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Background: Chrysophanic acid, also known as chrysophanol, has a number of biological activities. It enhances memory and learning
abilities, raises superoxide dismutase activity, and has anti-cancer effects in several model systems. According to previous reports,
chrysophanic acid-induced cell death shares features of necrotic cell death. However, the molecular and cellular processes underlying
chrysophanic acid-induced cell death remain poorly understood.

Methods: Chrysophanic acid-induced cell death was monitored by cell viability assay and Annexin V-propidium iodide (PI) staining of
renal cell carcinoma Caki-2 cells. The induction of intracellular reactive oxygen species (ROS) by chrysophanic acid and the suppression
of ROS by anti-oxidants were evaluated by 2',7-dichlorofluorescin diacetate staining. The expression and phosphorylation of proteins
that are involved in apoptosis and necroptosis were detected by immunoblotting.

Results: The extent of chrysophanic acid-induced cell death was concentration and time dependent, and dead cells mainly appeared
in the Pl-positive population, which is a major feature of necrosis, upon fluorescence-activated cell sorting analysis. Chrysophanic
acid-induced cell death was associated with the generation of intracellular ROS, and this effect was reversed by pretreatment with N-acetyl
cysteine. Chrysophanic acid-induced cell death was not associated with changes in apoptotic or necroptotic marker proteins.
Conclusions: The cell death induced by chrysophanic acid resembled neither apoptotic nor necroptotic cell death in human renal cell
carcinoma Caki-2 cells.

(J Cancer Prev 2016;21:81-87)
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INTRODUCTION

Renal cell carcinoma (RCC) is the most common type of kidney
cancer and is classified into several subtypes based on mic-
roscopic characteristics."” In general, partial or complete surgical
removal of the affected kidney is the only effective treatment for
localized RCC.” In 25% to 30% of patients, primary RCC metas-
tasizes from the kidney to other organs, such as the lymph nodes,
lungs, and liver.* RCC has a poor prognosis owing to high heter-
ogeneity, rate of metastasis, and resistance to conventional
anti-cancer therapies.” Therefore, the development of novel
therapeutic agents for RCC therapy is required, and much
research focuses on compounds found in natural products.

Chrysophanic acid is a compound derived from Rheum
officinale or Polygpnum cuspidatum and belongs to anthra-
quinone family.”® According to previous studies, anthraquinones
and their derivatives show various biological effects, including
anti-cancer,”® anti-microbial,”® and hepatoprotective effects." A
number of recent studies reported that chrysophanic acid
induces necrosis-like cell death in several human cancer cells,
namely, in lung cancer A549, liver cancer J5, and Hep3B cells.'"
However, the mechanisms underlying the anti-cancer effect of
chrysophanic acid remain to be elucidated.

Cell death is the natural process of removing abnormal cells
and may result from disease, physical injury, and intrinsic or
extrinsic stimuli, such as chemicals, DNA damage, and death-in-
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ducing ligands. Cell death can be classified into apoptosis,
necrosis, or mnecroptosis according to morphological and
molecular hallmarks. Apoptosis, or programmed cell death, is a
biological process for eliminating unwanted cells and associated
with cell shrinkage, the formation of an apoptotic body, and DNA
fragmentation.' Apoptosis is induced by two different pathways:
one is the intrinsic pathway mediated by the mitochondria, the
other is the death receptor (DR)-mediated extrinsic pathway."
Necrosis is disorderly and passive cell death in response to acute
and severe stress.'® Necrosis is usually followed by inflammatory
reactions,”” and not associated with activation of caspase

18,1
cascades.’®"

Necroptosis is a programmed form of necrosis and
very common in vivo, in neurodegeneration, and in ischemia-in-
duced cell death or cell death as a result of microbial infection.
Necroptosis is quite different from uncontrolled necrosis and
shares several cellular processes with apoptosis.”*'

In this study, the underlying molecular and cellular processes
through which chrysophanic acid induces cell death were
investigated in human renal cell carcinoma Caki-2 cells. The
results suggest that chrysophanic acid induces necrosis through
reactive oxygen species (ROS) generation, and the underlying
cellular processes do not coincide with those of apoptosis or

necroptosis.

MATERIALS AND METHODS

1. Reagents

Chrysophanic acid and anti-B-actin antibody were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against
murine double minute-2 (Mdm?2), p53, p27, and horseradish
peroxidase (HRP)-conjugated secondary antibodies were obtained
from Santa Cruz Biotechnology (Paso Robles, CA, USA). Other
antibodies were from Cell Signaling Technology (Beverly, MA,
USA), and 2',7-dichlorofluorescein diacetate (DCF-DA) was from
Invitrogen (Carlsbad, CA, USA). Hank's balanced salt solution
(HBSS) was from Meditech (Herndon, VA, USA).

2. Cell culture

Human renal clear cell carcinoma Caki-2 cells were purchased
from American Type Culture Collection (Manassas, VA, USA) and
maintained in Dulbecco's modified Eagle's medium supple-
mented with 10% FBS and a mixture of antibiotics (100 U/mL of
penicillin G and 100 mg/mL of streptomycin) at 37°C under a
humidified atmosphere containing 5% CO,. Caki-2 cells were
plated at 1 x 10 cells/well on a 6-well plate and incubated with
chrysophanic acid at concentrations specified below at 50% to

60% confluency in all experiments.
3. Cell viability assay

The cytotoxic effect of chrysophanic acid on Caki-2 cells was
measured by MTT assay. Cells were plated at 2 X 10° cells/well
onto a 96-well plate and incubated. After 24 hours of incubation,
cells were incubated with the indicated concentration of
chrysophanic acid at 37°C for 24 hours or 48 hours. Then, 10 uL
of MTT stock solution (5 mg/mL) was added to each well, followed
by further incubation for 4 hours. After removal of the media,
water insoluble formazan was dissolved in dimethy!l sulfoxide
and absorbance at 550 nm was measured with a microplate reader
(Tecan Trading AG, Ménnedorf, Switzerland). Cell viability was
calculated as the percentage relative to control based on
independent triplicate experiments.

4. Detection of cell death by Annexin V-propidium
iodide staining

Annexin V-propidium iodide (PI) staining was used to assess
the profile of cell death caused by chrysophanic acid.
Chrysophanic acid-treated cells were harvested by trypsinization
and washed three times with PBS. The cells were then
resuspended in binding buffer supplied by the manufacturer and
stained with fluorescein isothiocyanate (FITC)-conjugated
anti-Annexin V antibody and PI from the FITC-Annexin V staining
kit (BD Biosciences, San Jose, CA, USA) in accordance with the
manufacturer's instructions. Fluorescence intensity was
measured with a FACSVerse (BD Biosciences).

5. Measurement of reactive oxygen species gene-
ration

Cells were treated with chrysophanic acid at the indicated
concentration for 24 hours and harvested by trypsinization. After
washing, the harvested cells were stained with 25 uM of DCF-DA
for 30 minutes. After that, the cells were washed three times with
HBSS and resuspended in fresh HBSS. The fluorescence of
DCF-DA was measured at Ex/Em = 480 nm/525 nm with a
FACSVerse (BD Biosciences).

6. Immunoblot analysis

Cells treated with chrysophanic acid were harvested and lysed
with radioimmunoprecipitation assay buffer, and the lysates
were clarified by centrifugation at 4°C, 12,000 rpm, for 20
minutes. The quantity of protein in lysates was determined by
Bradford assay (Pierce Biotechnology, Rockford, IL, USA). A total
of 30 ug of each lysate was mixed with SDS PAGE loading buffer
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and denatured at 100°C for 5 minutes. The lysates were separated
by 12% or 15% SDS PAGE and transferred onto a polyvinylidene
difluoride (PVDF) membrane. The PVDF membranes were
blocked with 5% non-fat dry milk in 10 mM Tris and 150 mM NaCl
(pH 7.5) with 0.1% Tween-20 (TBS-T) for 1 hour at room
temperature. The membranes were then hybridized with each
antibody (1:1,000) at 4°C for 12 hours. After hybridization, the
membranes were washed thrice with TBS-T and subsequently
hybridized with the corresponding HRP-conjugated secondary
antibodies (1:5,000) at room temperature for 2 hours. The
membranes were incubated with enhanced chemiluminescence
(GE Healthcare, Little Chalfont, UK) and the results of
immunoblotting were visualized with Imagequant™ LAS 4000
(Fujifilm Life Science, Tokyo, Japan).

7. Statistical analysis

Results are expressed as mean =+ SD, and Student's #test was
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Figure 1. Chrysophanic acid induces cell death in Caki-2 cells. (A)
Caki-2 cells were treated with the indicated concentrations of chrys-
ophanic acid for 24 or 48 hours. Cell viability was determined by
MTT assay. Values are expressed as means = SD. (B) Cells were
treated with the indicated concentrations of chrysophanic acid for
24 hours and cell morphology was assessed by phase contrast micro-
scopy (X 200).

used for single comparisons. A probability value of 2 < 0.05 was
used as the criterion for statistical significance.

RESULTS

1. Chrysophanic acid causes cell death in Caki-2
renal carcinoma cells

To confirm that chrysophanic acid induces cell death in Caki-2
cells, cell viability after treatment with chrysophanic acid was
analyzed by MTT assay. Treatment of Caki-2 cells with chry-
sophanic acid showed a significant concentration- and time-de-
pendent reduction in viability in comparison to untreated cells
(Fig. 14). Moreover, the morphological changes in Caki-2 cells that
were treated with chrysophanic acid resembled the typical
characteristics of dead cells. At a concentration 20 uM of
chrysophanic acid, the viability of Caki-2 cells was reduced by
approximately 40%.

2. Chrysophanic acid induces propidium iodide-posi-
tive necrotic cell death

To characterize the cytotoxic effect of chrysophanic acid on
Caki-2 cells, chrysophanic acid-treated cells were subjected to
Annexin V-PI staining and fluorescence-activated cell sorting
(FACS) analysis. Caki-2 cells were treated with 0, 1, 5, 10, or 20 uM
of chrysophanic acid for 24 hours and stained with FITC-con-
jugated anti-Annexin V antibody and PI to calculate the pro-
portion of cells undergoing necrosis. The results of FACS analysis
showed that chrysophanic acid treatment dramatically increased
Pl-positive necrotic cell death in comparison to untreated control
cells (Fig. 2A). The proportion of necrotic cells and the results of
the statistical analysis are shown in Figure 2B.

3. Reactive oxygen species contribute to chryso-
phanic acid-induced cell death in Caki-2 cells

To assess the effect of chrysophanic acid on total ROS gene-
ration, Caki-2 cells were treated with chrysophanic acid and
hydrogen peroxide was also applied as a control. Thereafter, the
cells were stained with DCF-DA and subjected to FACS analysis.
Treatment with 20 uM chrysophanic acid for 24 hours induced
cells to generate high levels of ROS (Fig. 3A). In cells treated with
20 uM chrysophanic acid, ROS generation increased by appro-
ximately five-fold in comparison to control cells (Fig. 3B). To
investigate whether pretreatment with N-acetyl cysteine (NAC)
suppresses chrysophanic acid-induced ROS generation, cells
were treated with NAC before application of chrysophanic acid.
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NAC pretreatment reduced chrysophanic acid-induced ROS
generation by approximately 70% (Fig. 3C and 3D).

4. Chrysophanic acid activates neither apoptosis nor
necroptosis in Caki-2 cells

To confirm that chrysophanic acid induces necrotic cell death,
the underlying cellular processes associated with different types
of cell death were investigated. The proteolytic activation of
caspase-3 (c-caspase-3), cleaved PARP (c-PARP), and the expression
of p53 were examined as representative apoptotic markers. As
shown in Fig. 4A, no changes in the levels of c-caspase-3 and
c-PARP were detected following chrysophanic acid-induced cell
death. p53 was not detected. Next, we assessed necroptotic
marker proteins, in particular the presence of proteolytically

are marked on the graph (*P < 0.05,
**p < 0.001).

cleaved caspase-8 (c-caspase-8) and the expression levels of DR5
and receptor-interacting serine/threonine-protein kinase 1 (RIP1)
and 3 (RIP3). In this experiment, c-caspase-8 was not detected at
any concentration of chrysophanic acid, and the expression
levels of DR5, RIP1, and RIP3 were lower after treatment with
chrysophanic acid (Fig. 4B). Finally, the phosphorylation and
expression level of transcription factors or signal transducers that
contribute to ROS-mediated cell death, in particular of STAT3,
¢Jun N-terminal kinase (JNK), and extracellular signal-regulated
kinase (ERK), were investigated. Our data showed that
phosphorylation of serine residue 727 (S727) of STAT3 increased
in a dose-dependent manner, whereas S727 phosphorylation of
STAT3 is generally reduced during apoptosis. Moreover, the
expression of STAT3 remained constant and served as a control at
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Figure 3. Chrysophanic acid induces the generation of reactive oxygen species (ROS) in Caki-2 cells. (A) Cells were treated with chrysophanic
acid (1, 5, 10, or 20 uM) or hydrogen peroxide for 24 hours, and the generation of intracellular ROS was analyzed by flow cytometry. (B)
Changes in fluorescence intensity of dichlorofluorescin diacetate after chrysophanic acid treatment were calculated and plotted. (**2 < 0.001).
(C) Cells were treated with 5 mM N-acetyl cysteine (NAC) for 1 hour, then treated with 20 uM of chrysophanic acid. Intracellular ROS levels
were measured by flow cytometry. (D) The graph shows the generation of intracellular ROS due to chrysophanic acid treatment in the presence
or absence of NAC. The data are presented as mean * SD (*P < 0.05, ** P < 0.001).

all concentrations of chrysophanic acid. The phosphorylated
forms and expressions of JNK and ERK were unaffected by
treatment of chrysophanic acid (Fig. 4C).

DISCUSSION

Cancer is one of the leading causes of death worldwide.”
Despite efforts to develop new treatments, cancer chemotherapy
frequently induces a wide range of side effects or drug resistance.
Many investigators therefore try to find new therapeutics and
useful natural products. This study characterized the effect of
chrysophanic acid, a component of the medicinal plants R
officinale or P cuspidatum, on human RCC, Caki-2 cells and
sought to uncover its mechanism of action. Previous studies have
reported that chrysophanic acid induces apoptosis in rat hepa-

2324

tocytes and human promyeloleukemic HL-60 cells, and

necrosis in human lung cancer A549, human liver cancer J5, and

Hep3B cells.**? However, the underlying molecular and cellular
processes remain poorly understood.

Apoptosis is categorized into two different pathways, namely,
the extrinsic and the intrinsic pathway. The extrinsic pathway is
triggered by the activation of DRs, while the intrinsic pathway is
activated by DNA damage, ROS, and manifold stress.”® The
intrinsic pathway is executed by sequential activation of the
caspase cascade and accompanied by an alteration in mitocho-
ndrial membrane potentials and the release of cytochrome ¢ from
the mitochondria into the cytoplasm.”** Necrosis differs from
apoptosis and is not associated with its typical characteristics,
namely, activation of caspase-3, chromatin condensation, and
membrane blebbing, In addition, necrosis may arise as a con-
sequence of inflammation, infection, or physical damage.™
Necroptosis is a regulated form of necrosis, which has been
observed in developmental processes and following tissue

3132

damage,”” and is regulated by RIP1, RIP3, and mixed lineage
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The present study has shown that chrysophanic acid exerts a
cytotoxic effect on Caki-2 cells, and dead cells after treatment
with chrysophanic acid were found to be Pl-positive (Fig. 1 and 2).
As necrotic cells are typically Pl-positive,” chrysophanic acid-in-
duced cell death was deemed to be necrosis-like. Moreover,
elevated intracellular ROS levels due to chrysophanic acid might
contribute to necrosis-like cell death. ROS play a critical role in
necrosis.” General markers of apoptosis (Fig. 4A) and necroptosis
(Fig. 4B) were assessed by immunoblot analysis to elucidate the
mechanism of cell death associated with chrysophanic acid.
However, significant alterations in these markers were not
detected. Furthermore, quantification of STAT3, a well-known
transcription factor involved in cell proliferation- or anti-apo-
ptotic signaling pathways, and stress-induced signal transducing
kinases JNK and ERK showed that chrysophanic acid-induced cell
death did not resemble necroptosis nor apoptosis.”* The
involvement of these molecular markers of apoptosis/necro-
ptosis is ruled out from this study, and it appears chrysophanic
acid has a cell-type specific effect.

In conclusion, the present study demonstrates that chryso-
phanic acid induces necrosis-like cell death in human RCC Caki-2
cells, and the necrosis due to chrysophanic acid appears not to
share the signaling pathways of apoptosis or necroptosis.

otein kinase 1 (RIP1), and RIP3, were
analyzed by immunoblotting. (C) The
expression levels and phosphor-
ylation of ROS-related transcription
factor, STAT3, and signaling media-
tors, cJun N-terminal kinase (JNK)
and extracellular signal-regulated kin-
ase (ERK), were investigated. Beta-ac-
tin was used as a loading control.
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