary cultures were treated 
with 1 μM miltirone alone, 
400 μM  MPP+ alone, 1 μM 
miltirone + 400 μM  MPP+, or 
400 μM  MPP+ + 5 mM NAC for 
24 h. Cell viability (A and B), 
intracellular ROS level (C and 
D), and SOD activity (E and 
F) were examined by CCK-8 
assay, an ROS assay kit, and 
an SOD assay kit, respectively. 
**P < 0.01, ***P < 0.001. ns not 
significant
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Fig. 5  Influence of miltirone on apoptosis in  MPP+-induced PD 
cell model. SH-SY5Y cells and neuronal primary cultures were 
treated with 1 μM miltirone alone, 400 μM  MPP+ alone, 1 μM milti-
rone + 400 μM  MPP+, or 400 μM  MPP+  + 5 mM NAC for 24 h, fol-

lowed by the detection of apoptosis by TUNEL (A and B) and cas-
pase-3 activity (C and D) assays, respectively. Scale bar: 50  μm. 
***P < 0.001. ns not significant
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NAC is an ROS scavenger, it had a greater ability to inhibit 
ROS generation than miltirone. Thus, in the current study, 
NAC showed higher effects on ROS-dependent cytotoxic-
ity and apoptosis than miltirone. Whether NAC has anti-PD 
activity deserves further investigation.

As an emerging field of pharmacology, network phar-
macological analysis of TCM was emerging as a research 
approach to investigate the effect of TCM on human diseases 
[28, 29]. To in-depth uncover the underlying intrinsic mech-
anism of miltirone in PD, a network pharmacology plat-
form, including target prediction, PPI network construction, 
and KEGG pathway enrichment analysis were performed. 
Based on the Venn diagram, we obtained 29 overlapping 
target genes between miltirone and PD. KEGG enrichment 
pathway analysis using DAVID and KOBAS online analysis 
databases both revealed that these 29 overlapping targets 

were significantly enriched in the PI3K/Akt pathway. By 
gene annotation analysis, a total of 8 targets were associated 
with the PI3K/Akt pathway, and the 8 genes were presented 
in Supplementary Table 2. Among them, insulin like growth 
factor 1 (IGF1) was reported to be an upstream of the PI3K/
Akt signaling in PD [30]. Hence, we hypothesized that milti-
rone might regulate the activation of PI3K/Akt pathway by 
targeting IGF1 in PD. The PI3K/Akt pathway is known as 
a key neuroprotective signaling pathway that played crucial 
roles in various biological functions [31]. Dysregulation of 
the PI3K/Akt pathway was demonstrated to cause the dopa-
minergic neuron loss and contribute to the development 
of PD [32, 33]. Besides, the PI3K/Akt signaling plays an 
essential role in protecting against oxidative stress in neu-
ronal cells [32, 34]. For instance, decoction of Rehmanniae 
exerted the protective effect against  MPP+-induced injury in 

Fig. 6  Effect of miltirone on the PI3K/Akt pathway in the PD cell 
model. SH-SY5Y cells (A and B) and neuronal primary cultures 
(C and D) were exposed to 1  μM miltirone alone, 400  μM  MPP+ 
alone, 1 μM miltirone + 400 μM  MPP+, or 1 μM miltirone + 400 μM 

 MPP+  + 10  μM LY294002 for 24  h, followed by the detection of 
p-PI3K, PI3K, p-Akt, and Akt expression by western blot analysis. 
**P < 0.01
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Fig. 7  Inactivation of the 
PI3K/Akt pathway abolished 
the effect of miltirone on 
 MPP+-induced viability reduc-
tion and ROS generation in 
the PD cell model. SH-SY5Y 
cells and neuronal primary 
cultures were treated with 
400 μM  MPP+ alone, 1 μM 
miltirone + 400 μM  MPP+, 
or 1 μM miltirone  + 400 μM 
 MPP+  + 10 μM LY294002, 
followed by the examination 
of cell viability (A and B) and 
ROS content (C and D), and 
SOD activity (E and F) using 
CCK-8 assay, an ROS assay kit, 
and an SOD assay kit, respec-
tively. **P < 0.01, ***P < 0.001
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a PD cell model through activating the PI3K/Akt pathway 
[35]. Activation of PI3K/Akt/mammalian target of rapa-
mycin (mTOR) pathway contributed to metformin-induced 
protection against oxidative stress in PC12 cells [36]. 
Therefore, activation of the PI3K/Akt pathway represented 
a potential strategy for PD therapy [32]. In our study, the 
data revealed that miltirone relieved  MPP+-induced inhibi-
tion of the PI3K/Akt pathway in SH-SY5Y cells and neu-
ronal primary cultures. Moreover, the effects of miltirone on 
 MPP+-induced ROS generation, apoptosis, and SOD activity 

reduction were abolished by LY294002. All these data col-
lectively suggested that miltirone attenuated ROS-dependent 
apoptosis in the cell model of PD through activating the 
PI3K/Akt pathway. However, there are some limitations 
in the current study. Firstly, the neuronal primary cultures 
used in our study might be mixtures of various kinds of 
neurons, including dopaminergic neurons and others. Hence, 
for more reliable data, higher percent of dopaminergic neu-
rons should be used in future study. Moreover, our study 
suggested that 8 µM of miltirone reduced 40–50% of cell 

Fig. 8  Inactivation of the 
PI3K/Akt pathway abolished 
the effect of miltirone on 
 MPP+-induced apoptosis in 
the PD cell model. SH-SY5Y 
cells and neuronal primary 
cultures were treated with 
400 μM  MPP+ alone, 1 μM 
miltirone + 400 μM  MPP+, 
or 1 μM miltirone + 400 μM 
 MPP+  + 10 μM LY294002, 
followed by the examination of 
apoptosis (A and B) and cas-
pase-3 activity (C and D) using 
TUNEL and caspase-3 activity 
assays, respectively. Scale bar: 
50 μm. *P < 0.05, **P < 0.01, 
***P < 0.001
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viability in SH-SY5Y cells and neuronal primary cultures, 
whereas  MPP+ showed no significant injury up to 100 µM 
in the same cells. This can be a potential detrimental effect 
of miltirone. The current work just investigated the in vitro 
function of miltirone. When it was used in animal models, 
the accumulation might be a concern, and the used dosages 
need more exploration in future.

To conclude, our research systematically expounded 
the neuroprotective potential of miltirone in the PD cell 
model. Mechanistically, our data provided the evidence 
that miltirone protected against ROS-dependent apopto-
sis in the cell model of PD partially through the PI3K/
Akt pathway, offering a novel therapeutic agent for PD. 
Further in vivo investigations are still needed to validate 
our findings.
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