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Purpose: Chemotherapy after surgery can prolong the survival of patients with gliomas. 

Dimethylaminomicheliolide (DMAMCL), a novel chemotherapeutic agent, exhibited antitumor 

properties in acute myeloid leukemia stem cells and showed an increased drug concentration 

in the brain. This study aims to investigate the specific anticancer activities and mechanisms 

of DMAMCL in glioma cells.

Materials and methods: In this study, the effects of DMAMCL were evaluated and charac-

terized in U87-MG and U251 glioma cells. Cell viability was assessed by Cell Counting Kit-8. 

Apoptosis, mitochondrial membrane potential, and intracellular reactive oxygen species (ROS) 

generation were assessed by fluorescence microscopy. Autophagosome formation was observed 

with transmission electron microscopy, and the autophagy flux was measured by transfecting 

cells with mRFP-GFP-LC3 adenoviral vectors. Immunofluorescence and Western blot analyses 

were used to determine the expression of proteins.

Results: In the present study, treatment with DMAMCL decreased cell viability and induced 

apoptosis in U87-MG and U251 glioma cells. Additionally, DMAMCL activated autophagy-

mediated cell death as evidenced by the formation of autophagosomes, accumulation of LC3B-II, 

inhibition of autophagy flux, and increase in cell viability after cotreatment with an autophagy 

inhibitor. Subsequent experiments showed that the DMAMCL-induced apoptosis and autophagy 

were possibly mediated by ROS generation and Akt/mTOR signaling pathway inhibition. On 

the other hand, the ROS scavenger N-acetyl-l-cysteine and the Akt activator insulin-like growth 

factor-1 attenuated the DMAMCL-induced autophagy and cell death.

Conclusion: Our findings revealed that DMAMCL induced apoptosis and autophagic cell death 

by regulating the ROS/mitogen-activated protein kinase signaling pathway and suppressing 

the Akt/mTOR signaling pathway in human glioma cells. DMAMCL may be a novel effective 

anticancer agent, which can target gliomas.
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Introduction
Gliomas are one of the most malignant and lethal primary brain cancers, which can 

occur in any part of the central nervous system. The overall incidence rate is 6.03 per 

100,000.1 Due to the high invasiveness of gliomas, it is difficult to completely resect 

them. People with these neoplasms generally have a poor prognosis and poor quality 
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of life as the disease progresses.2,3 Even after considerable 

research, there is little progress in limiting the development 

of gliomas and prolonging the median overall survival of 

patients. The high recurrence rate and the development of 

drug resistance contribute to this situation.4 The current 

clinical treatments for malignant gliomas are surgery, 

adjuvant postoperative radiotherapy, and chemotherapy. 

Although these therapies can prolong overall survival, the 

poor curative effects due to the inherent apoptosis-resistant 

phenotype of the malignancy and the extremely negative 

systemic side effects result in unsatisfactory outcomes.5,6 

Hence, more effective treatments are still urgently needed.

Recent studies have revealed that sesquiterpene lactone 

compounds have many antitumor and anti-inflammatory 

effects.7–9 Parthenolide (PTL), derived from Tanacetum 

parthenium, is one of these compounds. Many reports have 

revealed that PTL and its soluble analog dimethylamino 

parthenolide have cytotoxic effects on breast, prostate, 

pancreatic, glioma, lung, and bladder cancer cells, in addi-

tion to hematologic malignancies. As these compounds are 

unstable in both acidic and basic conditions, their therapeutic 

applications have been restricted.10–16 Micheliolide, which is 

much more stable than PTL, was isolated from the Michelia 

compressa and Michelia champaca plants and showed 

remarkable therapeutic efficacy in nonobese diabetic/severe 

combined immunodeficiency AML models.17 Dimethylami-

nomicheliolide (DMAMCL), as a novel chemotherapeutic 

agent, has been reported to suppress inflammation in cases 

of intestinal disease and sepsis.18 In addition, it was proven 

to prolong the lifespan of a mouse model of human acute 

myelogenous leukemia.19 The distribution analysis in the 

DMAMCL-treated rats showed that the drug concentration in 

the brain was higher than in the plasma, and it was innocuous 

to the main organs.20

Apoptosis, also called type I programmed cell death, 

plays an important role in the progression of chemotherapy. 

Apoptosis is caspase-dependent and is characterized by 

some conspicuous changes in the cell death process; for 

example, cell membrane blebbing, cell shrinkage, nuclear 

fragmentation, chromatin condensation, DNA fragmenta-

tion, and apoptotic body formation.21 However, in many 

cases, chemotherapy can induce autophagic cell death by 

activating the lysosome-dependent proteolytic pathway.22 

Autophagy, a conservative process, enables cells to isolate 

the damaged or surplus organelles into autophagosomes and 

deliver them to lysosomes to degrade. However, autophagy 

has conflicting roles in various cell types under different 

cellular states.23

Reactive oxygen species (ROS) play an important role 

in the development of cancers. However, superfluous ROS 

have cytotoxicity against diverse targets, such as proteins, 

DNA, and lipids. In many exogenous stress conditions, ROS 

are important signaling molecules that induce apoptosis and 

autophagy and activate cellular signaling kinases.24 Some 

chemical drugs targeting ROS-related signaling pathways 

were proven to be effective in the treatment of human 

cancers, including ROS/mitogen-activated protein kinase 

(MAPK) signaling pathways, which was a momentous 

discovery. However, the effects of DMAMCL-induced ROS 

damage and the regulation of related signaling pathways in 

human glioma cancer cells remain unclear.

In the present study, we aimed to determine the anticancer 

activities and potential mechanisms of DMAMCL in two 

different human glioma cell lines. We found that DMAMCL 

could induce not only apoptosis through ROS generation, 

mitochondrial dysfunction, and caspase activation but also 

autophagy through the inhibition of the Akt/mTOR signaling 

pathways in the U87-MG and U251 cell lines. These novel 

findings provide a new perspective for DMAMCL in glioma 

chemotherapeutic interventions.

Materials and methods
cell lines and cell culture and DMaMcl 
preparation
The human glioma cell lines U87-MG and U251 were 

obtained from the Chinese Academy of Sciences Cell 

Bank. These cell lines were both cultured in Dulbecco’s 

Modified Eagle’s Medium/HIGH glucose culture medium 

supplemented with 10% FBS, 100 U/mL penicillin, and 

100 mg/mL streptomycin. Cells were kept in the exponential 

growth phase and cultured at 37°C in a humidified atmo-

sphere containing 5% CO
2
 and 95% air. DMAMCL was 

a gift provided by Accendatech Co., Ltd. (Tianjin, China). 

The formula is C
17

H
27

NO
3
⋅C

4
H

4
O

4
. For the following experi-

ments, DMAMCL was dissolved in water at a concentration 

of 10 mM as a stock solution and diluted to the indicated 

concentration with medium before use.

cell viability assay
Cell viability was determined by Cell Counting Kit-8 

(CCK-8) assays. Briefly, cells in the exponential phase of 

growth were harvested and seeded into 96-well plates at a 

density of 5,000 cells per well. After 24 hours of incuba-

tion, the cells were treated with different concentrations of 

DMAMCL or medium for another 24, 48, and 72 hours. Then, 

10 µL CCK-8 solution was added into each well. One hour 
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later, the absorbance was determined using a microplate 

reader (EL340; BioTek Instruments, Waltham, MA, USA) 

at 450 nm.

Cell apoptosis analysis by flow cytometry
The Annexin V-fluorescein isothiocyanate (FITC)/propidium 

iodide (PI) kit was used to determine the effect of DMAMCL 

on apoptosis. First, the cells were exposed to different con-

centrations of DMAMCL for 48 hours, and then the cells 

were collected. Next, the cells were resuspended in binding 

buffer and incubated with 5 µL Annexin V-FITC and 5 µL 

PI for 15 minutes in the dark. The results were analyzed 

using a FACS Calibur or an EPICS XL flow cytometer 

(BD Biosciences).

live/dead assay
U87-MG and U251 cells were treated with various concentra-

tions of DMAMCL for 48 hours and then the LIVE/DEAD™ 

Cell Imaging Kit was used according to the instructions. After 

another 15 minutes of culture in the dark, the results were 

observed using fluorescence microscopy (Olympus).

Transmission electron microscopy
U87-MG and U251 cells were treated with DMAMCL 

(40 µM) for 48 hours. Afterward, the cells were fixed with 

3% glutaraldehyde and 2% paraformaldehyde in a 0.1 M 

phosphate-buffered saline buffer for 30 minutes and postfixed 

with 1% osmium tetroxide for 1.5 hours. Then, the cells were 

washed and stained in 3% aqueous uranyl acetate for 1 hour. 

Subsequently, the cells were dehydrated in a graded series 

of ethanol and acetone and then embedded in Epon-Araldite 

resin. Ultrathin sections were cut by a Reichert ultramicro-

tome, double-stained with 0.3% lead citrate, and examined 

using a JEOL 1200EX electron microscope (Japan).

confocal microscopy
U87-MG and U251 cells were seeded into 96-well plates, 

and when they reached 70% confluence, they were trans-

fected with mRFP-GFP-LC3 adenoviral vectors (purchased 

from HanBio Technology, Shanghai, China) following the 

manufacturer’s instructions. Then, the cells were treated 

with DMAMCL for 48 hours. Finally, the LC3 puncta were 

examined with a confocal microscope (USA).

Measurement of intracellular rOs 
generation
Intracellular ROS were detected by the Total ROS Assay 

Kit. Briefly, 5,000 cells per well were cultured for 24 hours 

in a 96-well plate, and then the cells were incubated with 

2′,7′-dichlorofluorescein-diacetate (DCFH-DA) for 1 hour. 

Following the treatment, the cells were washed with serum-

free medium three times and exposed to the indicated treat-

ments. The level of ROS was analyzed and imaged using a 

fluorescence microscope (Olympus).

Measurement of mitochondrial 
membrane potential
The mitochondrial membrane potential (MMP) was mea-

sured with the JC-1 Assay Kit. A total of 5 × 105 cells per well 

were cultured for 24 hours in a six-well plate. Then, the cells 

were treated with different concentrations of DMAMCL, 

ranging from 10 to 40 µM, for another 48 hours. The cells 

were washed three times, collected, and then incubated for 

20 minutes with the JC-1 probe at 37°C. The MMPs were 

measured using a flow cytometer (BD Biosciences).

Western blot analysis
Cells were lysed in cold RIPA lysis buffer containing 

1% phosphatase inhibitor and 1% protease inhibitor for 

30 minutes. Protein samples were collected and centrifuged 

at 12,000 rpm for another 30 minutes at 4°C. The superna-

tants were collected for continued analysis. The Bradford 

protein method and the bicinchoninic acid protein assay kit 

were used to determine the protein concentration according 

to the manufacturer’s directions. A total of 40 µg protein 

was separated, electrophoresed using a bis-Tris polyacryl-

amide gel and transferred onto a polyvinylidenedifluoride 

membrane. Membranes were incubated with primary anti-

bodies overnight at 4°C after being blocked in 5% nonfat 

dry milk. Then, the antigen–antibody binding reaction 

was performed using horseradish peroxidase-conjugated 

secondary antibodies for 1 hour at room temperature. 

Immunoblots were visualized using enhanced chemilumi-

nescence (LAS-4000).

Immunofluorescence
Cell slides were prepared and exposed to various treat-

ments. Cells were then fixed with 4% paraformaldehyde 

for 20  minutes and permeabilized with 0.3% Triton for 

15 minutes at room temperature. Next, the smears were 

blocked with goat serum solution for 1 hour, followed by 

primary antibody incubation at 4°C overnight in a wet box. 

Cells were thoroughly rinsed and stained with a fluorescent 

secondary antibody for 1 hour. Finally, nuclei were stained 

with DAPI for 10 minutes and imaged using a fluorescence 

microscope (Olympus).
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statistical analysis
The experiments were performed independently at least three 

times. The data were statistically analyzed using t-test, chi-

squared test, or Fisher’s exact tests using SPSS version 19.0 

software (IBM SPSS, NY, USA). P-values ,0.05 were 

considered statistically significant.

Results
DMaMcl inhibited the viability of glioma 
cells and induced cell death
To investigate the inhibitory effects of DMAMCL on human 

glioma cells, U87-MG and U251 cells were treated with 

different concentrations of DMAMCL. Cell viability was 

determined by the CCK-8 assay (Figure 1A). The results 

showed that the viability of these cells was reduced in a 

 dose-dependent manner at 24, 48, and 72 hours. The ratios 

between the live and dead cells were further determined 

with the LIVE/DEAD Cell Imaging Kit. As shown in 

 Figure 1B and C, the number of live cells (green) was sig-

nificantly reduced, and the density of dead cells (red) was 

increased compared with the control group. Next, we further 

examined the effects of different treatments on cell viabili-

ties. As shown in Figure 1D, co-treated 3-MA or IGF-1 with 

DMAMCL and pretreated with NAC could increase the cell 

viability compared with DMAMCL alone.

DMaMcl induced apoptosis in 
glioma cells
To determine whether DMAMCL induced cell death via 

apoptosis, we measured the MMPs of the U87-MG and U251 

cells with different concentrations of DMAMCL through 

a flow cytometric analysis using JC-1 as a mitochondrial 

Figure 1 (Continued)
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fluorescent probe. As shown in Figure 2A and B, DMAMCL 

reduced the MMP in the U87-MG and U251 cells in a dose-

dependent manner, as indicated by a decrease in the red–green 

fluorescence intensity ratio. To quantify the level of apoptosis, 

we used Annexin V-FITC/PI double staining. The results 

demonstrated that DMAMCL increased the numbers of both 

early and late apoptotic cells in a dose-dependent manner 

(Figure 3A and B). We also determined the expression of the 

main mitochondrion-dependent apoptotic proteins, including 

caspase-3, Bcl-2, and Bax, by Western blotting analysis. As 

shown in Figure 3C, the levels of procaspase-3 and Bcl-2 were 

decreased, while the levels of cleaved caspase-3 and Bax were 

significantly increased in the DMAMCL-treated U87-MG 

and U251 cells. Overall, these results indeed suggested that 

DMAMCL contributed to apoptosis in human glioma cells.

DMaMcl induced autophagic activity 
in glioma cells, which subsequently 
promoted cell death
Autophagy is also an important type of programmed cell death; 

therefore, we next examined whether DMAMCL-induced cell 

death was due to autophagy. Transmission electron microscopy 

(TEM) was used to directly detect the formation of the autopha-

gosome after DMAMCL treatment (Figure 4A). We found that 

the level of double membrane autophagosome formation was 

increased in the DMAMCL-treated group compared with the 

untreated group. Next, the expression of autophagy-related pro-

teins was investigated by Western blotting after treatment with 

different concentrations of DMAMCL. As shown in Figure 4B, 

DMAMCL increased the levels of LC3B-II and beclin-1 in 

Figure 1 DMaMcl inhibits the viability of glioma cells and induces cell death. 
Notes: (A) Dose- and time-dependent effects of DMaMcl on cell viability. U87-Mg and U251 glioma cells were administered different concentrations of DMaMcl (10, 20, 
30, 40, 50, and 60 µM) for 24, 48, and 72 hours, and cell viability was assessed via CCK-8 assays. *Indicates statistically significant difference (P,0.05) vs untreated control 
cells. (B, C) effects of DMaMcl, rOs scavenger nac, and akt activator igF-1 on U87-Mg and U251 cells. The percentage of dead cells (red) increased compared with the 
control. *Indicates statistically significant difference (P,0.05) vs untreated control cells. #Indicates significantly different (P,0.05) compared with DMaMcl treatment. scale 
bars =50 µm. (D) The ccK-8 proliferation assay using U87-Mg and U251 cells was performed with different treatments (40 µM DMaMcl for 48 hours; 3-Ma [100 nM] 
for 48 hours; 40 µM DMaMcl and 3-Ma [100 nM] for 48 hours; pretreatment with nac [5 mM] for 2 hours and then culture media for 48 hours; pretreatment with nac 
[5 mM] for 2 hours, followed by 40 µM DMaMcl for 48 hours; igF-1 [100 ng/ml] for 48 hours; 40 µM DMaMcl and igF-1 [100 ng/ml] for 48 hours). *indicates statistically 
significant (P,0.05) vs untreated control cells. #Indicates significantly different (P,0.05) compared with DMaMcl treatment. Data are expressed as the mean ± sD of three 
independent experiments.
Abbreviations: 3-Ma, 3-methyladenine; ccK-8, cell counting Kit-8; DMaMcl, dimethylaminomicheliolide; igF-1, insulin-like growth factor-1; nac, n-acetyl-l-cysteine; 
rOs, reactive oxygen species.
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the U87-MG and U251 cells compared with the control cells, 

while p62 expression was upregulated. To determine whether 

the change in LC3B resulted from an increase in autophago-

some formation or the inhibition of autophagosome–lysosome 

fusion, we used mRFP-GFP-LC3 adenovirus transfection to 

determine the autophagic flux with or without DMAMCL treat-

ment. The results showed that the levels of autophagosomes 

(yellow point in merged images) were significantly increased, 

while autophagosome–lysosomes (red point in merged images) 

were not significantly changed after DMAMCL treatment in the 

U87-MG and U251 cells (Figure 4C–F). This suggested that the 

increased expression of LC3B resulted from the  formation and 

accumulation of autophagosomes. Additionally, DMAMCL 

treatment might inhibit late-stage autophagy.

Autophagy is a double-edged sword in the process of 

cell death;25 thus, the autophagy inhibitor 3-methyladenine 

(3-MA) was also used in the CCK-8 assays to elucidate 

the exact role of DMAMCL in the autophagic activity of 

glioma cells. The cell viabilities, after combined treatment 

with DMAMCL and 3-MA increased 18.21%±3.34% and 

16.08%±1.75% than DMAMCL treatment in U87-MG and 

U251 cells, respectively; cotreatment with 3-MA indeed alle-

viated the effects on the cell viability induced by DMAMCL 

treatment. Also, treatment with 3-MA reduced the apoptotic 

effects of DMAMCL (Figure 4G). All the above results 

indicated that DMAMCL could induce autophagy-related 

cell death.

DMaMcl induced rOs generation
The balance of intracellular ROS is of vital importance in 

determining the fate of cancer cells, and this is done by regulat-

ing different important signaling pathways. Since our previous 

Figure 2 DMaMcl induces a decrease in MMPs in glioma cells. 
Notes: (A, B) The MMP of U87-MG and U251 cells with ascending concentrations of DMAMCL as determined by flow cytometric analysis using JC-1 as a mitochondrial 
fluorescent probe. *Indicates statistically significant (P,0.05) vs untreated control cells.
Abbreviations: DMaMcl, dimethylaminomicheliolide; MMPs, mitochondrial membrane potentials.
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report clarified that MCL, the active ingredient of DMAMCL, 

exerted cytotoxic effects by generating ROS, we determined 

the levels of ROS in U87-MG and U251 cells after treatment 

with DCFH-DA probes. The results showed that DMAMCL 

dramatically increased ROS accumulation compared with the 

control group (Figure 5A). Subsequent analysis indicated that 

the levels of Nrf-2, heme oxygenase 1 (HO-1), and TXNRD 

expressions were significantly elevated, further suggesting 

Figure 3 DMaMcl induces apoptosis in glioma cells. 
Notes: (A, B) after treatment with the indicated concentrations of DMaMcl for 48 hours, apoptosis was detected using annexin V-FiTc/Pi staining and the percentage of 
apoptotic cells compared with the untreated control groups was quantitatively analyzed. (C) The apoptosis biomarkers Bcl-2, Bax, and caspase-3 were measured after cells 
were treated with different concentrations of DMaMcl (10, 20, 40 µM) for 48 hours by Western blot analysis. gaPDh is shown as a loading control. The results shown 
are one representative of three independent experiments. *P,0.05 vs the control group.
Abbreviations: DMAMCL, dimethylaminomicheliolide; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PI, propidium iodide.
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Figure 4 DMAMCL induces autophagy activity but inhibits autophagy flux in glioma cells.
Notes: (A) The representative ultrastructure of autophagic vesicles (red arrows) was observed after U87-Mg and U251 cells were treated with DMaMcl (40 µM) for 
48 hours with transmission electron micrographs. scale bars =4 µm. (B) effects of DMaMcl on lc3B-ii, Beclin-1, and P62 levels in U87-Mg and U251 cells. (C–F) mrFP-gFP-
lc3 adenovirus infection showed that being culturing with DMaMcl (40 µM) for 48 hours enhanced autophagosome accumulation and inhibited the fusion of autophagosomes 
with lysosomes. The green puncta represented autophagosomes, and the red puncta represented autolysosomes. scale bars =10 µm. (G) effects of 3-Ma on DMaMcl-mediated 
expression levels of lc3B-ii, Bcl-2 and BaX. all experiments were conducted in triplicate, and the results are displayed as the mean±sD. *P,0.05 versus the control group.
Abbreviations: 3-Ma, 3-methyladenine; DMaMcl, dimethylaminomicheliolide.
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Figure 5 DMaMcl induces rOs generation. 
Notes: (A) after treatment with DMaMcl (40 µM) for 6 hours, the rOs level was increased compared with the control group, and pretreatment with the antioxidant 
nac can reduce the rOs level. scale bars =50 µm. (B) The representative antioxidant response elements increased after treatment with increasing concentrations 
of DMaMcl (10, 20, 40 µM) for 48 hours as determined by Western blot analysis. (C) DMAMCL promotes the Nrf-ARE antioxidant pathway. Immunofluorescence 
analyses were performed to assess nrf-2, hO-1, and TXnrD-1 expression levels after DMaMcl administration. The results showed that nrf-2 showed clear nuclear 
translocation, and the levels of the downstream hO-1 and TXnrD-1 were also evaluated. scale bars =20 µm. Data are expressed as the mean ± sD of three independent 
experiments.
Abbreviations: are, antioxidant response elements; DMaMcl, dimethylaminomicheliolide; hO-1, heme oxygenase 1; nac, n-acetyl-l-cysteine; nrf2, nuclear factor 
erythroid 2-related factor 2; rOs, reactive oxygen species.
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Figure 6 DMaMcl regulates the rOs/MaPK signaling pathway and inhibits the akt/mTOr signaling pathway. 
Notes: DMaMcl suppressed the akt/mTOr pathway and regulated the rOs/MaPK pathway in human glioma cells in a dose-dependent manner. The cells were treated 
with various concentrations of DMaMcl (10, 20, 40 µM) for 6 and 48 hours to measure the effects on MaPK signaling pathway and akt/mTOr signaling pathway, 
respectively. gaPDh served as the loading control. The blots shown are one representative of three independent experiments (P,0.05).
Abbreviations: DMaMcl, dimethylaminomicheliolide; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; MaPK, mitogen-activated protein kinase; rOs, reactive 
oxygen species.
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the activation of oxidative stress response-related signaling 

pathways (Figure 5B and C). Additionally, when the cells 

were pretreated with n-acetyl-l-cysteine (NAC) for 2 hours, 

the DMAMCL-induced inhibition of cell viability was 

significantly  alleviated. The same results were also obtained 

with the live/dead assay  (Figure 1B–D). Overall, these experi-

ments confirmed the results that the DMAMCL-induced cell 

death was ROS-dependent in U87-MG and U251 cells.

DMaMcl regulated the rOs/MaPK 
signaling pathways and blocked the 
akt/mTOr signaling pathway
As shown in Figure 6, Western blotting results showed that 

DMAMCL dose-dependently downregulated the phosphory-

lation levels of Akt and mTOR. Additionally, the MAPK 

pathway was also affected, that is, the phosphorylation of 

extracellular signal-regulated kinase (ERK) and p38 was 

increased, but the phosphorylation of c-Jun N-terminal kinase 

(JNK) was suppressed. To investigate whether the ROS/

MAPK and Akt/mTOR signaling pathways were involved in 

DMAMCL-induced cell death, NAC (an ROS scavenger) and 

insulin-like growth factor-1 (IGF-1; an Akt activator) were 

introduced for further exploration. As shown in Figure 1D, after 

pretreatment with NAC for 2 hours and cotreatment with IGF-1 

for 48 hours, the cell viability was significantly elevated. The 

same results could also be obtained with the live/dead assay 

(Figure 1B and C). Simultaneously, the level of LC3B was 

downregulated compared with the DMAMCL-only treatment 

group (Figure 7A and B). All the results shown above proved 

that DMAMCL-induced autophagic cell death might be associ-

ated with the ROS/MAPK and Akt/mTOR signaling pathways.

Discussion
In the present study, we examined whether DMAMCL, as 

a novel anticancer chemotherapeutic reagent, could exhibit 

cytotoxic activities in U87-MG and U251 cells and inves-

tigated the possible mechanisms. Briefly, we studied cell 

growth, apoptosis, autophagy, and the possible pathways 

impacted by different doses of DMAMCL in two glioma 

cell lines. Our results clearly indicated that DMAMCL 

induced cytotoxicity by interrupting autophagy flux, mediat-

ing autophagosome accumulation, inducing mitochondrial 

dysfunction, and stimulating excessive ROS generation. 

Collectively, we confirmed that DMAMCL inhibited the 
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growth of U87-MG and U251 cells by promoting apoptosis 

and autophagosome accumulation through the ROS/MAPK 

and Akt/mTOR pathways.

Many anticancer compounds can induce not only apop-

tosis but also autophagic cell death. Both are well-known 

mechanisms of cell death. In many previous studies, PTL, 

the natural compound of DMAMCL, induced cancer cell 

death through apoptosis, autophagy, or both.26–28 However, 

the possible anticancer mechanisms of DMAMCL in glioma 

cells have rarely been reported. Apoptosis is the main process 

of antitumor, drug-induced cell death. Recent studies have 

shown that apoptosis can be induced by multiple signaling 

pathways, but the mitochondria-mediated pathways are also 

of vital importance.29 In our study, we found that the MMP 

was strikingly decreased following DMAMCL treatment 

for 48 hours, illustrating that mitochondrial membrane 

depolarization occurred. It is well known that mitochondrial 

membrane depolarization can induce cytochrome c release 

and activate the cytosolic caspases.30 Our subsequent experi-

ments confirmed these results by showing that the ratio of 

apoptotic cells was increased after DMAMCL administration, 

while the pro-apoptotic proteins Bax and cleaved caspase-3 

were upregulated and the anti-apoptotic proteins Bcl-2 and 

pro-caspase-3 were downregulated.

Autophagy, on the other hand, is an evolutionarily 

conserved pathway involved in cellular homoeostasis that 

is activated during stress and includes two main processes: 

autophagosome formation to sequester misfolded proteins 

and damaged organelles and autophagosome-to-lysosome 

fusion and degradation.31 Therefore, we next investigated, 

using TEM, whether autophagy was involved in DMAMCL-

induced U87-MG and U251 cell death. In our study, we first 

detected an increased level of double membrane autopha-

gosome formation after treatment with 40 µM DMAMCL 

for 48 hours. Subsequently, we found by Western blotting 

analyses that the expression levels of the quantitative autopha-

gic biomarkers LC3B-II and Beclin-1 proteins were also 

upregulated in a dose-dependent manner. The p62/SQSTM1 

protein, as an autophagic cargo protein, was degraded when 

the autophagosomes fused with the lysosomes to form 

Figure 7 The relationship between the autophagy induced by DMaMcl and the rOs/MaPK and akt/mTOr signaling pathways. 
Notes: (A) effects of nac on DMaMcl-induced autophagy and MaPKs in U87-Mg and U251 cells. The cells were treated with DMaMcl (40 µM) in the absence or 
presence of nac for 6 hours; (B) effects of igF-1 on DMaMcl-induced autophagy and the akt/mTOr signaling pathway in U87-Mg and U251 cells. The cells were treated 
with DMaMcl (40 µM) in the absence or presence of igF-1 for 48 hours. gaPDh is shown as a loading control. The results shown are one representative of three 
independent experiments (P,0.05).
Abbreviations: DMaMcl, dimethylaminomicheliolide; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; igF-1, insulin-like growth factor-1; MaPK, mitogen-activated 
protein kinase; nac, n-acetyl-l-cysteine; rOs, reactive oxygen species.
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autolysosomes. Surprisingly, p62/SQSTM1 was upregulated 

after DMAMCL administration, indicating that the final step 

of autophagy was inhibited and autophagosome degradation 

was reduced. According to Bernadette’s research, p62 not 

only acted as a cargo carrier but also stimulated the progress 

of autophagosome formation.32 For this reason, levels of 

autophagosomes could be further increased. This hypothesis 

was further confirmed by mRFP-GFP-LC3 adenovirus trans-

fection. Consistent with the previous results,33–35 late-stage 

autophagy flux inhibition and autophagosome accumulation 

led to glioma cell death. To further illustrate this point, 3-MA, 

the most commonly used autophagy inhibition reagent, 

was used. 3-MA can interfere with the PI3KC3 signaling 

pathway during the formation of autophagosomes. Notably, 

our research data showed that the combined treatment of 

DMAMCL and 3-MA could alleviate U87-MG and U251 cell 

death. Consequently, we concluded that DMAMCL indeed 

played a key role in inducing both apoptosis and autophagy-

related cell death in U87-MG and U251 cells.

Many anticancer drugs can induce oxidative stress, 

which is an important mechanism during autophagy and 

apoptosis.36 A surplus of ROS, including hydroxyl radical 

(•OH), superoxide (•O
2-), and hydrogen peroxide (H

2
O

2
), 

can be generated to induce the oxidative damage of various 

macromolecules, including proteins, lipids, and DNA, which 

in turn promotes cell death.37 Increased ROS generation in 

cancer cells could therefore be a strategy for cancer therapy. 

However, the role of ROS in the induction of DMAMCL-

treated cell death remains to be illustrated. Thorpe et al38 

demonstrated that ROS can upregulate autophagy genes. 

Nuclear factor erythroid 2-related factor 2 (Nrf2), a redox-

sensitive transcription factor, has an important function 

under oxidative stress by translocating into the nucleus and 

interacting with antioxidant response elements (ARE) to 

induce the subsequent expression of downstream genes, 

such as HO-1, thioredoxin reductase (TXNRD-1), NADPH 

dehydrogenase, and thioredoxin. P62, a selective autophagy 

adaptor, could activate the Nrf-ARE antioxidant pathway 

by degrading Kelch-like-ECH-associated protein (keap1).39 

Consistent with the previous results, we found that 

DMAMCL  administration in the U87-MG and U251 cells 

could induce ROS generation, as detected by the DCFH-DA 

probe. Furthermore, the nuclear translocation of Nrf2 and the 

upregulation of the downstream genes HO-1 and TXNRD-1 

enhanced ROS generation in response to DMAMCL treat-

ment. To determine whether ROS generation was related 

to autophagy and apoptosis, NAC, an ROS scavenger, was 

used before DMAMCL treatment. As the results show, NAC 

alleviated the DMAMCL-induced autophagy and cell death, 

suggesting that ROS mediated DMAMCL-induced autopha-

gic cell death and apoptosis.

Among the many signaling pathways, the Akt-mTOR 

pathway is usually suppressed and autophagy is stimulated 

by anticancer agents.40,41 Targeting the Akt-mTOR signaling 

pathway has therefore been a novel therapeutic approach to 

curing gliomas.42 In our study, after DMAMCL treatment for 

48 hours, phosphorylated Akt and phosphorylated mTOR 

were markedly suppressed along with the upregulation of 

Figure 8 Proposed mechanism of DMaMcl-mediated cell death in human glioma cells.
Abbreviations: DMaMcl, dimethylaminomicheliolide; rOs, reactive oxygen species.
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autophagy markers and apoptosis. To confirm the biological 

effects of the Akt-mTOR pathway within these processes, 

IGF-1, an Akt activator, was coadministered with DMAMCL 

in U87-MG and U251 cells. We found that IGF-1 could not 

only reverse the levels of phosphorylated Akt and mTOR 

but also inhibit the induction of autophagy by DMAMCL. 

These findings indicated that the suppression of the Akt-

mTOR pathway was associated with DMAMCL-mediated 

autophagy in inducing cell death.

The MAPKs include three main groups of proteins: 

ERK1/2, the JNK/stress-activated protein kinases (SAPK), 

and the p38 kinases. MAPKs are generally involved in 

response to stress stimuli.43 Chemopreventive compounds 

may inhibit cell proliferation by modulating these path-

ways. Different MAPK pathways are diversely regulated 

in different cells and compounds. For example, in gliomas, 

CIL-102 inhibited human astrocytoma cell growth by 

ERK1/2 activity.44 Evodiamine inhibited cell growth by 

activating the JNK and p38 pathways.45 On the other hand, 

nobiletin suppressed glioma cell proliferation by inhibiting 

p38 and JNK phosphorylation.46 We examined the activ-

ity of the MAPK pathway after DMAMCL treatment for 

6 hours and found that the phosphorylation levels of p38 

and ERK1/2 were increased, but the phosphorylation of 

JNK was significantly decreased. When the cells were 

pretreated with NAC, the changes in MAPKs could be 

reversed. We, therefore, concluded that the ROS/MAPK 

pathway played a role in DMAMCL-induced growth 

inhibition. Further studies are required to understand the 

detailed mechanism.

Conclusion
Our findings indicate that DMAMCL can induce autophagy, 

autophagosome accumulation, and apoptosis by regulat-

ing the Akt/mTOR and ROS/MAPK pathways, leading to 

inhibited proliferation of the U87-MG and U251 glioma 

cells (as shown in Figure 8). These novel findings provide a 

new perspective for DMAMCL in glioma chemotherapeutic 

interventions.
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