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Renal cell carcinoma (RCC) is a tumor with unpredictable presentation and poor clinical outcome. RCC is always resistant to
chemotherapy and radiation, and weakly sensitive to immunotherapeutic agents. Therefore, novel agents and approaches are
urgently needed for the treatment of RCC. Emodin, an anthraquinone compound extracted from rhubarb and other traditional
Chinese herbs, has been implicated in a wide variety of pharmacological effects, such as anti-inflammatory, antiviral, and
antitumor activities. However, its role in RCC remains unknown. In this study, we found that emodin effectively killed renal
cancer cells without significant toxicity to noncancerous cell HK-2. Flow cytometry assay with Annexin V-FITC and PI
demonstrated that emodin induces necroptosis, but not apoptosis, in renal cancer cells. Meanwhile, the phosphorylation levels
of RIP1 and MLKL, the key necroptosis-related proteins, were significantly increased. To explore how emodin inhibits kidney
tumor growth, we tested reactive oxygen species (ROS) levels and found that the levels of ROS increased upon emodin
treatment in a dose-dependent manner. Further studies demonstrated that emodin induces necroptosis through ROS-mediated
activation of JNK signaling pathway and also inhibits glycolysis by downregulation of GLUT1 through ROS-mediated
inactivation of the PI3K/AKT signaling pathway. Our findings revealed the potential mechanisms by which emodin suppresses
renal cancer cell growth and will help develop novel therapeutic approaches for patients with JNK- or PI3K/AKT-dysregulated
renal cancer.

1. Introduction

Renal cell carcinoma (RCC) is a common urologic tumor
derived from the highly heterogeneous epithelium of renal
tubules [1]. For patients who received curative surgical resec-
tion, the tumor recurrence is 40% and for metastatic patients,
the five-year survival rate is only 12% [2]. Moreover, RCC is
also resistant chemotherapy and radiation and responds poorly
to immunotherapeutic agents, such as interleukin- (IL-) 12 and
interferon- (INF-) « [3]. To date, RCC is still a tumor with
unpredictable presentation and poor clinical outcome. There-
fore, novel drugs are urgently desired for the treatment of RCC.

Reactive oxygen species (ROS) refers to a series of inter-
mediate products in the oxidation-reduction process, includ-
ing superoxide radicals, hydrogen peroxide, and hydroxyl
radicals. Intracellular ROS plays important roles in a variety
of normal biochemical functions and abnormal pathological
processes [4, 5]. Recently, ROS has been reported to improve
the antitumor efficacy of chemotherapeutic drugs through
enhancing their cytotoxic effects. Previous studies showed
that intercellular ROS generation induced by antitumor
drugs could trigger apoptosis in cancer cells [6-8]. Zou
et al. verified that Auranofin can induce apoptosis of gastric
cancer cells by increasing endoplasmic reticulum stress
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which depends on the increasing intracellular ROS levels [9].
Another study in colorectal cancer cells also found that
induction of ROS overload by Alantolactone can promote
oxidative DNA damage and apoptosis [10]. Although the
relationship between apoptosis and ROS has been well stud-
ied [11], other antitumor mechanisms of ROS remain to be
explored.

Emodin (1,3,8-trihydroxy-6-methylindole), a natural
terpenoid, is mainly found in traditional Chinese herbal
medicines and derived from rhizomes and roots [12].
The molecular structure of emodin is similar to that of
2,3-dimethoxy-1,4-naphthoquinone (DMNQ). Because of
its properties of hydroquinone and derived hydroquinone,
similar to mitochondrial ubiquinone, it can transfer elec-
trons to produce ROS [13]. A growing number of studies
have reported that emodin shows striking antitumor
effects [14]. For example, two studies revealed that emodin
could increase the cisplatin-induced cytotoxicity against
ovarian cancer and bladder cancer cells through ROS-
related downregulation of MRP1 [15, 16]. Besides, in lung
cancer, emodin increases expression of insulin-like growth
factor-binding protein 1 through the activation of
MEK/ERK/AMPK« and interaction of PPARy and Spl
[17]. However, the antitumor effects of emodin in renal
cancer is still uncovered. Necrosis has for a long time been
considered exclusively as an accidental mode of cell death
without any underlying coordinated program of signaling
events. More recently, breakthrough discoveries have
shown that regulated forms of necrosis also exist [18].
For example, necroptosis is one of the most well-studied
forms of necrosis: its activation through the formation of
RIP3 and RIP1 complexes, recruiting downstream MLKL
to phosphorylate and localize to the cell membrane, caus-
ing cell membrane rupture, ultimately leading to cell death
[19]. In our study, we found that emodin can kill renal
cancer cells by inducing necroptosis, but not apoptosis,
and inhibiting aerobic glycolysis. It provides a new insight
into the mechanism underlying emodin killing cancer cells
and helps develop novel therapeutic approaches for
patients with RCC.

2. Materials and Methods

2.1. Reagents. Emodin was purchased from Beijing Century
Aoke Biology Research Company. N-acetyl-cysteine, glu-
cose-6-phosphate, ATP and LDH measurement kits were
from the Beyotime Biotech company. The pyruvate measure-
ment kit was from the Solarbio company. JNK inhibitor
SP600125 and AKT activator SC79 were from MedChemEx-
press. Anti-RIP3 (ab56164), anti-phospho-RIP3 at Ser227
(ab209384), anti-MLKL (ab184718), caspase 8 (ab25901),
caspase 3 (ab32351) and anti-phospho-MLKL at Ser358
(ab187091), and anti-GAPDH (ab181602) antibodies were
purchased from the Abcam company (Cambridge, MA).
Caspase 9 (#9502), anti-RIP1 (#4926), anti-phospho-RIP1
at Serl66 (#65746), anti-JNK (#9252), and anti-phospho-
JNK at Thr183/Tyr185 (#4668) antibodies were from the cell
signaling company (Danvers, MA).
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2.2. Cell Lines and Culture. HK-2, ACHN, CaKj, 786-0, and
OS-RC-2 cells were obtained from Shanghai Institute of Cell
Biology, Chinese Academy of Sciences (Shanghai, China).
These cells were cultured in suitable medium containing
10% fetal bovine serum. The cells were maintained at 37°C
and 5% CO, in a humid environment, and the cells in the
mid-log phase were used in the experiments.

2.3. Cell Viability Assay. The cells were plated into 96-well
plates (the cell number: 2x10°/well, the volume: 200 uL/well)
and incubated overnight. Then, different concentrations of
emodin were added for 24h. A total of 10uL of CCK-8
(Dojindo, Japan) solution was added to each well and incu-
bated for 2 to 4h. The absorbance was measured at 450 nm
by using the iMark™ Microplate Reader (Bio-Rad, US).

2.4. Measuring Reactive Oxygen Species (ROS). Mitochondrial
ROS was measurement by the dye MitoSox (red Mitochon-
drial superoxide indicator, ThermoFisher, USA). Cells
underwent with increasing doses of emodion for 24h and
further administered 5 yM Mitosox for 30 min. The images
of the red fluorescence of in the cells were acquired by Nikon
Ti-U fluorescence microscope (Nikon Ti-U, Japan). Flow
cytometry (Beckman Coulter, Fullerton, CA, USA) was used
for the quantitative analysis of Mitosox.

The redox-sensitive dye DCFH-DA (Beyotime Biotech,
Nanjing, China) was used to evaluate the levels of overall
ROS. Briefly, the cells were incubated with increasing doses
of emodion for 24h and stained with 10 uM DCFH-DA in
the dark for 30 min. The images of the green fluorescence
of the oxidized product dichlorofluorescin (DCF) in the cells
were acquired by Nikon Ti-U fluorescence microscope. Flow
cytometry (Beckman Coulter, Fullerton, CA, USA) was used
for the quantitative analysis of DCF.

2.5. Necroptosis Assay by Lactate Dehydrogenase (LDH)
Release. Cells were seeded onto a 96-well microplate and cul-
tured for 24 hours. The lactate dehydrogenase cytotoxicity
assay kit (Beyotime Biotech, Nanjing, China) was used to
detect cell mortality after treatment with emodin. The detec-
tion method was performed according to the instructions of
the kit. The absorbance value of each sample was read at
490 nm (iMark™ Microplate Reader, Bio-Rad, US).

2.6. Glucose-6-Phosphate (G-6-P) Examination. The glucose-
6-phosphate examination was performed according to man-
ufacturer instructions of the Beyotime Biotech company
(Nanjing, China). Briefly, about 1 x 10° cells per well were
seeded in six-well plates, being treated with or without tar-
geted compounds. Then, the cells were washed and har-
vested. The collected cells were lysed in G-6-P extracting
solution, then 12,000 g, centrifuged at 4°C for 5-10 minutes,
and the supernatant was taken as a sample to be tested and
stored in an ice bath for later use. The samples were mixed
with G-6-P reaction buffers and incubated at 37° C for 30
minutes in the dark. The readings were taken at 450 nm
(iMark™ Microplate Reader, Bio-Rad, US). The results of dif-
ferent groups were all normalized with their own protein
content.
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2.7. Pyruvate (PA) Measurement. The PA examination was
performed according to the manufacturer’s instructions of
the Solarbio company (Beijing, China). In brief, the cells were
washed and harvested. The collected cells were lysed in assay
buffer by repeated sonification (ice bath, power 20% or
200 W, ultrasound 3, interval 10s, repeat 30 times). Then
the sample was allowed to stand for 30 min, 8000 g, and cen-
trifuged at room temperature for 10 min, and the supernatant
was taken for testing. For the measurement of the concentra-
tion of pyruvate, the samples were mixed with PA reaction
buffers and read at absorbance 520 nm in a microplate reader
(iMark™ Microplate Reader, Bio-Rad, US). The results of dif-
ferent groups were all normalized with their own protein
content.

2.8. ATP Measurement. ATP was measured using an ATP
measurement kit (Beyotime Biotech, Nanjing, China)
according to the manufacturer’s instructions. Briefly, about
1x 10 cells per well were seeded in six-well plates, being
treated with or without targeted compounds. Then, the cells
were washed and harvested. The collected cells were lysed
in ATP extracting solution, then 12,000g, centrifuged at 4
C for 5 minutes, and the supernatant was taken as a sample
to be tested, and stored in an ice bath for later use. The sam-
ples were mixed with ATP reaction buffers and the RLU
values were determinated by a luminometer (SpectraMax
iD3, Molecular Devices, USA). The results of different groups
were all normalized with their own protein content.

2.9. Annexin V-Fluorescein/Propidium Iodide Double-
Staining Assay. Loss of cell membrane integrity was assessed
by the Annexin V-fluorescein (FITC)/propidium iodide (PI)
double-staining assay (Lianke Biotechnology Corporate Lim-
ited, China). In brief, the cells were harvested and resus-
pended in 500uL 1x Binding Buffer. And the cell
suspension was added with 10 4L PI and 5uL Annexin V-
FITC. After incubation for 15min at room temperature in
the dark, the cells were subjected to analysis on a FACScan
flow cytometer (Becton Dickinson, USA). Data were ana-
lyzed with the FlowJo software (BD, USA).

2.10. Western Blot

2.10.1. Total Protein Extraction. Cells were lysed in RIPA
buffer supplemented with 1% protease inhibitors and 1%
phosphatase inhibitor, according to the manufacturer’s pro-
tocols. After centrifugation (14,000 rpm, 30 min), the super-
natant fraction was collected and the protein concentration
was quantitated by BCA Protein Assay Kit (Beyotime Bio-
tech, Nanjing, China).

2.10.2. Membrane Protein Extraction. Membrane protein
extraction was performed using the cell membrane protein
extraction kit (Beyotime Biotech, Nanjing, China), according
to the manufacturer’s protocols.

An equal amount of protein was separated on SDS-PAGE
gel and electrotransferred to the PVDF membrane. After
blocking with TBS containing 5% nonfat milk and 0.1%
Tween-20 for 2 h, the membrane was incubated with the pri-
mary antibody at 4°C overnight; then the appropriate HRP-

conjugated secondary antibody was applied and detected by
chemiluminescence.

2.11. Statistical Analysis. All experiments were repeated three
times. GraphPad Prism 5 (GraphPad Software, USA) was
used for statistical analysis. The data in all figures (including
supplementary figures) are shown as means + SEM. ANOVA
was used to evaluate the differences between groups. Two-
sided Student’s t-test was used to compare the differences
between two groups. Differences were considered significant
if p<0.05, #p < 0.05, *#p <0.01, and = p < 0.001.

3. Results

3.1. Renal Carcinoma Cells Were Sensitive to Emodin. The
chemical structure of emodin is indicated in Figure 1(a). To
determine the effects of emodin on the viability of renal can-
cer cells, Cell Counting Kit-8 (CCK-8) assay was performed
in 4 kidney cancer cells, including Caki, ACHN, 786-0, and
OS-RC-2, as well as in noncancerous cells HK-2. The results
showed that emodin significantly attenuated the survival rate
of renal carcinoma cells in a dose-dependent manner
(Figure 1(b)). Specifically, we found that the half maximal
inhibitory concentration (IC50) of emodin at 24h was
84.30, 57.94, 57.14, and 30.82uM in Caki, ACHN, 786-0,
and OS-RC-2, respectively (Figure 1(c)). However, the HK-
2 cells have much higher IC50 (117.9 yuM) values than kidney
cancer cells (Figure 1(c)). Therefore, we selected OS-RC-2
and 786-0 cell lines for subsequent analyses as they are the
most sensitive cell lines to emodin treatment.

3.2. Necroptosis Was the Main Type of Emodin-Induced Cell
Death. Flow cytometry assay with Annexin V-FITC and PI
was used to detect the cell death. As determined by flow
cytometry, emodin promoted the apoptosis and necrosis of
OS-RC-2 and 786-Ocells in a dose-dependent manner
(Figure 2(a)). The percentages of necrotic 786-O cells and
OS-RC-2 cells treated with emodin for 24h were 0.45%,
0.83% (0 uM, control (CTL)), 35.38%, 17.23% (25 uM), and
52.67%, 31.83% (50 uM), respectively, while the percentages
of late apoptotic 786-O cells and OS-RC-2 cells were 0.39%,
0.99% (CTL), 5.06%, 7.22%(25uM), and 5.84%, 8.26%
(50 uM), respectively. Moreover, significant changes of
apoptosis-related protein expression, including caspase 9,
caspase 8, and caspase 3, were not observed (Figure 2(b)).
Interestingly, however, the phosphorylation levels of
necroptosis-related proteins RIP1 and MLKL were signifi-
cantly increased after emodin treatment (Figures 2(c) and
2(d)). Necroptosis is characterized by the deterioration of
the cytoplasm membrane, which can be confirmed by LDH
leakage [20, 21]. As determined by LDH cytotoxicity assay,
the release of LDH markedly increased after emodin treat-
ment (Figure 2(e)). Taken together, these data demonstrated
that necroptosis, but not apoptosis, is the main cell death type
induced by emodin.

3.3. ROS Was Involved in Necroptosis Induced by Emodin in
Renal Cancer Cells. Previous studies have been reported
that the molecular structure of emodin determined its
property of transferring electrons and producing ROS
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F1GURE 1: Emodin inhibited the viability of renal carcinoma cells. (a) The chemical structure of emodin. (b) Dose-dependent effects of emodin
on renal cancer cells and renal tubular epithelial cell viability as determined by CCK-8 assays at 24 h. (c) The inhibitory effect of emodin on
renal cancer cells and renal tubular epithelial cell proliferation as detected by CCK-8 assays after 24 h of treatment.

[13]; moreover, necroptosis process is closely related to
generation of ROS [22]. Therefore, to further investigate
the mechanism of emodin-induced necroptosis in renal
cancer cells, fluorescent dye MitoSox was utilized to spe-
cifically detect ROS levels in mitochondria. As shown in
Figures 3(a) and 3(b), mitochondrial ROS levels increased
in a dose-dependent manner following emodin treatment
(Figures 3(a) and 3(b)). Meanwhile, consistent results were
obtained by using fluorescent dye DCFH-DA to determine
the intracellular overall ROS levels after emodin treatment
(Figures 3(c) and 3(d)). These results indicated that emo-
din could increase ROS level in renal cancer cells.

To further address whether ROS production was a
mediator of emodin-induced necroptosis, we examined
the effects of antioxidant N-acetyl-cysteine (NAC) on
necroptosis induced by emodin. As shown in Figures 3(e)
and 3(f), NAC significantly suppressed the generation of
ROS induced by emodin. Importantly, CCK-8 and flow
cytometry assays indicated that emodin-induced cell viabil-
ity inhibition and necroptosis, but not apoptosis, could be
markedly reversed by NAC pretreatment in 786-O and
OS-RC-2 cells (Figures 4(a)-4(c)). Meanwhile, the upregu-
lated phosphorylation levels of RIP1 and MLKL induced
by emodion were also reversed by NAC pretreatment
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(Figure 4(d)). Taken together, these results suggested that
ROS was involved in necroptosis induced by emodin in

renal cancer cells.
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3.4. ROS Was Engaged in Glycolysis Inhibition Caused by
Emodin in Renal Cancer Cells. Aerobic glycolysis, also known
as the “Warburg effect,” is one of the most known hallmarks
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of cancer cells, meeting their metabolic requirements for sup-
porting cell growth [23]. Previous study reported that oxida-
tive stress resulting from the disrupted homeostasis between
ROS production and scavenging can inhibit glycolysis [24].
Therefore, potent effects of emodin on ROS generation pro-
moted us to investigate whether glycolysis process could be
modulated by emodin. The levels of glucose-6-phosphate
and pyruvate, the products of the first and the final irrevers-
ible steps of glycolysis, were detected after emodin treatment
[25]. As shown in Figures 5(a) and 5(b), the levels of glucose-
6-phosphate and pyruvate were both decreased in a dose-
dependent manner after emodin treatment compared with
the untreated cells. Moreover, the ATP produced primarily
via glycolysis in cancer cells [26] was also obviously
decreased in a dose-dependent manner after emodin treat-
ment in renal cancer cells (Figure 5(c)). Together, these
results suggested that emodin inhibited glycolysis in renal
cancer cells in a concentration-dependent manner.

To further confirm whether the inhibition of glycolysis
induced by emodin depends on the increase of ROS, the anti-
oxidant N-acetyl-cysteine (NAC) was used to reduce the level
of ROS and retested the progress of glycolysis. The results
showed that decreases of glucose-6-phosphate, pyruvate,
and ATP induced by emodin were significantly reversed by
NAC (Figure 6). Thus, these data demonstrated that ROS
was engaged in emodin-induced glycolysis suppression.

3.5. Emodin Induced Necroptosis through Increased ROS in a
JNK-Dependent Pathway. Previous studies have demon-
strated that stress on cells arises from the generation of free
radicals can activate JNK [27]. We found that as shown in
Figure 7(a), emodin significantly activated JNK signaling as
indicated by the increasing level of JNK phosphorylation.
Importantly, activation of JNK signaling induced by emodin
could be markedly rescued upon the ROS scavenging
(Figure 7(b)). JNK pathway plays important roles in
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modulating apoptosis [28, 29], but its biological importance
for necroptosis is not clear. To determine whether emodin
induced necroptosis dependent on the activation of JNK
pathway, the JNK inhibitor SP600125 was utilized. As shown
in Figure 7(c), the emodin-induced increasing phosphoryla-
tion of JNK could be reversed by the SP600125; more impor-
tantly, that of RIP1 and MLKL were also significantly
attenuated. Taken together, these data suggested that emodin
induces necroptosis through ROS-mediated activation of
JNK signaling pathway.

3.6. Emodin Inhibited Glycolysis by Downregulation GLUTI
through ROS-Mediated PI3K/AKT Signaling Pathway. Glu-
cose translocation across the plasma membrane, the critical
initial step during glycolysis process, was triggered by car-
riers belonging to the facilitative glucose transporter (GLUT)
family. GLUT1 is the member with the highest affinity for
glucose, frequently upregulated in cancers, is responsible
for the basal uptake of glucose in all tissues [30], likely con-
tributing to the avid uptake of glucose even when its avail-
ability is becoming insufficient because of the continuous
growth of the tumor [31]. Therefore, membrane proteins
was extracted and the expression of GLUT1 was examined
after emodin treatment. As shown in Figures 8(a) and 8(b),
the expression of GLUT1 significantly decreased after emo-
din treatment, and this phenomenon could be partly
reversed by ROS scavenging. It has been reported that
AKT activation is relative to maintaining glucose homeosta-
sis [32]; then we started to focus on PI3K/AKT signaling and
found that the decreased phosphorylation levels of p85, p110
y, and AKT were also dependent on emodin-induced ROS
generation (Figures 8(c)-8(e)). To investigate the relation-
ship between PI3K/AKT pathway and GLUT1 expression,
AKT agonist SC79 was utilized. As shown in Figure 8(f),
the emodin-induced GLUT1 downregulation was rescued
by the SC79-mediated AKT activation. Taken together, these
results demonstrated that emodin inhibits glycolysis by

downregulating GLUT1 dependent on ROS-mediated inac-
tivation of PI3K/AKT signaling pathway. These data were
also consistent with the results in Figure 6. Therefore, these
results suggested that emodin-induced downregulation of
GLUT1 is mediated by ROS generation.

4. Discussion

Emodin, a naturally occurring anthraquinone, present in the
roots and barks of numerous plants, is an active ingredient of
various natural plant including Rheum officinale and Polygo-
num cuspidatum medicine. It plays important roles in anti-
inflammatory, antibacterial, diuretic, immunosuppressive,
and antitumor activities [33-35]. However, its role in RCC
remains obscure. In our study, we preliminarily confirmed
that emodin can effectively kill renal cancer cells, but with
very lower toxicity to noncancerous renal tubular epithelial
cell. At the same time, we detected that the levels of ROS
increased following emodin treatment in a dose-dependent
manner.

A large number of reports showed that ROS plays an
important regulatory role in the growth of tumor cells [36].
Excessive ROS is detrimental to the survival of cancer cells,
and lots of antitumor drugs induce apoptosis and autophagy
by increasing the levels of ROS in cancer cells [37, 38]. Inter-
estingly, the molecular structure of emodin is similar to that
of DMNQ, an agent that generates ROS intracellularly
because its property of quinone and derived semiquinone,
like mitochondrial ubiquinone, allows it to transfer electrons
to produce ROS [13]. Therefore, we hypothesized that the
antirenal cancer effect of emodin is closely related to the pro-
duction of ROS.

It has been well established that excessive ROS triggers
downstream cellular and molecular events such as alterations
of mitochondrial function and signal transduction leading to
apoptotic cell death [34]. But in our experimental results, we
found that it is necrosis rather than apoptosis, which is the
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main cell death type induced by emodin. Necrosis has been
considered a random, passive, genetically unregulated pro-
cess for a long time in the past years; however, accumulating
evidences have confirmed that necrosis is also regulated by
some necrotic-associated genes but is not dependent on the
caspase signaling pathway. Necroptosis is one of the most
well-studied forms of necrosis. Activation of the necroptosis
involves the formation of a complex named necrosome con-
taining RIP3 and its family number, RIP1, as well as the
recruitment and phosphorylation of mixed lineage kinase
domain-like protein (MLKL), which triggers its oligomeriza-
tion and plasma membrane localization, eventually leading
to the rupture of the cell membrane and cell death [39-41].
Therefore, RIP1, RIP3, and MLKL are the core molecules in

the necroptosis signaling pathway. We examined the expres-
sion of these three proteins and found that the phosphoryla-
tion levels of RIP1 and MLKL were significantly increased
after emodin treatment.

Zhang et al. verified that RIP1 is sense to ROS via modi-
fication of three crucial cysteine residues, and its autophos-
phorylation on S161 is induced subsequently. This
phosphorylation event allows efficient recruitment of RIP3
to RIP1 to form a functional necrosome [42]. To verify
whether activation of necroptosis is associated with
emodin-induced increases in ROS, we treated renal cells with
ROS scavenger NAC. And we found that NAC significantly
rescued emodin-induced necroptosis and downregulated
the expression of the p-RIP1. These results show that ROS
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was involved in necroptosis induced by emodin in renal
cancer cells.

There is still a question how ROS is associated with
necroptosis. As we know, Jun-N-terminal kinases were
activated to various stress conditions in mammals [43].
Previous studies also demonstrated that stress on cells
arises from the generation of free radicals can activate
JNK [27]. Then we tested the phosphorylation level of
JNK and found that the level of p-JNK was obviously ele-
vated following emodin treatment in a dose-dependent
manner. NAC also inhibited the activation of JNK, which
suggested that ROS is necessary to JNK activation. Fur-
thermore, the JNK inhibitor SP600125 suppressed the
phosphorylation of RIP1 and MLKL. These results demon-
strate that emodin could induce necroptosis through
increased ROS in a JNK-dependent pathway.

The Warburg effect, also known as aerobic glycolysis, is
the process by which cancer cells convert glucose into lactic
acid under aerobic conditions to quickly gain energy [23].
Aerobic glycolysis is the main way for cancer cells to gain
energy, so the blocking of the glycolytic pathway can effec-
tively inhibit the growth of cancer cells. It has been reported
that oxidative stress resulting from the disrupted homeostasis
between ROS production and scavenging can inhibit glycol-
ysis [24]. In previous experiments, we have confirmed that
emodin can increase ROS production, so we next explore
the effect of emodin on glycolysis. Our experiment detected
that emodin induced the downregulation in the levels of
glucose-6-phosphate and pyruvate which, respectively, rep-
resented the product of the first and the final irreversible
steps of glycolysis. Moreover, the ATP produced primarily
via glycolysis in cancer cells was also obviously decreased
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respectively) for 3 h.

by emodin in these renal cancer cells. These results suggested
that emodin inhibited glycolysis in renal cancer cells. Inter-
estingly, clearing ROS can also reverse the inhibition of gly-
colysis, which proved that ROS plays an important role in
this suppression process.

But what kind of mechanism does ROS affect the glycol-
ysis process of kidney cancer cells? To answer this question,
we conducted further research. Glucose translocation across
the plasma membrane, the critical initial step in glycolysis,
occurs through carriers belonging to the facilitative glucose
transporter (GLUT) and the sodium-coupled glucose cotran-
sporter (SGLT) proteins families. Among them, GLUT1 is
the member with the highest affinity for glucose and is
responsible for the basal uptake of glucose in all tissues.

GLUT1 is frequently found upregulated in cancers [30],
likely contributing to the avid uptake of glucose even when
its availability is becoming insufficient because of the contin-
uous growth of the tumor [31]. During our research, we
found that the expression of GLUT1 decreased significantly
after emodin treatment, and this decrease could be improved
to some extent after ROS removal. This was consistent with
the glycolytic appearance we measured before. Therefore,
we believed that emodin-induced downregulation of GLUT1
is related to ROS.

Insulin, downstream of Akt activation, promotes glucose
uptake into fat and muscle cells to lower postprandial blood
glucose, an enforced change in cellular metabolism to main-
tain glucose homeostasis [32]. Therefore, we speculated



14

Emodin (uM)

786-O

Oxidative Medicine and Cellular Longevity

OS-RC-2

0 10 25 50 100

0 10 25 50 100

: — 55
E" . — 40
GAPDHl-..-.l [ | .
(a)
NAC - + - + - + -+ - + - +
Emodin (uM) - - +25 +25 +50 +50 - - +25 +25 +50 +50
GAPDH|..--..| |---—--| —35
(b)
Emodin (uM) 0 10 25 50 100 0 10 25 50 100
P-P85 | M- D - - 7
P85 [ i i v |- - - .
PL10q | s - - |—i-‘.- 100
Plloﬁl-—“-—l |—-—-—| 100
PLioy [ = | [ |
GAPDH | s s s s s || o o s o . 35
()
786-0 0S-RC-2
Emodin (uM) 0 10 25 50 100 0 10 25 50 100
p-AKT | (N - J—— — 55
AKT | s S e 0 -----_55
carvr | g | .
(d)
NAC - + - + - + -+ - 4+ - +
Emodin (uM) — - +25+25+50 +50 — = 425425 +50 +50
PAKT [ S D o e | | e . |
— 55
AKT [ o e v [ |- - - - - -

SDme e
GAPDH | S | | .

(e)

Ficure 8: Continued.



Oxidative Medicine and Cellular Longevity 15

SC79 (uM) - - +5 +10 420 - — +5 +10 +20
Emodin (uM) - 450 +50 +50 +50 - +50 +50 +50 +50

p-AKT | MR | (90 -
AT | S —— | e———

GAPDH |“ | — 35
— 40
GAPDH| | |-----| — 35

®

Ficure 8: Emodin inhibited glycolysis by downregulation of GLUT1 through ROS-mediated PI3K/AKT signaling pathway. (a, c, d) 786-O
and OS-RC-2 cells were treated with different concentrations of emodin (0, 10, 25, 50, and 100 uM, respectively) for 24 h. The expression
levels of GLUT1, p-P85, P85, P110a, P110f3, P110y, p-AKT, and AKT were tested by western blot. (b, e) Western blot analysis of GLUT1
and p-AKT levels in 786-O and OS-RC-2 cells. The cells were treated with 0, 25, and 50 uM emodin for 24 h, respectively, with or without
NAC pretreatment for 6h. (f) Effect of AKT activator SC79 on p-AKT and GLUT1 by western blot analysis. 786-O and OS-RC-2 cells
were treated with 50 uM emodin for 24 h with SC79 pretreatment (0, 5, 10, 20, and 40 uM, respectively) for 3 h.

— 55

OH o OH

Emodin

OH

~ a * - P
Mitochondrion . ‘

Cancer cell growth

Necroptosis

FIGURE 9: Schematic representation of necroptotic signaling stimulated by emodin in human renal cancer cells. Emodin produces a large
amount of ROS by affecting the mitochondrial electron transport chain. On the one hand, ROS can inhibit aerobic glycolysis to suppress
tumor cell proliferation, and on the other hand, ROS induces cell necroptosis by activating JNK signaling to phosphorylate the death-
executing protein MLKL.



16

whether the decreased expression of GLUT1 was related to
the AKT pathway. Then we tested the four subunits of
PI3K and the phosphorylation level of AKT and found
that the phosphorylation level of P85 and AKT decreased
with the increase of emodin concentration. However,
ROS scavenger NAC could restore the phosphorylation
level of AKT to a certain extent. Next, we used AKT acti-
vator SC79 to activate the level of phosphorylation inhib-
ited by emodin. We found that as the level of AKT
phosphorylation increased, the expression of GLUT1 also
similarly recovered. Thus, we suggested that emodin inhib-
ited glycolysis by downregulating GLUT1 through ROS-
mediated PI3K/AKT signaling pathway.

5. Conclusions

The PI3K/AKT pathway plays a key role in many cancers
[44], especially in renal cancer, and the changes in
PI3K/AKT pathway account for 28% [45]. JNK signaling
is involved in chemotherapeutic resistance and immune
evasion; however, renal cancer is always resistant to chemo-
therapy and weakly sensitive to immunotherapeutic agents
[46]. Therefore, PI3K/AKT and JNK are two vital pathways
in renal cancer. In this study, we found that emodin effec-
tively induces necroptosis in renal cancer cells without
significant cytotoxicity to noncancerous renal tubular epi-
thelial cell, and emodin induces necroptosis through ROS-
mediated activation of JNK signaling pathway. Moreover,
further studies demonstrated that emodin also inhibits
glycolysis by downregulation of GLUT1 dependent on
ROS-mediated inactivation of the PI3K/AKT signaling
pathway (Figure 9). These potential mechanisms implicated
that emodin or other ROS-producing agents may bring
benefits for patients with JNK- or PI3K/AKT-dysregulated
renal cancer.
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JNK-dependent pathway (the histogram of Figure 7). Figure
S6: emodin inhibited glycolysis by downregulation of GLUT1
through ROS-mediated PI3K/AKT signaling pathway (the
histogram of Figure 8). (Supplementary Materials)

References

[1] G. Kovacs, M. Akhtar, B. J. Beckwith et al., “The Heidelberg
classification of renal cell tumours,” The Journal of Pathology,
vol. 183, no. 2, pp. 131-133, 1997.

[2] R. L. Siegel, K. D. Miller, and A. Jemal, “Cancer statistics,
2015,” CA: a Cancer Journal for Clinicians, vol. 65, no. 1,
pp. 5-29, 2015.

[3] H. Koul, J.-S. Huh, K. O. Rove et al., “Molecular aspects of
renal cell carcinoma: a review,” American Journal of Cancer
Research, vol. 1, no. 2, pp. 240-254, 2011.

[4] V. Sosa, T. Moliné, R. Somoza, R. Paciucci, H. Kondoh, and
M. E. LLeonart, “Oxidative stress and cancer: an overview,”’
Ageing Research Reviews, vol. 12, no. 1, pp. 376-390, 2013.

[5] P.J.Devine, S. D. Perreault, and U. Luderer, “Roles of reactive

oxygen species and antioxidants in ovarian Toxicityl,” Biology

of Reproduction, vol. 86, no. 2, 2012.

J. Mondal, A. K. Panigrahi, and A. R. Khuda-Bukhsh, “Anti-

cancer potential of Conium maculatum extract against cancer

cells in vitro: drug-DNA interaction and its ability to induce
apoptosis through ROS generation,” Pharmacognosy Maga-

zine, vol. 10, Supplement 3, pp. S524-5533, 2014.

[7] Y. Yang, S. Karakhanova, W. Hartwig et al., “Mitochondria
and mitochondrial ROS in cancer: novel targets for anticancer
therapy,” Journal of Cellular Physiology, vol. 231, no. 12,
pp. 2570-2581, 2016.

[8] A. T. Dharmaraja, “Role of reactive oxygen species (ROS) in
therapeutics and drug resistance in cancer and bacteria,” Jour-
nal of Medicinal Chemistry, vol. 60, no. 8, pp. 3221-3240, 2017.

[9] P. Zou, M. Chen, J. Ji et al., “Auranofin induces apoptosis by
ROS-mediated ER stress and mitochondrial dysfunction and
displayed synergistic lethality with piperlongumine in gastric
cancer,” Oncotarget, vol. 6, no. 34, pp. 36505-36521, 2015.

[10] Y. Ding, H. Wang, J. Niu et al., “Induction of ROS overload by
Alantolactone prompts oxidative DNA damage and apoptosis
in colorectal cancer cells,” International Journal of Molecular
Sciences, vol. 17, no. 4, p. 558, 2016.

[11] H.U. Simon, A. Haj-Yehia, and F. Levi-Schaffer, “Role of reac-
tive oxygen species (ROS) in apoptosis induction,” Apoptosis,
vol. 5, no. 5, pp. 415-418, 2000.

[12] W.Wang, Y. Sun, X. Huang et al., “Emodin enhances sensitiv-
ity of gallbladder cancer cells to platinum drugs via glutathion
depletion and MRP1 downregulation,” Biochemical Pharma-
cology, vol. 79, no. 8, pp. 1134-1140, 2010.

[13] H. Kamei, T. Koide, T. Kojima, Y. Hashimoto, and
M. Hasegawa, “Inhibition of cell growth in culture by

=
2


http://downloads.hindawi.com/journals/omcl/2021/8840590.f1.docx

Oxidative Medicine and Cellular Longevity

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]
(29]

(30]

(31]

quinones,” Cancer Biotherapy ¢ Radiopharmaceuticals,
vol. 13, no. 3, pp. 185-188, 1998.

S.-C. Hsu and J.-G. Chung, “Anticancer potential of emodin,”
Biomedicine (Taipei)., vol. 2, no. 3, pp. 108-116, 2012.

X. Li, H. Wang, J. Wang et al., “Emodin enhances cisplatin-
induced cytotoxicity in human bladder cancer cells through
ROS elevation and MRP1 downregulation,” BMC Cancer,
vol. 16, no. 1, 2016.

J. Ma, J. Yang, C. Wang et al., “Emodin augments cisplatin
cytotoxicity in platinum-resistant ovarian cancer cells via
ROS-dependent MRP1 downregulation,” BioMed Research
International, vol. 2014, Article ID 107671, 8 pages, 2014.

Q. Tang, . Wu, F. Zheng, S. S. Hann, and Y. Chen, “Emodin
increases expression of insulin-like growth factor binding pro-
tein 1 through activation of MEK/ERK/AMPKa and interac-
tion of PPARy and Spl in lung Cancer,” Cellular Physiology
and Biochemistry, vol. 41, no. 1, pp. 339-357, 2017.

T. Vanden Berghe, A. Linkermann, S. Jouan-Lanhouet,
H. Walczak, and P. Vandenabeele, “Regulated necrosis: the
expanding network of non-apoptotic cell death pathways,”
Nature Reviews. Molecular Cell Biology, vol. 15, no. 2,
pp. 135-147, 2014.

L. Galluzzi and G. Kroemer, “Necroptosis: a specialized path-
way of programmed necrosis,” Cell, vol. 135, no. 7, pp. 1161-
1163, 2008.

N. Li, Y. He, L. Wang et al., “D-galactose induces necroptotic
cell death in neuroblastoma cell lines,” Journal of Cellular Bio-
chemistry, vol. 112, no. 12, pp. 3834-3844, 2011.

A. Degterev, J. Hitomi, M. Germscheid et al., “Identification of
RIP1 kinase as a specific cellular target of necrostatins,” Nature
Chemical Biology, vol. 4, no. 5, pp. 313-321, 2008.

S. Fulda, “Regulation of necroptosis signaling and cell death by
reactive oxygen species,” Biological Chemistry, vol. 397, no. 7,
pp. 657-660, 2016.

O. Warburg, “On the origin of cancer cells,” Science, vol. 123,
no. 3191, pp. 309-314, 1956.

D. Guo, J. Gu, H. Jiang, A. Ahmed, Z. Zhang, and Y. Gu, “Inhi-
bition of pyruvate kinase M2 by reactive oxygen species con-
tributes to the development of pulmonary arterial
hypertension,” Journal of Molecular and Cellular Cardiology,
vol. 91, pp. 179-187, 2016.

X.-B. Li, J.-D. Gu, and Q.-H. Zhou, “Review of aerobic glycol-
ysis and its key enzymes - new targets for lung cancer therapy,”
Thorac Cancer., vol. 6, no. 1, pp. 17-24, 2015.

B. Lu, Z. Wang, Y. Ding et al,, “RIP1 and RIP3 contribute to
shikonin-induced glycolysis suppression in glioma cells via
increase of intracellular hydrogen peroxide,” Cancer Letters,
vol. 425, pp. 31-42, 2018.

B. Stronach, “Dissecting JNK signaling, one KKKinase at a
time,” Developmental Dynamics, vol. 232, no. 3, pp. 575-584,
2005.

D. N. Dhanasekaran and E. P. Reddy, “JNK signaling in apo-
ptosis,” Oncogene, vol. 27, no. 48, pp. 6245-6251, 2008.

A. Lin, “Activation of the JNK signaling pathway: breaking the
brake on apoptosis,” BioEssays, vol. 25, no. 1, pp. 17-24, 2003.
L. Szablewski, “Expression of glucose transporters in cancers,”
Biochimica et Biophysica Acta, vol. 1835, no. 2, pp. 164-169,
2013.

C. C. Barron, P. J. Bilan, T. Tsakiridis, and E. Tsiani, “Facilita-
tive glucose transporters: implications for cancer detection,

(32]

(33]

[34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

[45]

[46]

17

prognosis and treatment,” Metabolism, Clinical and Experi-
mental, vol. 65, no. 2, pp. 124-139, 2016.

M. Beg, N. Abdullah, F. S. Thowfeik, N. K. Altorki, and T. E.
McGraw, “Distinct Akt phosphorylation states are required
for insulin regulated Glut4 and Glutl-mediated glucose
uptake,” eLife, vol. 6, 2017.

X.Li, Y. Dong, W. Wang et al., “Emodin as an effective agent in
targeting cancer stem-like side population cells of gallbladder
carcinoma,” Stem Cells and Development, vol. 22, no. 4,
pp. 554-566, 2013.

X.-z. Huang, ]. Wang, C. Huang et al., “Emodin enhances cyto-
toxicity of chemotherapeutic drugs in prostate cancer cells: the
mechanisms involve ROS-mediated suppression of multidrug
resistance and hypoxia inducible factor-1,” Cancer Biology ¢
Therapy, vol. 7, no. 3, pp. 468-475, 2014.

G. Srinivas, S. Babykutty, P. P. Sathiadevan, and P. Srinivas,
“Molecular mechanism of emodin action: transition from lax-
ative ingredient to an antitumor agent,” Medicinal Research
Reviews, vol. 27, no. 5, pp. 591-608, 2007.

J. Wang and J. Yi, “Cancer cell killing via ROS: to increase or
decrease, that is the question,” Cancer Biology & Therapy,
vol. 7, no. 12, pp. 1875-1884, 2014.

Y. Zhu, Y. Jiang, L. Shi et al, “7- _O_ -Geranylquercetin
induces apoptosis in gastric cancer cells via ROS- MAPK
mediated mitochondrial signaling pathway activation,” Bio-
medicine & Pharmacotherapy, vol. 87, pp. 527-538, 2017.

K. F. Hui, P. L. Yeung, and A. K. S. Chiang, “Induction of
MAPK- and ROS-dependent autophagy and apoptosis in gas-
tric carcinoma by combination of romidepsin and bortezo-
mib,” Oncotarget, vol. 7, no. 4, pp. 4454-4467, 2016.

Z. Cai, S. Jitkaew, J. Zhao et al., “Plasma membrane transloca-
tion of trimerized MLKL protein is required for TNF-induced
necroptosis,” Nature Cell Biology, vol. 16, no. 1, pp. 55-65,
2014.

H. Wang, L. Sun, L. Su et al., “Mixed lineage kinase domain-
like protein MLKL causes necrotic membrane disruption upon
phosphorylation by RIP3,” Molecular Cell, vol. 54, no. 1,
pp. 133-146, 2014.

X. Chen, W. Li, J. Ren et al., “Translocation of mixed lineage
kinase domain-like protein to plasma membrane leads to
necrotic cell death,” Cell Research, vol. 24, no. 1, pp. 105-
121, 2014.

Y. Zhang, S. S. Su, S. Zhao et al., “RIP1 autophosphorylation is
promoted by mitochondrial ROS and is essential for RIP3
recruitment into necrosome,” Nature Communications,
vol. 8, no. 1, 2017.

C. R. Weston and R. J. Davis, “The JNK signal transduction
pathway,” Current Opinion in Cell Biology, vol. 19, no. 2,
pp. 142-149, 2007.

S. Faivre, G. Kroemer, and E. Raymond, “Current develop-
ment of mTOR inhibitors as anticancer agents,” Nature
Reviews. Drug Discovery, vol. 5, no. 8, pp. 671-688, 2006.
Cancer Genome Atlas Research Network, “Comprehensive
molecular characterization of clear cell renal cell carcinoma,”
Nature, vol. 499, no. 7456, pp. 43-49, 2013.

Q. Wu, W. Wu, B. Fu, L. Shi, X. Wang, and K. Kuca, “JNK sig-
naling in cancer cell survival,” Medicinal Research Reviews,
vol. 39, no. 6, pp. 2082-2104, 2019.



	Emodin Induced Necroptosis and Inhibited Glycolysis in the Renal Cancer Cells by Enhancing ROS
	1. Introduction
	2. Materials and Methods
	2.1. Reagents
	2.2. Cell Lines and Culture
	2.3. Cell Viability Assay
	2.4. Measuring Reactive Oxygen Species (ROS)
	2.5. Necroptosis Assay by Lactate Dehydrogenase (LDH) Release
	2.6. Glucose-6-Phosphate (G-6-P) Examination
	2.7. Pyruvate (PA) Measurement
	2.8. ATP Measurement
	2.9. Annexin V-Fluorescein/Propidium Iodide Double-Staining Assay
	2.10. Western Blot
	2.10.1. Total Protein Extraction
	2.10.2. Membrane Protein Extraction

	2.11. Statistical Analysis

	3. Results
	3.1. Renal Carcinoma Cells Were Sensitive to Emodin
	3.2. Necroptosis Was the Main Type of Emodin-Induced Cell Death
	3.3. ROS Was Involved in Necroptosis Induced by Emodin in Renal Cancer Cells
	3.4. ROS Was Engaged in Glycolysis Inhibition Caused by Emodin in Renal Cancer Cells
	3.5. Emodin Induced Necroptosis through Increased ROS in a JNK-Dependent Pathway
	3.6. Emodin Inhibited Glycolysis by Downregulation GLUT1 through ROS-Mediated PI3K/AKT Signaling Pathway

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

