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Summary
Emodin, an anthraquinone compound extracted from rhubarb and other traditional Chinese medicines, has been proven to have a
wide range of pharmacological effects, such as anti-inflammatory, antiviral, and antitumor activities. Previous studies have
confirmed that emodin has inhibitory effects on various solid tumors, such as osteosarcoma, liver cancer, prostate cancer and
glioma. This study aimed to investigate the effects and mechanisms of emodin-induced necroptosis in the glioma cell line U251
by targeting the TNF-α/RIP1/RIP3 signaling pathway. We found that emodin could significantly inhibit U251 cell proliferation,
and the viability of U251 cells treated with emodin was reduced in a dose- and time-dependent manner. Flow cytometry assays
and Hoechst-PI staining assays showed that emodin induced apoptosis and necroptosis. Real-time PCR and western blot analysis
showed that emodin upregulated the levels of TNF-α, RIP1, RIP3 and MLKL. Furthermore, the RIP1 inhibitor Nec-1 and the
RIP3 inhibitor GSK872 attenuated the killing effect of emodin on U251 cells. In addition, emodin could increase the levels of
TNF-α, RIP1, RIP3 and MLKL in vivo. The results demonstrate that emodin could induce necroptosis in glioma possibly
through the activation of the TNF-α/RIP1/RIP3 axis. These studies provide novel insight into the induction of necroptosis by
emodin and indicate that emodin might be a potential candidate for treating glioma through the necroptosis pathway.
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Introduction

Glioma is the most common primary malignant tumor in the
central nervous system [1]. Because the etiology of glioma is

uncertain, patients are not effectively treated. Moreover, al-
though microneurosurgical techniques continue to be devel-
oped, tumor tissues cannot be completely resected as glioma
cells are characterized by uncontrolled growth [2]. In addition,
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the development of radiotherapy and chemotherapy resistance
in glioma is very common due to the existence of the subpop-
ulation of cancer stem cells [3]. Thus, the mortality and recur-
rence rate of glioma are very high, and the median survival
time of glioma patients is less than 16 months, even with
standard treatment [1]. These characteristics show that apo-
ptosis resistance and autophagy occurrence are important
components of the development of resistance to malignant
glioma therapy [4]. Therefore, it is urgent to find an effective
new therapy to induce the death of glioma.

Emodin, one of the main effective components in traditional
Chinese antitumor herbs [5], has been confirmed to have anti-
tumor activity against many kinds of tumors, such as those in
lung cancer [6], breast cancer [7], and colorectal cancer [8]. To
date, most studies have demonstrated that emodin has the ca-
pability to accelerate apoptosis, induce autophagy, promote cell
cycle arrest or inhibit tumor metastasis [9]. However, there is
little research on emodin-induced necroptosis in glioma.

Necroptosis is one of the most important mechanisms of
programmed cell death (PCD). The discovery of necroptosis
provided a novel theoretical basis for tumor therapy [10] be-
cause necroptosis is independent from apoptosis and does not
involve the activation of the caspase family [11]. In this study,
we demonstrated that emodin simultaneously induced apoptosis
and necroptosis. Moreover, the necroptosis induced by emodin
was proven to be related to the activation of RIP1 and RIP3
in vitro and vivo.

Results

Emodin inhibited the viability of U251 cells but not
LO2 cells

To confirm whether emodin could suppress the viability of
U251 cells but not LO2 cells, a Cell Counting Kit-8 (CCK-8)
assay was used to detect the viability of cells treated with differ-
ent concentrations of emodin (Fig. 1b, c). The results showed
that emodin could significantly attenuate the survival rate of
U251 cells in a dose- and time-dependent manner. Specifically,
we found that the half maximal inhibitory concentration (IC50)
of emodin at 12 h was 22.44 μM (Fig. 1b). Therefore, we chose
10 μM emodin administered for 12 h as the lowest concentra-
tion. Additionally, emodin did not significantly change the via-
bility of LO2 cells until the highest concentration was adminis-
tered (Fig. 1d). Moreover, emodin dose-dependently increased
the release of LDH from U251 cells (Fig. 1e).

Emodin induced apoptosis, necrosis and cell cycle
arrest in glioma U251 cells

A Hoechst/propidium iodide (PI) double staining assay was
used to detect cell morphology, apoptosis and necrosis.

Fluorescent microscopy was used to observe U251 cells treat-
ed with emodin for 12 h. Normal U251 cells showed round
nuclei with light blue color and no red color (Hoechst −/ PI -).
Apoptotic U251 cells showed shrinking nuclei with dark blue
color and no red color (Hoechst +/ PI -), while necrotic U251
cells showed shrinking nuclei with light blue color and red
color (Hoechst −/ PI-). A flow cytometry assay with Annexin
V-FITC and PI was used to detect apoptosis and necrosis.
Emodin promoted the apoptosis and necrosis of U251 cells
in a dose-dependent manner (Fig. 2c, e). The percentages of
necrotic U251 cells treated with emodin for 12 h were 1.28 ±
2.08% (0 μM, control (CTL)), 18.0 ± 2.32% (10 μM), 34.6 ±
1.76% (20 μM), and 53.3 ± 1.83% (40 μM), while the per-
centages of late apoptotic U251 cells were 0.43 ± 2.11%
(CTL), 5.81 ± 1.95% (10 μM), 10.5 ± 2.36% (20 μM), and
31.3 ± 2.86% (40 μM). Moreover, the ratio of U251 cells
treated with emodin in the G0/G1 phase was decreased com-
pared to CTL, but the ratios of cells in the S phase and G2/M
phase were increased.

Emodin not only promoted apoptosis by activating
caspase-3 but also induced necroptosis in U251 cells
via the TNF-α/RIP1/RIP3 pathway

The caspase family plays a key role in the cell death process,
so we detected the protein levels of caspase-3 and caspase-8 in
U251 cells treated with emodin. We found that the level of
caspase-3 was increased with emodin treatment in a dose-
dependent manner, but the level of caspase-8 was decreased
(Fig. 3a, b). Combined with the above morphological results,
we speculate that necroptosis may be the critical death mech-
anism induced by emodin in U251 cells. It is known that RIP1
and RIP3 are key regulators of necroptosis. Thus, we mea-
sured the mRNA and protein levels of TNF-α, RIP1, and
RIP3 in U251 cells by real-time PCR and western blot analy-
sis. We found that the mRNA and protein levels of all
of these genes were increased with emodin treatment
compared to CTL (Fig. 3a, c, d). Finally, these findings
could preliminarily indicate that emodin induces necroptosis
in U251 cells.

The release of LDH caused by emodin in U251 cells
could be attenuated by Nec-1 and GSK872

To demonstrate the role of RIP1 and RIP3 in the emodin-
induced necroptosis of U251 cells, U251 cells were pretreated
with the lowest concentration of necrostatin-1 (Nec-1) and
GSk872 for 6 h, and then emodin was added for 12 h. LDH
release assays showed that Nec-1 and GSK872 could signifi-
cantly reduce the emodin-induced release of LDH from U251
cells (Fig. 4a). Moreover, western blot results suggested that
Nec-1 could reduce the emodin-induced upregulation of
RIP1, and GSK872 could inhibit the emodin-induced
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upregulation of RIP3; however, Nec-1 and GSK872 could not
change the emodin-induced overexpression of TNF-α
(Fig. 4b, c).

Emodin inhibited glioma growth in vivo by regulating
the TNF-α/RIP1/RIP3 pathway

To ascertain whether emodin exerted an antitumor effect on
glioma through the TNF-α/RIP1/RIP3 pathway in vivo, we
established a xenograft model by subcutaneously injecting
U251 cells into BALB/C-nu/nu nude mice [12]. The nude
mice were randomly assigned to four groups (six mice per
group). Solid tumors were initially formed for almost two

weeks, and the tumor formation rate was 100%. Then,
tumor-bearing nude mice were treated with emodin (20, 40,
and 80 mg/kg) or the same volume of saline (negative CTL)
by intragastric administration for four weeks, and there were
no dead mice until execution. As shown in Fig. 5a, b, emodin
could inhibit the growth of tumors, and the mean volume and
weight of tumors in the emodin groups were lower than those
in the CTL group. Hematoxylin-eosin (H&E) staining showed
that there were obvious atypia nuclei, poor differentiation, and
a small amount of necrosis in the tumor tissues in the CTL
group; however, there was massive necrosis in the emodin-
treated group (Fig. 5c). To investigate whether emodin in-
duced necroptosis in vivo, we measured the levels of

52 Invest New Drugs (2020) 38:50–59

Fig. 1 a The chemical structure
of emodin. b The inhibitory effect
of emodin on U251 cell
proliferation as detected by
CCK-8 assays after 12 h of
treatment. c Dose- and time-
dependent effects of emodin on
U251 cell viability as determined
by CCK-8 assays at 12, 24 and
48 h. **P < 0.01, ##P < 0.01, and
ΔΔP< 0.01 compared with the
CTL group. (D) Cytotoxicity of
emodin on LO2 cells as detected
by CCK-8 assays after 12 h of
treatment. **P < 0.01 compared
with the CTL group. (E) LDH
release test in U251 cells after
12 h of treatment with emodin.
**P < 0.01 compared with the
CTL group. (F) Morphology of
U251 cells treated with different
concentrations of emodin for 12 h
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TNF-α, RIP1, RIP3 and MLKL in tumor tissues treated with
emodin or saline. The results showed that compared with the
CTL group, the levels of TNF-α, RIP1, RIP3 andMLKLwere

increased significantly in the emodin-treated group (Fig. 5d,
e). These results suggested that emodin could suppress glioma
growth through the necroptosis pathway in vivo.

Fig. 2 a Hoechst-PI double staining assay of U251 cells treated with
emodin. b, d Emodin induced cell cycle arrest in U251 cells. Cells were
treated with different concentrations of emodin for 12 h, and the samples
were analyzed by flow cytometry. **P < 0.01, ##P< 0.01, ΔP< 0.05, and

ΔΔP< 0.01 compared with the CTL group. c, e Different concentrations
of emodin induce necrosis and apoptosis in U251 cells. Samples were
analyzed by flow cytometry. **P < 0.01, #P < 0.05, and ##P < 0.01
compared with the CTL group



Discussion

Previous studies considered cell death to be divided into PCD
and necrosis. PCD, which is also called apoptosis, is distinct
from necrosis and is a death process initiated by specific
genes. The occurrence of apoptosis is dependent on the acti-
vation of the caspase family and apoptosis-related genes, and
the promotion of the protein degradation pathway makes the
apoptosis of cells irreversible [13]. The most typical morpho-
logical characteristics of apoptotic cells are karyopyknosis,
nuclear fragmentation and apoptotic body formation, but this
process is not related to cell membrane changes; the
membrane of apoptotic cells is continuous. In contrast,
the permeability of necroptotic cells is increased, and
the cellular membrane is severely destroyed. In addition,
necroptosis is always coupled with high levels of LDH
release. In our study, we preliminarily confirmed that
the inhibition of U251 cells induced by emodin was associated
with necroptosis.

Previous studies showed that necrosis is a type of passive
death; necrosis is unavoidable under harmful stimulation.
However, accumulating evidence has confirmed that necrosis
is also regulated by some necrotic-associated genes but is not
dependent on the caspase signaling pathway. Necrosis is
expressed in many forms, including necroptosis [14],
ferroptosis [15], and pyroptosis [16]. Necroptosis is one of
the most well studied forms of necrosis; it is induced by the
activation of the death receptor on the cell membrane and is
dependent on the formation of the RIP1/RIP3/MLKL com-
plex (called necrosomes) [17]. Therefore, RIP1, RIP3
andMLKL are the core molecules in the necroptosis signaling
pathway [18].

Necroptosis has been well studied in the fields of inflam-
matory response and ischemia-reperfusion injury [18], but
there has been less research on necrotic tumor therapy. For a
long time, studies examining antineoplastic agents have fo-
cused on their pro-apoptosis effects, but drug resistance has
resulted in poor therapeutic effects [19]. Apoptosis dysfunction
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Fig. 3 a RNA samples from U251 cells treated with emodin for 12 h were
prepared and reverse-transcribed into cDNA. The mRNA levels of TNF-α,
RIP1 and RIP3 were detected by a StepOne Plus device. Data were
collected from three individual experiments. **P< 0.01, ##P< 0.01, and
ΔΔP< 0.01 comparedwith the CTL group. bThe intensities of the caspase-
3 and caspase-8 bands were quantified by the software ImageJ, and data
were collected from three individual experiments. **P< 0.01, #P< 0.05,

and ##P< 0.01 compared with the CTL group. c The protein of U251 cells
treated with emodin for 12 h were prepared, and the levels of TNF-α, RIP1,
RIP3, MLKL, caspase-3 and caspase-8 were measured by western blot
analysis. dThe intensities of the TNF-α, RIP1, RIP3 and MLKL bands
were quantified by the software ImageJ, and data were collected from
three individual experiments. **P< 0.01, #P< 0.05, ##P< 0.01, ΔΔP
< 0.01, ΦP< 0.05, and ΦΦP< 0.01 compared with the CTL group



is a core factor in the resistance of almost all tumors, especially
in glioma, to radio-chemotherapy [20]. As it does not depend
on caspase activation, the induction of necroptosis was an ex-
imious therapeutic strategy for tumor treatment, particularly for
drug-resistant tumors. Notably, many chemotherapeutic drugs
and molecular-targeted agents that induce necroptosis have
been used in clinical trials.

E m o d i n , a l s o c a l l e d 3 - m e t h y l - 1 , 6 , 8 -
trihydroxyanthraquinone, is an important active component
extracted from traditional Chinese herbs [21]. Emodin has
been reported to have various pharmacological activities, such
as anti-inflammatory [11], antibiotic, antihypertensive and an-
titumor activities; however, studies examining the anti-
tumor effects of emodin have almost all focused on
apoptosis induction [22], invasion and migration inhibi-
tion [23] as well as cell cycle arrest. Nevertheless, no
specific studies have reported the effects and mecha-
nisms of necroptosis induced by emodin on glioma
cells. Our study found that emodin could induce apoptosis
by activating caspase-3; however, surprisingly, the protein
levels of caspase-8 [24] were decreased in glioma U251 cells
treated with emodin.

TNF-mediated necroptosis is the most commonly studied
type of necroptosis cell death [25]. As an initiator of
necroptosis, TNF-α receptors bind with ligands on the mem-
brane, downstream molecules are activated, and the
necroptosis pathway is promoted [26], including the forma-
tion of membrane-associated complex I, complex II and
necrosomes (inhibition of caspase-8 and phosphorylation of

RIP1/RIP3/MLKL) [27, 28]. In our studies, we found that the
both the mRNA and protein levels of TNF-α, RIP1, RIP3 and
MLKL were increased in glioma cells treated with emodin
in vivo and in vitro for the first time. Therefore, we
conjectured that emodin could induce necroptosis by activat-
ing the expression of TNF-α and downstream molecules. As
previously reported, Nec-1 [29], an inhibitor of RIP1, and
GSK872 [29], an inhibitor of RIP3, could inhibit necroptosis
by inhibiting RIP1 and RIP3, respectively [30]. To eval-
uate our hypothesis, U251 cells treated with emodin
were pretreated with Nec-1 (inhibitor of RIP1) and
GSK872 (inhibitor of RIP3). Subsequently, we found
that the decrease in the viability of U251 cells treated with
emodin could be attenuated by Nec-1 and GSK872. In our
studies, emodin promoted the necroptosis of U251 cells by
activating RIP1 and RIP3.

Unfortunately, we could not prove the role of TNF-α in the
process of emodin-induced necroptosis. Because of the com-
plicated biological activities of emodin, it may induce
necroptosis by other pathways. For future studies, researchers
should consider the combined application of antitumor agents
by inducing apoptosis, necroptosis and other ways of
cell death [31]. Additionally, it is necessary to pay more
attention to the side effects and potential risk of emodin
in normal individuals. Taken together, these studies pro-
vide valuable insights into the molecular mechanisms of
emodin, and our findings may facilitate studies of emo-
din as a potential candidate for the treatment of gliomas
and other tumors.
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Fig. 4 U251 cells were pretreated
withNec-1 andGSK872 for 2 h. a
The emodin-induced release of
LDH from U251 cells was
determined by an LDH release
assay. **P < 0.01, ##P < 0.01,
ΔΔP < 0.01. b, c Protein samples
from U251 cells treated with
emodin for 12 h were prepared,
and the levels of TNF-α, RIP1
and RIP3 were measured by
western blot analysis. The
intensity of bands was quantified
by ImageJ software, and data
were collected from three
individual experiments.
**P< 0.01, #P< 0.05, ΔP < 0.01



Materials and methods

Chemicals and reagents

Dulbecco’s modified Eagle’s medium/nutrient mixture F12
(DMEM/F12), fetal bovine serum (FBS), and dimethyl sulf-
oxide (DMSO) were purchased from GIBCO (Grand Island,
NY, USA). Emodin (CAS No. 518–82-1, HPLC>98%) was
obtained fromDalianMeilun Biotechnology Co. Ltd. (Dalian,
China). RNAiso plus, SYBR Premix Ex Taq II and ROX
reference dye were purchased from TAKARA (Dalian,
China). All primers were designed and synthesized by
TSINGKE (Wuhan, China). The following antibodies for
western blot analysis were purchased from ABclonal
Biotechnology Co., Ltd. (Wuhan, China): GAPDH;
caspase-3; caspase-8; TNF-α; RIP1; RIP3; MLKL; and
HRP-labeled goat anti-rabbit IgG. Emodin was dissolved
in DMSO as a stock solution and stored in a dark bottle at
4 °C. Nec-1 (CAS No.: 4311-88-0) and GSK872 (CAS

No.:1346546–69-7) were purchased from MedChemExpress
(Shanghai, China). The FITC Annexin V Apoptosis
Detection Kit I (556547) was purchased from BD
(USA). CCK-8 was purchased from Dojindo (Japan).
The Apoptosis and Necrosis Assay Kit, Cell Cycle and
Apoptosis Kit, and LDH Assay Kit were all purchased
from Beyotime (China).

Cell culture

The human glioma cell line U251 was purchased from the
China Center for Type Culture Collection (CCTCC). The hu-
man embryo liver cell line LO2 was characterized by
Professor Lei Zhao (Union Hospital, Tongji Medical
Col lege, Huazhong Univers i ty of Science and
Technology). The LO2 and U251 cells were cultured
in DMEM/F12 supplemented with 10% FBS and 1%
penicillin-streptomycin in a 5% CO2 humidified incuba-
tor at 37 °C.
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Fig. 5 a, b Emodin decreases
mouse weight and xenograft
tumor volume. c H&E staining
analysis of atypia and necroptosis
in the control groups and emodin
groups. d, e Protein samples from
tumor tissues were prepared, and
the levels of TNF-α, RIP1, RIP3
and MLKL were measured by
western blot analysis. Data were
collected from three individual
experiments. **P< 0.01,
##P< 0.01, ΔΔP< 0.01, and
ΦΦP< 0.01 compared with the
CTL group



Cell viability assay

LO2 and U251 cells were plated at a density of 4 × 103 cells
per well into 96-well plates and incubated overnight. Then,
different concentrations of emodin were added for 12, 24 and
48 h. A total of 10 μL of CCK-8 solution was added to each
well and incubated for 2 to 4 h. The absorbance was measured
at 450 nm by using a spectrophotometer.

Observation of cell morphology

U251 cells were seeded in 6-well plates and incubated over-
night. The next morning, cells were treated with different con-
centrations of emodin for 12 h. Then, cell morphology was
observed and photographed by an inverted microscope
(Olympus, Japan).

Apoptosis and cell cycle analysis by flow cytometry

U251 cells were treated with different concentrations of emo-
din for 12 h. Cells were collected and washed three times with
phosphate-buffered saline (PBS). For the detection of apopto-
sis, cells were stained with the reagents in the FITC Annexin
VApoptosis Detection Kit according to the instructions. For
the detection of the cell cycle, cells were stained with the
reagents in the Cell Cycle and Apoptosis Kit according to
the instructions. All samples were analyzed by flow cytometry
(BD, USA).

Apoptosis and necroptosis analysis

U251 cells were plated at a suitable density into 12-well plates
and incubated overnight. Cells were treated with different
concentrations of emodin for 12 h. Cells were collected and
processed according to the instructions of the Apoptosis and
Necrosis Assay Kit. After incubation for 30 min protected
from light, the cells were observed and photographed by an
inverted fluorescence microscope (Olympus, Japan).

LDH release assay

U251 cells were seeded into 96-well plates and cultured over-
night. Different concentrations of emodin were added to the
plates for 12 h, and then the samples were processed according
to a portion of the LDH release assay instructions. The con-
centrations of LDH in the medium were measured by a spec-
trophotometer at a wavelength of 490 nm.

RNA isolation and real-time quantitative PCR
(qRT-PCR)

Total RNA was extracted from cells and tumor tissues by
using RNAiso. cDNAs were reverse-transcribed from

quantified RNA samples by using a PrimeScript RT Reagent
kit at 37 °C for 15 min and 85 °C for 5 s. Then, the SYBR
Premix Ex Taq Kit was added to the cDNAs according to the
instructions. A StepOne Plus device (Applied Biosystems)
was used to perform real-time PCR at 95 °C for 10 s followed
by 40 cycles of 95 °C for 5 s and 60 °C for 20 s. The primers
used are provided in Table 1.

Western blot analysis

Total protein was extracted and quantified from cells and tu-
mor tissues by using RIPA [50 mM Tris (pH 7.4), 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, sodium orthovanadate, sodium fluoride, EDTA,
leupeptin] with additional PMSF. Proteins were loaded into
wells, separated on 10% SDS-PAGE gels, transferred to
PVDF membranes, saturated and blocked with 5% fat-free
milk for 1 h. Then, the membranes were probed with primary
antibodies and secondary antibodies. The signals were detect-
ed by a UVP BioSpectrum Imaging System after the mem-
branes were soaked in enhanced ECL reagents. The intensity
of all signals was quantified by ImageJ software.

Xenograft models

Twenty-four BALB/C nude mice (female, 35–41 days,
weighing 18–21 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing China).
U251 cells (5 × 106 cells/200 μL) were subcutaneously
injected into the right hindleg of the mice. After almost 7 days,
the size of tumors was approximately 100 mm3. The 24
tumor-bearing mice were equally divided into four groups:
high dose of emodin (80 mg/kg); middle dose of emodin
(40 mg/kg); low dose of emodin (20 mg/kg); and CTL.
Then, 0, 20, 40, and 80 mg/kg of emodin were given to each
group by intragastric administration every day. After four
weeks, the mice were sacrificed, and the tumors were
collected.

Table 1 Sequences of Primers for RT-PCR

Genes Primers

TNF-α Forward: CCTCTCTCTAATCAGCCCTCTG

Reverse: GAGGACCTGGGAGTAGATGAG

RIP1 Forward: TTACATGGAAAAGGCGTGATACA

Reverse: AGGTCTGCGATCTTAATGTGGA

RIP3 Forward: CATAGGAAGTGGGGCTACGAT

Reverse: AATTCGTTATCCAGACTTGCCAT

MLKL Forward: AGGAGGCTAATGGGGAGATAGA

Reverse: TGGCTTGCTGTTAGAAACCTG

β-actin Forward: CATGTACGTTGCTATCCAGGC

Reverse: CTCCTTAATGTCACGCACGAT
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Hematoxylin & eosin (H&E) staining assay

Tumor tissues were fixed in 4% formaldehyde, embedded in
paraffin and cut into 4 mm thick sections. The sections were
deparaffinized in dimethylbenzene for 5 min and put into al-
cohol for 3min. Sectionswere washedwith distilled water and
soaked in hematoxylin staining solution for 15 min. Next, the
sections were washed with distilled water to remove the ex-
cess staining solution and placed in 0.5–1% hydrochloride
alcohol for 10 s. Then, the sections were washed with running
water for 15 min and stained with eosin (0.1–0.5%) for 5 min.
Finally, the sections were hyalinized with dimethylbenzene
for 10 min and dehydrated with alcohol for 3 min. The sec-
tions were dropped by neutral gum and covered by slides. The
sections were observed and photographed by inverted micros-
copy. In the resulting images, the nucleus was blue, while the
cytoplasm and the extracellular matrix were red.

Statistical analysis

All statistical data were analyzed by using GraphPad Prism
software v5.0, and grayscale images were obtained by ImageJ
software. Data are expressed as the mean ± SD of three inde-
pendent experiments. The significance of the statistical results
was determined by one-way ANOVA with the post hoc
Dunnett’s test. P< 0.05was considered statistically significant.

Acknowledgements The study was performed in Central Laboratory of
Union Hospital, Tongji Medical College, Huazhong University of
Science and Technology. The authors would like to acknowledge the staff
of laboratory for their assistance.

Author contributions JZ, LZ and FJ designed the experiments; SF and
GL performed the in vitro experiments; JC, CL performed the in vivo
experiments; JZ, YL, andGH analyzed the data and wrote themanuscript.
All authors have read and approved the final manuscript.

Funding This study was supported by the Shandong Provincial Natural
Science Foundation (No. ZR2016HL34), Shandong Provincial Fund for
Awarding Excellent Young and Middle-Age Scientists (No.
BS2010YY006), and A Project of Shandong Province Higher
Educational Science and Technology Program (No.J16 LL05).

Compliance with ethical standards

Conflict of interest The author Jiabin Zhou declares that he has no
conflict of interest. The author Genhua Li declares that he has no conflict
of interest. The author Guangkui Han declares that he has no conflict of
interest. The author Song Feng declares that he has no conflict of interest.
The author Yuhan Liu declares that he has no conflict of interest. The
author Jun Chen declares that he has no conflict of interest. The author
Chen Liu declares that he has no conflict of interest. The author Feng Jin
declares that he has no conflict of interest.

Ethical approval Animal experiments were approved by the Laboratory
Animal Research Committee of Huazhong University of Science and
Technology (SYXK2016–0057, 1 June 2018), and all study procedures

followed internationally accepted principles and the Guidelines of the
Care and Use.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Behin A; Hoangxuan K, Carpentier AF, Delattre JY (2012) Primary
brain tumours in adults. Lancet 379:1984–1996

2. Seystahl K, Wick W, Weller M (2016) Therapeutic options in recur-
rent glioblastoma—an update. Crit Rev Oncol Hematol 99:389–408

3. Auffinger B, Spencer D; Pytel P, Ahmed A, Lesniak M (2016) The
role of glioma stem cells in chemotherapy resistance and glioblas-
toma multiforme recurrence. Expert Rev Neurother 15:741

4. Osswald M, Jung E, Sahm F, Solecki G, Venkataramani V, Blaes J,
Weil S, Horstmann H,Wiestler B, SyedM (2015) Brain tumour cells
interconnect to a functional and resistant network. Nature 528:93–98

5. Cai J, Niu X, Chen Y, Hu Q, Shi G, Wu H, Wang J, Yi J (2008)
Emodin-induced generation of reactive oxygen species inhibits
RhoA activation to sensitize gastric carcinoma cells to Anoikis.
Neoplasia 10:41–51

6. Yu-Ting S, Huei-Ling C, Song-Kun S, Shih-Lan H (2005) Emodin
induces apoptosis in human lung adenocarcinoma cells through a
reactive oxygen species-dependent mitochondrial signaling path-
way. Biochem Pharmacol 70:229–241

7. Iwanowycz S, Wang J, Hodge J, Wang Y, Yu F, Fan D (2016)
Emodin inhibits breast Cancer growth by blocking the tumor-
promoting feedforward loop between Cancer cells and macro-
phages. Mol Cancer Ther 15:1931–1942

8. Lee K, Lee M, Cha E, Sul J, Lee J, Kim J, Park J, Kim J (2017)
Inhibitory effect of emodin on fatty acid synthase, colon cancer
proliferation and apoptosis. Mol Med Rep 15:2163–2173

9. Shrimali D, Shanmugam M, Kumar A, Zhang J, Tan B, Ahn K,
Sethi G (2013) Targeted abrogation of diverse signal transduction
cascades by emodin for the treatment of inflammatory disorders and
cancer. Cancer Lett 341:139–149

10. Xinfang Y, Qipan D, Bode A, Zigang D, Ya C (2013) The role of
necroptosis, an alternative form of cell death, in cancer therapy.
Expert Rev Anticancer Ther 13:883–893

11. Petrie EJ, Czabotar PE, Murphy JM (2019) The structural basis of
Necroptotic cell death signaling. Trends Biochem Sci 44:53–63

12. Jin F, Gao C, Zhao L, Zhang H, Wang H, Shao T, Zhang S, Wei Y,
Jiang X, Zhou P (2011) Using CD133 positive U251 glioblastoma
stem cells to establish nude mice model of transplanted tumor.
Brain Res 1368:82–90

13. Treuting P; Albertson T; Preston B (2010) Apoptosis: A Review of
Programmed Cell Death

14. Galluzzi L, Kepp O, Chan FK, Kroemer G (2017) Necroptosis:
mechanisms and relevance to disease. Annual Review of
Pathology: Mechanisms of Disease 12:103–130

15. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM,
Gleason CE, Patel DN, Bauer AJ, Cantley AM, Yang WS,
Morrison B, Stockwell BR (2012) Ferroptosis: an iron-dependent
form of nonapoptotic cell death. Cell 149:1060–1072

16. Shi J, Gao W, Feng S (2016) Pyroptosis: Gasdermin-mediated pro-
grammed necrotic cell death. Trends Biochem Sci 42:245

58 Invest New Drugs (2020) 38:50–59



17. Su Z, Yang Z, Xie L, DeWitt J, Chen Y (2016) Cancer therapy in
the necroptosis era. Cell Death Differ 23:748–756

18. Moriwaki K, Chan F (2016) Necroptosis-independent signaling by
the RIP kinases in inflammation. Cell Mol Life Sci 73:2325–2334

19. Eisele G, Weller M (2013) Targeting apoptosis pathways in glio-
blastoma. Cancer Lett 332:335–345

20. Groot J, Gilbert M (2007) New molecular targets in malignant
gliomas. Curr Opin Neurol 20:712–718

21. Mijatović S, Bramanti A, Nicoletti F, Fagone P, Kaluđerović G,
Maksimović-Ivanić D (2018) Naturally occurring compounds in
differentiation based therapy of cancer. Biotechnol Adv 35:1622–
1632

22. Min L (2013) Targeting apoptosis pathways in cancer by Chinese
medicine. Cancer Lett 332:304–312

23. Gu J, Cui CF, Yang L, Wang L, Jiang XH (2019) Emodin inhibits
Colon Cancer cell invasion andmigration by suppressing epithelial-
mesenchymal transition via the Wnt/β-catenin pathway. Oncol Res
27:193–202

24. Tummers B, Green D (2017) Caspase-8: regulating life and death.
Immonological Reviews 277:76–89

25. Dondelinger Y, Jouan-Lanhouet S, Divert T, Theatre E, Bertin J,
Gough PJ, Giansanti P, Heck AJ, Dejardin E, Vandenabeele P,
Bertrand MJ (2015) NF-κB-independent role of IKKα/IKKβ in

preventing RIPK1 kinase-dependent apoptotic and Necroptotic cell
death during TNF signaling. Mol Cell 60:63–67

26. Fulda S (2016) Regulation of necroptosis signaling and cell death
by reactive oxygen species. Biol Chem 397:657–660

27. He S, Huang S, Shen Z (2016) Biomarkers for the detection of
necroptosis. Cell Mol Life Sci 73:2177–2181

28. Christofferson D, Yuan J (2010) Necroptosis as an alternative form
of programmed cell death. Current Opioion in Cell Biology 22:
263–268

29. Jouan-Lanhouet S, Riquet F, Duprez L, Berghe T, Takahashi N,
Vandenabeele P (2014) Necroptosis, in vivo detection in experi-
mental disease models. Semin Cell Dev Biol 35:2–13

30. Thapa R, Shoko N; Peirong C,Maki J, Anthony L, Mark A; Rall G;
Alexei D, Siddharth B (2013) Interferon-induced RIP1/RIP3-
mediated necrosis requires PKR and is licensed by FADD and
caspases. Proc Natl Acad Sci U S A 110:E3109–E3118

31. Shergalis A, Bankhead R; Luesakul U; Muangsin N, Neamati N
(2019) Current challenges and opportunities in treating glioblasto-
ma. Pharmacol Rev 70:412–445

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Invest New Drugs (2020) 38:50–59 59


	Emodin induced necroptosis in the glioma cell line U251 via the TNF-α/RIP1/RIP3 pathway
	Abstract
	Introduction
	Results
	Emodin inhibited the viability of U251 cells but not LO2 cells
	Emodin induced apoptosis, necrosis and cell cycle arrest in glioma U251 cells
	Emodin not only promoted apoptosis by activating caspase-3 but also induced necroptosis in U251 cells via the TNF-α/RIP1/RIP3 pathway
	The release of LDH caused by emodin in U251 cells could be attenuated by Nec-1 and GSK872
	Emodin inhibited glioma growth �in�vivo by regulating the TNF-α/RIP1/RIP3 pathway

	Discussion
	Materials and methods
	Chemicals and reagents
	Cell culture
	Cell viability assay
	Observation of cell morphology
	Apoptosis and cell cycle analysis by flow cytometry
	Apoptosis and necroptosis analysis
	LDH release assay
	RNA isolation and real-time quantitative PCR (qRT-PCR)
	Western blot analysis
	Xenograft models
	Hematoxylin & eosin (H&E) staining assay
	Statistical analysis

	References




