INTERNATIONAL JOURNAL OF ONCOLOGY 53: 2047-2055, 2018
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Abstract. In a previous study, it was demonstrated that Rhein
lysinate (RHL) inhibited HeLa cell proliferation via a specific
mechanism. The aim of the present study was to clarify the
mechanism of RHL by investigating its effect on mitochondrial
damage and cell apoptosis. The results indicated that RHL
inhibited cell growth and proliferation in HeLa cells. HeLa
cells treated with RHL developed extensive vacuolization in
a dose- and time-dependent manner. Ultrastructure analysis
using transmission electron microscopy revealed that the vacu-
oles observed were damaged mitochondria and endoplasmic
reticulum. The effects of RHL on mitochondria were further
confirmed by a decrease in mitochondrial membrane potential
and increased generation of reactive oxygen species. The mito-
chondrial proteome was analyzed, and the results demonstrated
that the expression of the cytoskeletal protein keratin and dermal
papilla derived protein 12 (associated with the oxidation-
reduction process), which are associated with mitochondrial
structure and function, were decreased compared with the
untreated control group. Hoechst staining, flow cytometry and
western blotting also revealed that apoptosis was induced at
24 h following RHL treatment. These results confirm that RHL
toxicity in HeLa cells is a dynamic process. Vacuolar degen-
eration appeared in HeLa cells treated with 160 gmol/l RHL
during the first 6 h and with the extension of RHL treatment,
cell apoptosis was presented at ~24 h in HeLa cells.

Introduction

Cervical carcinoma has a high incidence worldwide, with
~500,000 women developing the disease each year. The
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majority of cases occur in less developed countries where
no effective screening systems are available (1). Although
surgery and chemoradiotherapy are effective treatment
for 80-95% of patients with early stage cancer, recurrence
and metastasis remain a major cause of cancer-associated
mortality (2). The incidence of cervical cancer is increasing,
thus resulting in a need to develop novel effective drugs to
treat this disease (3).

Traditional Chinese medicine has been used to treat a
variety of illnesses for thousands of years. Rhubarb has been
widely used to treat intestinal dysmotility (4) and acute renal
failure (5), and has been reported to inhibit inflammatory
and oxidative stresses (6) as well as tumor cell prolifera-
tion (7). Rhein, a bioactive component of rhubarb, has been
demonstrated to have a number of antitumor effects, including
inhibiting ERK phosphorylation, inducing GO/G1 arrest and
triggering apoptosis (8-11). Rhein lysinate (RHL) is a novel
compound obtained by modifying Rhein. The carboxyl group
of Rhein reacts with amino-group of lysine to form RHL salt
and its structure was presented in our previously published
study (12). Compared with Rhein, RHL is easy to dissolve in
water; however, does not affect the function of Rhein. RHL has
been extensively studied for its anticancer properties (13-15).
Our group previously demonstrated that RHL inhibited HeLa
cell proliferation via a specific mechanism (14). In order to
clarify the mechanism of RHL in HeLa cells, its effects on
vacuolar degeneration and apoptosis were investigated.

Materials and methods

Materials. Rhein was purchased from Nanjing Qingze
Medical Technology Development Co., Ltd. (Nanjing, Jiangsu,
China). Lysine was purchased from Beijing Solarbio Science
& Technology Co., Ltd. (Beijing, China). Rhein lysinate (RHL)
was prepared in the MOH Key Laboratory of Geriatrics, Beijing
Hospital (Beijing, China) with a purity of 98% detected by colo-
rimetric method. Vitamin C, 2,7-dichlorfluorescein-diacetate
(DCFH-DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide (MTT), N-acetyl cysteine (NAC), diphenylene
iodonium (DPI), Rhodamine 123 and Hoechst 33342 were
purchased from Merck KGaA (Sigma-Aldrich, Darmstadt,
Germany). An Annexin V/propidium iodide (PI) kit was
obtained from Thermo Fisher Scientific, Inc. (Waltham, MA,
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USA). Primary antibodies directed against B-cell lymphoma
2 (Bcl-2; cat. no. 15071; 1:1,000), Bcl-2-associated X protein
(Bax; cat. no. 2774; 1:1,000), caspase-3 (cat. no. 9662; 1:1,000)
and cleaved-caspase-3 (cat. no. 9661; 1:1,000) were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
The primary antibody against B-actin (cat. no. sc-70319;
1:2,000) and rabbit (cat. no. sc-2004; 1:5,000) or mouse
(cat. no. sc-2005; 1:5,000) IgG secondary antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). Prestained Protein marker p7708V was purchased from
New England BioLabs, Inc. (Ipswich, MA, USA). Western
Blot Luminol reagent and polyvinylidene difluoride (PVDF)
membranes were purchased from EMD Millipore (Billerica,
MA, USA).

Determination of cell proliferation. Cell proliferation was
examined using an MTT assay, according to the manufacturer's
protocol. HeLa cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and were cultured
in Dulbecco's modified Eagle's medium (DMEM; Gibco,
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS), 100 xg/ml of streptomycin and 100 U/ml
of penicillin at 37°C with 5% CO,. HeLa cells were plated onto
96-well plates (4x10° cells/well) for 24 h. Subsequently, the
cells were treated with RHL (0, 20, 40, 80, 160 or 320 gzmol/I)
for 48 h. All assays were performed in triplicate.

Live cell imaging. HeLa cells treated with RHL 160 gmol/l
were used for live cell imaging for 24 h by placing the culture
dishes onto a sample stage within a heated chamber (37°C).
Live imaging was performed using an ImageXpress Micro
XLS Widefield High-Content Analysis system (Molecular
Devices, LLC, Sunnyvale, CA, USA). Images were captured at
40x with 10 msec exposure times in 5 min intervals using an
MRm CCD camera (Carl Zeiss AG, Oberkochen, Germany),
and different Z sections were projected using the softWoRx®
Suite (version 2.0; Applied Precision, Inc., Mississauga, ON,
Canada).

Transmission electron microscopy. To clarify whether the
development of vesicles in RHL-treated HeLa cells was due
to autophagy, ultrastructural analysis was performed as previ-
ously described (16). Briefly, HeLa cells were treated with
160 pumol/l RHL for 24 h, harvested and washed twice with
PBS. After being fixed with ice-cold glutaraldehyde (3% in
0.1 M cacodylate buffer, pH 7.4) at 4°C for 30 min, the samples
were post-fixed with 1% OsO, in the same buffer at 4°C for 1 h
and subjected to electron microscopic analysis. Representative
areas were chosen for ultra thin sectioning and were observed
at 500kX with a 200CX transmission electron microscope
(JEOL Ltd., Tokyo, Japan).

Intracellular reactive oxygen species (ROS) generation. The
generation of intracellular ROS was assessed using DCFH-DA
staining. HeLa cells were cultured in 6-well plates for deter-
mination of intracellular ROS generation. The cells were
treated with RHL for 24 h and then stained with 10 gmol/l
DCFH-DA at 37°C for 30 min according to the manufacturer's
protocol. Following staining, cells were washed with PBS.
DCF fluorescence data were acquired at x20 or x10 using

LIU et al: RHEIN LYSINATE INDUCES HeLa CELL APOPTOSIS

120
100

[v]
(=]

60

=
<

Cell proliferation
(of % control)

20

RHL ( pmo?fl) 0

10 20 40 80

160 320

Figure 1. Effect of RHL on cell proliferation of HeLa cells. Cells were
treated with various concentrations of RHL at 37°C for 48 h. The effects on
cell proliferation were examined by MTT assay, and cell proliferation was
calculated as the percentage of control. All assays were done in triplicate.
“P<0.05, compared with untreated control group. RHL, Rhein lysinate; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl-tetrazolium bromide.

an inverted fluorescence microscope (Olympus Corporation,
Tokyo, Japan). Fluorescence intensity was detected by ImageJ
software [version 1.0; National Institutes of Health (NIH),
Bethesda, MD, USA].

Detection of the mitochondrial membrane potential (MMP) by
Rhodamine 123 stain. HeLa cells were seeded in 6-well plates
overnight and subsequently treated with 80 or 160 gmol/l
RHL at 24-h intervals. Cells were then fixed with 4% parafor-
maldehyde at room temperature for 20 min. PBS was used as a
negative control. Rhodamine 123 was added to cells at a final
concentration of 5 pg/ml and incubated at 37°C for 30 min to
stain the mitochondria. Images were captured using an inverted
fluorescence microscope (magnification, x20). Fluorescence
intensity was detected by ImagelJ software (version 1.0; NIH).

Mitochondrial isolation and proteomics assay. Mitochondria
were isolated using a Mitochondrial Extraction kit
(cat. no. SM0020) according to the manufacturer's protocol
(Beijing Solarbio Science & Technology Co., Ltd.). Protein
was extracted from the mitochondria and a proteomics assay
was performed using label-free quantitative proteomics tech-
nology (Fanxing Boao Ltd., Beijing, China). The procedure
included protein quantification, protein reduction alkylation,
trypsin hydrolysis, liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) assay and data analysis as previously
described (17).

Hoechst staining fluorescence microscopy and Annexin V/PI
flow cytometry. HeLa cells were seeded in a 25 cm? flask over-
night. Cells were treated with 160 ymol/l RHL for 24, 48 or
72 h and fixed with 4% paraformaldehyde at room temperature
for 20 min. PBS was used as a negative control. Hoechst was
added to cells at a final concentration of 5 pg/ml and incubated
at 37°C for 30 min for nuclear staining. Images were captured
using an inverted fluorescence microscope (magnifica-
tion, x20). To assess cell apoptosis, treated cells were collected
and stained with Annexin V and PI at room temperature for
30 min and subjected to flow cytometry with FACSCalibur
and Cell Quest software (version 5.1; BD Biosciences, Franklin
Lakes, NJ, USA).
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Figure 2. RHL induces vacuolar degeneration in HeLa cells in a time-dependent manner. HeLa cells in the logarithmic growth phase were treated with
160 ymol/l RHL and the cell morphology (magnification, x40) was recorded using a live cell-imaging system every 5 min for 24 h. A total of 20 images were

selected to show the process of vacuole formation. RHL, Rhein lysinate.

Western blotting. HeLa cells were grown to 90% confluence
in 25 c¢m? flasks in DMEM supplemented with 10% FBS,
100 pg/ml of streptomycin and 100 U/ml of penicillin. Cells
were subsequently incubated for 12 h in DMEM supplemented
with 0.1% FBS. The cells were treated with 160 zmol/l RHL
for 0, 24, 48 and 72 h. Cells were scraped, and pellets were
lysed using RIPA lysis buffer containing 150 mmol/l NaCl,
1% NP-40, 0.5% deoxycholate, 0.1% SDS and 50 mmol/l
Tris-HCl (pH 7.4) (Roche Diagnostics, Basel, Switzerland) and
lysed on ice for 15 min. Following centrifugation at 22,000 x g
for 4 min at 4°C, proteins in the supernatant were quantified
using a protein assay (Bio-Rad Laboratories, Inc., Hercules,
CA,USA). Samples were stored at -70°C until analysis. Samples
were mixed with an equal amount of Laemmli sample buffer
(Bio-Rad Laboratories, Inc.) and boiled at 100°C for 5 min.
Isolated proteins (40 ug) were resolved on 10% SDS-PAGE
and transferred to PVDF membranes using a semidry transfer
apparatus (both from Bio-Rad Laboratories, Inc.). The
membranes were incubated in blocking buffer [5% non-fat
milk dissolved in TBS with 0.1% Tween-20 (TBST)] for 1 h
at room temperature, followed by overnight incubation with
primary antibodies at 4°C. Subsequently, the membranes were
incubated with the secondary antibody at room temperature
for 2 h following washing three times with TBST. B-actin was
used as the loading control. Protein bands were developed
using Immobilon Western Chemiluminescent HRP substrate
(cat. no. WBKLS0100; EMD Millipore) and images were
captured using an enhanced Chemilmager 5500 chemilumi-
nescence system (ProteinSimple, San Jose, CA, USA). ImageJ
software (version 1.0; NIH) was used to quantify the optical
density for treated samples, which were normalized to the
[-actin internal controls.

Statistical analysis. Data are expressed as the mean + standard
deviation. The statistical analysis was conducted with one-way
analysis of variance with the least significant difference post
hoc test using IBM SPSS Statistics 19.0 software (IBM Corp.,
Armonk, NY, USA) and P<0.05 was considered to indicate a
statistically significant difference.

Results

RHL inhibits HeLa cell proliferation. RHL inhibited HeLa
cell proliferation in a dose-dependent manner (Fig. 1). In the
present study, when HeLa cells were treated with 160 pmol/l
RHL for 6 h, vacuoles were observed in the cytoplasm near the
nucleus. The formation of vacuoles was recorded using a live
cell-imaging system and increased in size over time (Fig. 2).

RHL-induced vacuoles in HeLa cells arise from mitochondria
or endoplasmic reticulum. Transmission electron microscopy
was performed to observe HeLa cells following treatment with
160 gmol/1 for 24 h. Vacuoles had a complete membrane struc-
ture and some were also observed to have mitochondrial cristae,
suggesting that they formed from endoplasmic reticulum or
mitochondria damaged by RHL treatment. Mitochondrial
cristae were observed in small vacuoles; however, they were
not present in large vacuoles (Fig. 3).

Mitochondrial proteomic changes induced by RHL . Following
treatment with 0, 80 or 160 ymol/l RHL for 24 h, mitochon-
dria were extracted and a proteomic assay was performed
by LC-MS/MS (Fig. 4). The results revealed that 138 genes
were differentially expressed between treatment groups
(0 vs. 80 gmol/l, 0 vs. 160 ymol/l and 80 vs. 160 gmol/l).
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Figure 3. Vacuoles come from lesions of the endoplasmic reticulum and mitochondria. HeLa cells in the logarithmic growth phase were treated with 160 ymol/l
RHL for 24 h and collected for transmission electron microscopy. Black arrows represent denatured mitochondria. RHL, Rhein lysinate.
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Figure 4. Vacuolar degeneration-associated mitochondrial proteomics changes. Changes in (A) cellular components following treatment with 160 ymol/l RHL.
(B) Compared with untreated control group, the expression levels of RNH1, KRT16, derpl2, PSPH, KRT6A, YA61, MCTS1, LICAM, RFTNI1 and moaA were
decreased in cells treated with 80 or 160 #mol/l RHL. Changes in (C) molecular function following treatment with 160 zmol/l RHL. (D) Compared with
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Figure 5. Effect of RHL on ROS. Intracellular ROS generation is an early event of RHL-induced cell apoptosis. (A) Representative images (magnification, x20)
of the effects 0, 5, 10, 20, 40, 80 or 160 ymol/l RHL on intracellular ROS levels following 24-h treatment. (B) Representative images (magnification, x10)
and quantification of HeLa cells treated with 160 ymol/l RHL, 160 gmol/l RHL+10 mmol/l NAC, 160 ygmol/l RHL+10 mmol/l vitamin C, or 160 pzmol/l
RHL+5 umol/1 DPI for 24 h. Intracellular ROS levels were measured using fluorescence microscopy. (C) Quantification of (A). (D) Quantification of (B).
“P<0.05, compared with the untreated control group; “P<0.05, compared with RHL group. ROS, reactive oxygen species; NAC, N-acetyl cysteine; DPI,

diphenylene iodonium; RHL, Rhein lysinate.

Approximately 23% of these genes were associated with
protein/nucleic acid binding, while others were associated
with structural molecular activity, oxidoreductase activity,
antioxidant activity and catalytic activity (Fig. 4A and C).
Further analysis revealed that compared with control group,
cytoskeletal protein keratin and dermal papilla derived
protein 12 (DERP12), which is associated with the oxidation-
reduction process, were most significantly decreased in the
two RHL-treated groups. Both of which, are associated with
mitochondrial structure and function. The top 10 upregulated
and downregulated proteins are presented in Fig. 4B and D.
In addition, the expression of proteins associated with cell
proliferation, including Rac family small GTPase 1, signal
transducer and activator of transcription 3, mitogen-activated
protein kinase kinase 2, SMAD family member (SMAD)2 and
SMAD4, were decreased following RHL treatment.

RHL increases ROS levels. ROS are primarily produced in the
mitochondria by the oxidative respiratory chain. If mitochon-
dria are damaged, their contents and function are affected.
ROS levels were significantly increased following RHL treat-
ment in a dose-dependent manner compared with the control
group (Fig. 5). In addition, increased ROS levels following
treatment with 160 ymol/l RHL were partly scavenged by
vitamin C or DPI, whereas NAC exhibited no significant effect
(Fig. 5).

RHL destroys mitochondrial membrane potential. MMP is a
hallmark of mitochondrial function. To identify mitochondrial
dysfunction induced by RHL, MMP was assessed following
RHL treatment using Rhodamine 123 staining. Compared
with the control group, treatment with 320 gmol/l RHL signifi-
cantly inhibited Rhodamine 123 uptake in HeLa cells (Fig. 6).



2052 LIU et al: RHEIN LYSINATE INDUCES HeLa CELL APOPTOSIS

Control 160 pmol/l

Y
— W B
S oo OO

o

Fluorescence densit
(of control)

RHL (umol/l) 0 160 320

320 pmol/1

Figure 6. Changes in the MMP. Following treatment with various concentrations of RHL for 24 h, cells were stained with Rhodamine 123 and analyzed
using fluorescence microscopy to evaluate the changes in MMP. Scale bar, 100 zm. "P<0.05, compared with control group. RHL, Rhein lysinate; MMP,
mitochondrial membrane potential.
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RHL induces mitochondrial pathway-dependent apoptosis. In
the present study, short-term RHL treatment induced vacuolar
degeneration in HeLa cells, while long-term RHL treatment
induced cell death. To assess whether this is due to apoptosis,
nuclear Hoechst and Annexin V/PI double-staining was
performed. Compared with control group, the nuclear concen-
tration, nucleus edge set and apoptotic body were observed in
nucleus of HeLa cells treated with 160 gmol/l RHL by fluores-
cence microscope (Fig. 7A). Flow cytometry analysis revealed
that the number of Annexin V-positive cells was increased by
RHL treatment in a dose-dependent manner compared with
control group (Fig. 7B). To evaluate the apoptosis-associated
pathway, caspase-3, Bcl-2 and Bax expression was assessed
using western blotting. As expected, RHL increased the
cleavage of caspase-3, while Bax expression was signifi-
cantly upregulated and Bcl-2 expression was downregulated
(Fig. 7C). These results suggest that RHL induces apoptosis
via regulating apoptosis-associated proteins.

Discussion

Mitochondria serve important roles in the regulation of a wide
variety of intracellular processes, including providing a source
of ATP energy, generating reactive oxygen species (18,19),
and regulating intracellular Ca®* homeostasis (20),
iron-sulfur protein assembly (21,22), apoptosis (23-25) and
mitophagy (26,27). During cell reprogramming and cellular
transformation, mitochondria undergo dynamic changes (28).
In the present study, mitochondrial dynamic changes were

first observed when HeLa cells were treated with 160 gmol/l
RHL. The earliest change in mitochondrial morphology,
which appeared 6 h following treatment, was vacuolar
degeneration. Rhein is a weakly acidic molecule. Therefore,
it exists in two forms: Non-dissociation and dissociation. It is
considered that the non-dissociation form of Rhein penetrates
the cell membrane by active diffusion (29). When levels of
the non-dissociation form of Rhein are reduced, the dissocia-
tion form of Rhein turns into the non-dissociation form. In
the current study, Rhein lysinate was demonstrated to inhibit
the expression of keratin 16 and keratin 6A in proteomics
analysis. It was reported that keratin 16 was a type I cyto-
keratin and was paired with keratin 6 in a number of epithelial
tissues (30). Type I keratins (or Type I cytokeratins) are cyto-
keratins that constitute the Type I intermediate filaments of
the intracytoplasmatic cytoskeleton (31). Thus, it is considered
that vacuolar degeneration of mitochondrion is induced by the
destruction of the cytoskeleton.

Apoptosis is characterized by cell shrinkage, blebbing
of the plasma membrane, maintenance of organelle integ-
rity, condensation and fragmentation of DNA, followed
by ordered removal of phagocytes to minimize damage to
surrounding tissues (32). Apoptosis has been classified into
two types depending on the mechanistic pathway responsible,
namely the extrinsic pathway and the mitochondria-mediated
pathway (33,34). Following treatment with 160 gmol/l RHL
for 24, 48 or 72 h, HeLa cell apoptosis was observed using
flow cytometry. Bcl-2 is a prototypical anti-apoptotic member
of the Bcl-2 family (35), while Bax is pro-apoptotic (36). Bax
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is a functional antagonist of Bcl-2, and the Bcl-2/Bax ratio
regulates cell apoptosis (35,37,38). In the present study, RHL
treatment was demonstrated to decrease Bcl-2 expression and
increase Bax expression, thereby reducing the Bcl-2/Bax ratio
in HeLa cells.

A number of studies have reported that ROS serves an
important role in carcinogenesis. For example, at low physi-
ological concentrations ROS regulate cell growth; however,
at high concentrations, ROS serves a role in oxidative stress
and the induction of apoptosis (39-41). Non-thermal plasma
induces the mitochondria-mediated apoptotic signaling
pathway via ROS generation in HeLa cells (42). In the present
study, it was revealed that RHL induces ROS generation in
HeLa cells in dose-dependent manner. Antioxidants, including
vitamin C and DPI, are able to partially inhibit RHL-induced
ROS generation. In addition, the antioxidant activity of certain
genes, such as DERP12, may decrease and others, such as
PRDX3, may increase, as indicated by in proteomics analysis.
As a whole, the ROS level of mitochondrion was increased. It
may be deduced that ROS participates in the process by which
RHL induces HeLa cell apoptosis.

It should be noted that there are a number of fluorescent
mitochondrial dyes that may be used for MMP measure-
ments (43). Different probes are recommended for each
usage paradigm, depending on the uptake kinetics, concen-
tration and mitochondrial binding affinity of the probe (44).
Rhodamine 123 is recommended for applications that aim
to measure rapid changes in membrane potential (45,46). In
the present study, 320 ymol/l RHL was revealed to decrease
the MMP of Hel a cells. However, the mechanism of RHL
decreasing MMP is unclear and requires further study.

In conclusion, RHL exhibits a dynamic influence on
HeLa cells, causing vacuolar degeneration after 6 h and
apoptosis after 24 h of treatment (Fig. 8). It was hypothesized
that the vacuolar degeneration and apoptosis-associated
signal pathways may be an appealing target for therapeutic
interventions in cervical carcinoma. Future studies should
investigate the antitumor effect of RHL in patients with
cervical cancer.
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