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Background: Rhein, an anthraquinone derivative of rhubarb, is traditionally used in Chinese
herbal medicine. Now emerging studies suggest its antitumor properties in many human cancers.
The present study aims to investigate the antitumor role of Rhein and its possible mechanism
in human renal cell carcinoma (RCC).

Materials and methods: Three RCC cell lines (A489, 786-O and ACHN) were used as the
cell models. We applied CCK-8, cell counting, colony formation, wound healing and Transwell
assays to assess the antitumor roles of Rhein in RCC cells in vitro. The therapeutic efficacy
of Rhein was further evaluated by intraperitoneal administrations in tumor formation of mice.
Western blot was used to investigate the underlying mechanisms of action of Rhein.

Results: Rhein inhibited RCC cell proliferation in a dose- and time-dependent manner. It also
suppressed RCC cell migration and invasion in vitro. Moreover, Rhein was able to inhibit tumor
growth in nude mice by intraperitoneal administration in vivo. Mechanistically, the protein levels
of phosphorylated MAPK (mitogen-activated protein kinase, extracellular signal-regulated
kinase and c-Jun N-terminal kinase), phosphorylated Akt and two targets of NF-xB (nuclear
factor kappa-light-chain enhancer of activated B cells) pathway, matrix metalloproteinase 9
and CCND1 were all markedly reduced by Rhein treatment.

Conclusion: Rhein processed the antitumor effects in RCC cells by inhibiting cell proliferation,
migration and invasion, and these tumor-suppressing functions might be mediated by MAPK/
NF-xB signaling pathways.

Keywords: Rhein, renal cell carcinoma, antitumor effects, MAPK, NF-kB

Introduction
Renal cell carcinoma (RCC) represents the third most frequent urologic malignancy,
accounting for approximately over 90% of all renal cancers in adults.! Accompanied
by its increasing incidence and high mortality rate, it threatens human health seriously
in the worldwide.>* Among all the RCCs, more than 70% belong to the clear cell
subtype.’ Typical therapies such as chemotherapy, radiation therapy and hormonal
therapy have made an improvement on the overall survival of RCC patients.® Most
patients initially respond to these drugs; however, drug resistance always occurs and
leads to poor prognosis, especially for those metastatic RCCs.” Thus, to identify novel
therapeutic agents against RCC is urgently required for effective treatment.
Numerous studies have found that extracts from natural products possess antitumor
effects.®® The application of Chinese herb medicine on treating human diseases further
supports the beneficial roles of natural compounds.'” Recently, increasing reports show
that several Chinese herb medicines can be clinically used to improve the efficiency
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of conventional cancer therapies as well as to reduce the side
effects of chemotherapies for human malignancies.'!?
Rhein (4,5-dihydroxyanthraquinone-2-carboxylic acid),
a primary anthraquinone derivative of rhubarb (about 1.9%
w/w), is traditionally used in Chinese herbal medicine.!*!*
It has been reported that Rhein treatment could lead to tumor-
suppressing phenotypes in various cancers. For instance, it
inhibits cell proliferation of human breast, glioma and lung
cancer cells,*"'” and induces apoptosis of human hepatocel-
lular carcinoma and gastric cancer cells'®!"” through different
mechanisms. Its antitumor effects have also been demon-
strated in vivo in rat liver.”’ To our knowledge, the role of
Rhein in RCC cell growth remains largely unknown. The goal
ofthe present study is to address the effects of Rhein on RCC
cells and explore the underlying mechanisms to shed light
on its potential usage as a candidate RCC therapy agent.

Materials and methods

All experiments were performed following Huaihe Hospital
Henan University and the People’s Republic of China
guidelines and regulations. The procedures of animal experi-
ments were approved by the Animal Ethics Committee of
the Huaihe Hospital Henan University and performed in
accordance with the guidelines for the use of experimental
animals from the National Institutes of Health.

Cell culture

Human RCC cell lines A498, 786-O and ACHN used in this
study were from the Cell Bank of the Chinese Academy of
Sciences. Cells were grown in Dulbecco’s Modified Eagle’s
Medium or 1640 medium (Gibco, Life Technologies) with
10% fetal bovine serum (FBS; Gibco, Life Technologies),
100 U/mL penicillin and 100 pg/mL streptomycin at 37°C
in a humidified incubator containing 5% CO,.

Western blot

Cell lysates were harvested from A498 and 786-O cells
with or without treatment of different dose of Rhein by
RIPA buffer (Beyotime). Protein lysates were dissolved in
2% loading buffer and boiled for 15 min at 100°C. After that
protein lysates were resolved on 11% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels and transferred to
nitrocellulose membrane. Resultant blots were blocked with
5% skim milk and reacted with properly diluted primary
antibodies against glyceraldehyde 3-phosphate dehydroge-
nase (Santa Cruz), phospho-extracellular signal-regulated
kinase (Santa Cruz), total extracellular signal-regulated
kinase (Santa Cruz), p-AKT (Cell Signaling Technology),

phospho-c-Jun N-terminal kinase (Cell Signaling Technol-
ogy), matrix metalloproteinase 9 (MMP9) (Cell Signaling
Technology) and CCND1 (Cell Signaling Technology) for
1 h at room temperature. Immune complexes were detected
by horseradish peroxidase-conjugated secondary antibod-
ies, followed by enhanced chemiluminescence reaction
(Amersham Pharmacia Biotech).

CCK-8 Assay

Rhein was purchased from Sigma Chemical Company
(St Louis, MO, USA). In vitro antiviability effect of Rhein on
A498, 786-0O and ACHN cells was examined using CCK-8
assay. Cells were plated in 96-well plates (1x10* cells) in
200 pL of full medium each well and then treated with serial
dilution of Rhein (0, 10, 20, 40, 80 and 160 uM). After treat-
ment for 48 h, CCK-8 assay was performed using CCK-8 KIT
as per the manufacturer’s instructions. Absorbance at 490 nm
(OD490) was detected by using a microplate reader.

Cell counting assay

A498, 786-0O and ACHN cells were trypsinized and seeded
into 12-well plates at a density of 2x10° cells per well.
Eighteen hours later, cells were treated with 60 UM Rhein
for different time periods (0, 12, 24, 36 or 48 h). At each
point of time, cells were counted by blood cell counting
chamber. Counting experiments were repeated in triplicate
independently.

Colony formation assay

A498 cells (3x103 cells/well) were seeded in six-well plates.
The cells were treated with different dilutions of Rhein
(30 and 60 uM) and cultured for 14 days. Cells were washed
with PBS for twice and fixed with 4% paraformaldehyde.
After washing, the plates were air dried, and the colonies
were photographed using a microscope. The total number
of colonies was counted. The experiments were performed
in triplicate.

Wound healing assay

For the wound healing assay, 1x10° A498 or 786-O cells
were seeded into six-well plates and cultured until confluent.
A P200 pipette tip was used to make a straight line simulation
“wound”. Then cells were treated with different dilutions of
Rhein (30 and 60 uM) for 24 h (serum-free medium) or 48 h
(5% FBS medium). After that, cells were washed several
times with PBS to remove cell debris. The extent of wound
closure was monitored and photographed using a microscope
at 48 h.
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Transwell invasion assay

For the invasion assays, the A498 or 786-0 cells were plated
in the top chamber with a BD Matrigel-coated membrane.
The cells were plated in a serum-free medium with different
dilutions of Rhein (30 and 60 uM), and a medium supple-
mented with 15% serum was used as a chemoattractant in
the bottom chamber. The cells were incubated for 24 or
48 h at 37°C and 5% CO, in a culture incubator. After that,
the noninvasive cells were removed from the top sides of the
Transwell membrane filter inserts. The invaded cells on the
bottom sides of the inserts were stained with 0.25% crystal
violet and photographed using a microscope.

Cell cycle analysis

For determining Rhein on cell cycle progression, A498 cells
were grown for 48 h with 60 uM Rhein. Cells were washed
with cold PBS and collected by trypsinization. The cells were
fixed with 70% ethanol and treated with RNase (5 mg/mL)
and 50 mM propidium iodide (Sigma-Aldrich) for 30 min.
After staining, the cells were subjected to flow cytometric
analysis with BD FACSVerse™ (BD Biosciences).

Single-cell gel electrophoresis assay

(SCGE)
DNA damage (single-strand breaks) was measured by SCGE,
also known as comet assay. SCGE assays were performed
according to the method reported previously? by using
A498 cells treated with 60 uM Rhein for 48 h. The photo-
graphs were visualized under a fluorescence microscope
(Olympus, Tokyo, Japan). Apoptotic cells characterized by
shrunken nuclei and comet tails stretching were counted.

Xenograft tumor mouse model

In the tumor growth experiment, 786-O cells were subcu-
taneously injected into BALB/c nude mice (5x10° cells per
mouse, n=18). Seven days later, 18 mice were divided ran-
domly into three groups, followed by treating with PBS (con-
trol group), 75 mg/kg Rhein (low dose group) or 150 mg/kg
Rhein (high dose group) every 2 days. The tumor sizes were
measured by vernier caliper every week and calculated using
the formula V = (L x W?) t/6 (V: volume [mm?]; L: biggest
diameter [mm]; W: smallest diameter [mm]). The mice were
killed at the eighth week, and the tumors were weighted
by scales. Experimental content and animal manipulation
protocols were approved by the Medical Ethics Committee
of the Huaihe Hospital Henan University.

Statistical analysis
Nonparametric tests using SPSS program (version 11.5,
USA) were performed to analyze data of tumor weight

(n=6). One-way analysis of variance using SPSS program
or Student’s #-test using GraphPad Prism 7 was performed
to analyze other experimental data. Data were from three
independent experiments (each experiment generated five
to six effective results) and were expressed as mean *+ SD.
A P-value <0.05 was considered statistically significant.

Results
Inhibition of cell viability by Rhein in
three RCC cell lines

We first examined the cytotoxicity of Rhein in three different
RCC cell lines by CCK-8 assay. A498, 786-O and ACHN
cells were, respectively, treated with Rhein at 0, 10, 20, 40,
80 and 160 uM for 48 h. Then cell viability was analyzed.
A decreased cell viability following treatment with various
concentrations of Rhein in these three cell lines was shown
in Figure 1A—C. The half-maximal inhibitory concentra-
tion (IC, ) value of Rhein in each cell line is provided in
Figure 1D. Among these, we observed that ACHN cells
were most sensitive to Rhein treatment with the lowest
IC, value (56.7 uM), 786-O cells were somewhat resistant
(IC,,=58.3 uM), while A498 cells were relatively more resis-
tant to Rhein (IC,=60.8 uM), all close to 60 UM.

Rhein-induced time- and dose-dependent

antiproliferation of RCC cells

After the IC, value for each RCC cell line was determined,
we decided to use the 60 UM concentration of Rhein to treat
the three cell lines and monitored cell proliferation at 0, 12,
24, 36 and 48 h posttreatment by cell counting assay. The
results are shown in Figure 2A. We found that all three RCC
cell lines treated with a constant dose of Rhein (60 uM)
showed decreased cell proliferation in a time-dependent
manner. By incubation with 0, 30 and 60 uM of Rhein
for 48 h, the colony formation of A498 cells revealed a
dose-dependent inhibition of in vitro clonosurvival ability
(Figure 2B). To understand more about the antiproliferation
activity of Rhein in RCC cells, we applied cell cycle and
apoptosis detection assays. Results shown in Figure S1A
revealed that 48 h of 60 UM Rhein treatment caused a cell
cycle arrest in G1 phase. However, similar treatment did not
induce apoptosis of A498 cells (Figure S1B). These results
supported that Rhein induced antiproliferation of RCC cells
through dysregulation of cell cycle in vitro.

Rhein-induced antimigration and anti-

invasion of RCC cells
To assess whether Rhein affects migration and invasion of
RCC cells, we then examined the migration and invasion
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Figure | Identification of the IC, of Rhein in RCC cell lines.

Notes: (A) A498 cells were treated with serial dilution of Rhein (0, 10, 20, 40, 80 and 160 uM) for 48 h. CCK-8 assay was performed as described in the Materials and
Methods section. The IC, was calculated by SPSS software. (B) The IC, of Rhein in 786-O cells was identified as described in (A). (C) The IC,; of Rhein in ACHN cells was
identified as described in (A). (D) The table showed the summarized data of IC, of Rhein in three RCC cell lines.

Abbreviations: ICSO, half-maximal inhibitory concentration; RCC, renal cell carcinoma.
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Figure 2 Rhein inhibits the growth activity of RCC cells in vitro.

Notes: (A) Cell number counting assay was performed as described in the Materials and Methods section. Rhein inhibited A498, 786-O and ACHN cell proliferation and
growth in vitro at IC,; of 60 uM. (B) Colony formation assay was performed as described in the Materials and Methods section. A498 cells in a six-well plate were treated
with different dilutions of Rhein (30 or 60 uM). The left showed the cell photographs at 14 days. The right panel showed the quantitative results. *P<0.001.
Abbreviations: IC_, half-maximal inhibitory concentration; RCC, renal cell carcinoma.
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of Rhein-treated RCC cells through wound healing and
Transwell assays, respectively. Our in vitro scratch wound
healing assay showed an almost complete wound healing in
control (nontreated) A498 and 786-O cells in both serum-free
and 5% FBS medium, whereas clear wound in Rhein-treated
cells (Figure 3). Similarly, the invasion of A498 and 786-O
cells was inhibited by Rhein in a dose-dependent manner
with both short-time (24 h) and long-time (48 h) incubation
(Figure 4). These results suggested that Rhein treatment
strongly inhibited the motility of RCC cells in vitro.

Control

A498 serum free B>

Control

A498 5% FBS

Control

786-0 serum free U0

786-0 5% FBS

Figure 3 Rhein inhibits the wound healing ability of A498 and 786-O cells in vitro.

Suppression of in vivo RCC tumor
growth by Rhein

To further evaluate the therapeutic efficacy of Rhein for RCC
treatment, we performed intraperitoneal administrations in
RCC xenografts. 786-0 cells were first utilized to do subcu-
taneous transplantations in nude mice. After tumor formation
was accomplished, mice were intraperitoneally administrated
with a low dose (75 mg/kg) or a high dose (150 mg/kg) of
Rhein every 2 days. Mice administered with 100 mg/kg lysine
served as the control group. Two weeks later, mice were
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Notes: (A) Inhibition of wound healing of A498 cells by Rhein. (B) Inhibition of wound healing of 786-O cells by Rhein. Wound healing assay was performed as described in
the Materials and Methods section at 24 h (serum-free medium) or 48 h (5% FBS medium). The left panel indicated photographs of relative wound healing that was monitored
by using light microscope. The right panel showed the quantitative results. Relative wound healing was determined by measuring the width of the wounds on photographic
images by microruler. The values presented are the mean + SD from three independent experiments. Magnification x40. **P<0.01. **P<0.001.

Abbreviation: FBS, fetal bovine serum.
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Figure 4 Rhein inhibits the invasive activity of A498 and 786-O cells in vitro.

Rhein 48 h

Notes: (A) Effect of Rhein on the invasive activity of A498 cells in vitro. (B) Effect of Rhein on the invasive activity of 786-O cells in vitro. Cells were seeded onto a Matrigel
chamber in the absence or presence of Rhein (30 or 60 uM). Transwell invasion assays were performed as described in the Materials and Methods section at 24 or 48 h
after treatment. The left panel showed the number of invaded cells, which was photographed by a microscope. The right panel showed the quantitative results. The values
presented are the mean * SD from three independent experiments. Magnification x100. *P<<0.01. **P<0.001.

killed and tumors were stripped and weighed. The results
showed that compared to the control tumors, Rhein was able
to inhibit tumor growth in nude mice, reflecting by smaller
size and lighter weight (Figure 5).

Antitumor effects of Rhein were
associated with the inhibition of
MAPK/NF-kB signaling

To explore the molecular mechanism of antitumor action
of Rhein, we investigated the effect of Rhein on two

cancer-related signaling pathways: mitogen-activated pro-
tein kinase (MAPK) and nuclear factor kappa-light-chain
enhancer of activated B cells (NF-kB). MAPK is a chain of
proteins in the cell that communicate a signal from a mem-
brane receptor of the cell to the DNA in the nucleus of the
cell. NF-xB is a protein complex that controls transcription
of DNA, cytokine production and cell survival. Aberrant
regulation of MAPK and NF-kB has been linked to cancer.
As shown in Figure 6, Western blot analysis revealed that
Rhein treatment (24—48 h) inhibited the phosphorylation
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Figure 5 Rhein (75 and 150 mg/kg) exhibits the antitumor activity in 786-O xenograft tumor models.
Notes: (A) The rate of tumor growth and tumor size were significantly reduced by different doses of Rhein (75 and 150 mg/kg). (B) The tumor weights were significantly
decreased by different doses of Rhein (75 and 150 mg/kg).
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Figure 6 The key signaling pathways regulating proliferation and metastasis are suppressed during Rhein treatment.

Notes: (A) 30 or 60 uM Rhein inhibited the expression of p-ERK, p-Akt, MMP9 and CCNDI in A498 and 786-O cells at 48 h. (B) The quantitative results of the key
molecules changing showed in (A) by Image] software.

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MMP9, matrix metalloproteinase 9; p-JNK, phospho-c-Jun N-terminal kinase; p-ERK, phospho-
extracellular signal-regulated kinase.
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antitumor effects by inhibiting the activation of MAPK/
NF-kB signaling pathways.

Discussion

Chinese herb medicine has been served for therapies of a
wide range of human diseases, including diabetes, cancers
and cardiovascular diseases.!” Recently, a large body of
academic reports have demonstrated the antitumor activities
of some Chinese herb medicine in leukemia, gastric cancer
and prostate cancer.”?>* Hence, it is an alternative choice to
treat human cancers, especially for those who are resistant
to typical cancer therapies. In the present study, we centered
on the biologic effects of Rhein in RCC and identified its
antitumor activities by influencing cell proliferation, migra-
tion and invasion. The most important finding is that Rhein
could also inhibit tumor growth in nude mice by intraperito-
neal administration in vivo. Mechanistically, we verified that
MAPK (ERK and JNK) phosphorylation and NF-kB activa-
tion might be the linkage mediating the tumor-suppressing
functions of Rhein in RCC cells.

Although it remains unclear about the effects of Rhein
in RCC cells, we might speculate from the studies of Rhein
in several other cancers. As a major bioactive constituent of
the rhizome of rhubarb, Rhein has various pharmacologic
effects, including antifibrosis, antioxidant, anti-inflammatory
and antimicrobial activities.”® Additionally, Rhein exerts
its antitumor effects via the modulation of processes of
cell proliferation, apoptosis, migration and invasion.?® Our
findings are also consistent with these previous conclusions:
Rhein exerts antitumor effects in RCC cells, both in vitro
and in vivo. Moreover, we observed that Rhein significantly
inhibited RCC cell migration and invasion, two pivotal steps
toward cancer metastasis. As is known, RCC is one of the
most lethal malignancies in the urologic system because of
its high incidence of metastasis.® For this point, our findings
suggested that Rhein may be a useful candidate agent to
prevent RCC progression and metastasis. For the potential
clinical applications of Rhein, we used up to 60 uM Rhein
to induce RCC cell cycle arrest, proliferation inhibition and
migration/invasion repression in vitro. This concentration is
relatively low but within the range used by other researchers
(30—180 uM). The wide range of Rhein concentrations might
be due to the different tolerance of cells. We speculated that
RCC cells are somewhat sensitive to Rhein, because the
IC,, values (48 h) of three RCC cell lines are all close to
60 uM. In our study, mice burdened with xenografts were
intraperitoneally administrated with a low dose (75 mg/kg)

or a high dose (150 mg/kg) of Rhein. We observed that
Rhein was able to inhibit tumor growth in nude mice, but
failed to detect other tissue toxicities because of restricted
conditions. We believe that excessive dose of Rhein harms
healthy digestive system and liver, but the direct evidence is
lacking now. The bioavailability of Rhein is a key determi-
nant of its effectiveness in vivo. Although the mice plasma
concentration of Rhein was absent from our study, further
phamacokinetic study in rat model will provide more details,
and our in vitro concentrations of Rhein used on RCC cells
may have in vivo relevance. Rhein has long been used as a
traditional Chinese medicine, but so far the minimal effec-
tive plasma concentration in human is unknown. Our results,
together with data reported by others, will provide a clinical
reference for the Rhein dose in treating RCC patients.

Our study revealed that Rhein exerted antitumor effects
in RCC cells by inactivation of MAPK/NF-xB signaling
pathways. Two earlier studies have demonstrated that
Rhein inhibited tumorigenesis through restraining MAPK
phosphorylation.?”?® In our study, ERK, JNK, Akt phospho-
rylation and NF-kB activation were found to be inhibited by
Rhein treatment, indicating that Rhein could inhibit MAPK/
NF-xB signaling pathways in RCC cells.

However, our present study has several limitations.
Although we confirmed that MAPK/NF-kB signaling path-
way was associated with the essential role of Rhein in inhibit-
ing RCC cell proliferation, migration and invasion, the direct
evidence was absent. The application of pathway inhibitors
or agonists might explain more about this question. On the
other hand, we did not establish an in vivo RCC metastasis
model to confirm our in vitro results. Further investigations
are imperative to resolve these issues.

Conclusion

In summary, our results showed that Rhein treatment signifi-
cantly inhibits malignant phenotypes of RCC cells through
modulation of cell proliferation, migration and invasion. And
its tumor-suppressing activity is associated with repressed
MAPK/NF-xB signaling. Therefore, Rhein might be a
powerful therapeutic agent for RCC treatment.
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Figure SI Rhein induces a G1 cell cycle arrest in A498 cells in vitro.

Notes: (A) A498 cells were treated with 60 LM Rhein for 48 h. After that, the cells were harvested for cell cycle assay. The left panel depicts DNA content, while the right
shows the quantitative results. (B) SCGE analysis of cell apoptosis. Apoptotic cells were characterized by pyknotic nuclei and long comet tails stretching toward the same
direction. Treatment of 60 UM Rhein for 48 h did not increase the apoptotic levels of A498 cells. The right panel shows the quantitative results. *P<<0.05.

Abbreviations: SCGE, single-cell gel electrophoresis; NS, not significant.
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Figure S2 The key signaling pathways regulating proliferation and metastasis are not suppressed during short-time Rhein treatment.
Note: 60 UM Rhein did not inhibit the expression of p-ERK, p-Akt and p-JNK in A498 and 786-O cells at |5 or 30 min.
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; p-JNK, phospho-c-Jun N-terminal kinase; p-ERK, phospho-extracellular signal-regulated kinase.
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