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Abstract

Background: Aloe-emodin belongs to the group of anthraquinones having extremely high biological activity.
The aim of this study was to evaluate the range of morphological and biochemical changes in HeLa cells treated with
aloe-emodin, especially with regard to the lysosomal compartment. Methods: Marking of lysosomes was performed
with neutral red staining for conventional light microscopy and acridine orange staining for confocal microscopy. To
evaluate ctivity of lysosomal enzymes and permeability of the lysosomal membrane, spectrophotometric techniques
were employed. Results: Aloe-emodin caused increased permeability of lysosomal membranes in HeLa cells, expressed
inter alia by extinction of the orange color of acridine orange (lysosomal marker) and in reduction of neutral red uptake
by lysosomes. These changes are accompanied by release of cathepsins from the interior of the lysosomes with a
simultaneous highly significant increase in their activity in the cytoplasm. Conclusion: The results indicate that aloe-

emodin can activate lysosomal pathway-dependent apoptosis in HeLa cells.
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Introduction

Research indicates that the use of new compounds
of plant origin may be important for clinical medicine,
especially when used in chemotherapy. This may be
the case for the anthraquinones present in Rhamnus
frangula L. (Kovacevic et al., 2002), Aloe barbadensis
Mill. (Zhong et al., 2013), Aloe arborescens Mill. (Choi
and Chung, 2003) and Rheum palmatum L. (Yang at al.,
1999). An example of one of the oldest and best-known
herbs still used in various herbal remedies in Chinese
medicine for diverse therapeutic indicationsis is Rheum
palmatum. Among anthraquinones, the greatest biological
activity is shown by aloe-emodin, emodin, chrysophanol,
fiscion, and rhein (Zhang at al., 2010; Hsu and Chung,
2012; Wang at al., 2014). Numerous in vitro and in vivo
studies have shown that aloe-emodin (1,8-dihydroxy-3-
hydroxymethyl-9,10-anthrachinon) has antibacterial (Tian
at al., 2003; Coopoosamy and Magwa, 2006), antiviral
(Sydiskis atal., 1991; Lin at al., 2008) antifungal (Agarwal
at al., 2000), hepatoprotective (Arosio at al., 2000) and
antioxidant action (Yen et al., 2000). In studies on different
tumor cell lines it has been shown that aloe-emodin can
modulate cell cycle and induce apoptosis, suggesting
that the anthraquinone may have potential anti-cancer
properties (Pecere at al., 2002, 2003; Lee, 2001; Kuo at

al., 2002; Mijatovic at al., 2004, 2005; Lin at al., 2006;
Chen at al., 2007; Guo at al., 2007; Chiu at al., 2009).
According to the available literature in spite of numerous
studies, its anticancer mechanism of action is still not
fully understood.

The aim of this study is to assess the biochemical
and morphological changes in cancer cells exposed
to aloe-emodin, with particular attention paid to the
lysosomal system, which plays an important role in the
proper functioning of the cell.

Materials and Methods

In vitro culture conditions

The HeLa cell line (human cervix carcinoma) was
cultured in Nunc plates at a temperature of 37 °C and
in a 5% carbon dioxide atmosphere in a CO, DirectHeat
incubator (Thermo Fisher Scientific). Cells came from
the Department of Radiobiology and Immunology, UJK
Kielce. Cell culture was carried out in DMEM medium
supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotic mixture from Thermo Fisher. Aloe-
emodin (C,;H, O,) was purchased from Sigma-Aldrich
(USA). Cells were exposed to the test anthraquinone in
concentration ranges of 1 pM to 100 uM.
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Analysis of activity of the lysosomal system-optical method

To visualize the lysosomes, their absorption of neutral
red (NR) was determined using a methodology modified
from that of Michalik et al., (2003). Cells were grown
on sterile cover slips in tissue culture dishes. After 48
hours of incubation, the control cells and cells treated
with anthraquinone were incubated with NR (50 mg/ml)
in DMEM for a period of 3 hours at a temperature of
37 °C. The process of endocytosis was then stopped
by washing the cells in PBS, which at the same time
removed excess dye from the cell surface. The activity of
the lysosomes was examined using a Nikon Eclipse 80i
optical microscope.

Neutral red uptake assay (NR) by lysosomes

The degree of cytotoxicity of aloe-emodin to HeLa
cells was determined by the modified Borenfreund and
Puerner method (1985). Cells were plated in 96-well
plates (Nunc) and incubated at 37 °C for 24 hours. The
culture medium was then removed and replaced by a
new medium containing the appropriate doses of test
agent and reincubated for a period of 48 hours. In a next
step, after removing the medium with a test agent, the
cells were incubated with neutral red. The red solution
was then removed by washing with PBS while blocking
the process of endocytosis. In a next step the solvent was
added in order to release the absorbed red by cells and
extracted on a microplate shaker. The amount of dye bound
in the cells measured spectrophotometrically was directly
proportional to the number of cells with intact membranes.
The absorbance value was read at wavelengths of 540
nm and 690 nm using a Synergy 2 multimode microplate
reader (Biotek) and GENS software, that determines the
degree of toxicity of anthraquinone. The experiment was
performed in independent triplicate.

Marking lysosomes using acridine orange

In order to label the lysosomes using acridine orange
(C,,H,\N,) (according to the modified method of Harhaji
et al.) (2007), cells were grown on sterile cover slips in
tissue culture dishes. After 48 hours of incubation with
basal medium (for control cells) and medium with the
test agent (for the test cells), the pooled culture medium
and the cells were washed in PBS and incubated with a
solution of acridine orange dissolved in PBS (50 mg/ml)
under culture conditions. The samples thus prepared were
examined with a confocal Nikon A1R microscope using
lasers of wavelength 488 nm and 561 nm.

Enzymatic method for the assessment of lysosomal
membrane permeability

After 48 hours of incubation with aloe-emodin,
the cells were trypsinized and resuspended in sucrose
solution. The resulting cell suspension was subjected to a
homogenization process. Next, the resulting homogenate
was subjected to differential centrifugation to obtain a
lysosomal fraction, according to the modified methodology
of Marzella and Glauman (1980). In the lysosomal
fractions, as well as in the extralysosomal fractions, the
activity of the lysosomal enzymes cathepsin-D and L (EC.
3.4.23.5,EC. 3.4.22.15.) was determined using a UV/VIS
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Nicolet Evolution spectrophotometer (Thermo Scientific),
following to the method of Langer et al., (1973). In
addition, the total protein content was determined
according to the method of Lowry in the modification of
Kirschke and Wiederanders (1984). The activity of the
enzymes is shown in pmol/mg protein/hr. The biochemical
results are the average of three independent experiments,
in each of which analyses were replicated three times.

Visualization of apoptosis in HeLa cells-DAPI staining

For evaluation of apoptosis after administration of the
test compound, cells were stained with a fluorescent dye
with 4°, 6-diamidino-2-phenylindole (DAPI) to detect
nuclear condensation and fragmentation. HeLa cells were
cultured in medium with aloe-emodin (100 pM) or without
the test compound (control cells) for 48 h. Then the cell
culture medium was discarded and 10 pg/ml of DAPI
solution (Sigma, USA) was added to the cell culture and
incubated for 15 min. The cells were then washed with
PBS and analyzed under Nikon Eclipse 80i fluorescence
microscope.

Annexin V/PI double cell staining

Apoptotic cells were quantified using annexin V-FITC
assay (BD Pharmingen) and analyzed by flow cytometry.
For this purpose, cells were treated with aloe-emodin at
concentrations of 1 uM and 100 uM for 48 hours. Cells
were then stained with V-FITC and propidium iodide and
incubated for 15 minutes at 37°C in the dark. Apoptotic
cells were analyzed using FACSCanto II flow cytometer
and FACSDiva software (BD Biosciences).

Statistical analysis

The results were evaluated using the statistical analysis
with Statistica 10.0 (StatSoft, Poland).

The assessment of changes in cytotoxicity was
supported by an analysis of cell viability, using analysis
variance with Tukey’s test. Tukey’s test was also used
to assess changes in the activity of lysosomal enzymes.

Results

Aloe-emodin induces an increase in the number of
lysosomes and vacuoles

An activity of the lysosomal system is expressed
as the number of red-stained lysosomes in the control
HeLa cells. The changes obtained after applying the NR
uptake assay are shown in Figure 1A. In cells exposed to
aloe-emodin at concentrations of 1-15 uM, its stimulatory
effect on the growth in the number of lysosomes densely
arranged around the nucleus was seen (Figure 1B) and
the presence of cells with cytoplasmic vacuolation
(Figure 1C). A concentration of 30 uM led to increasing
activation of the lysosomal system characterized by an
increase in the number of lysosomes and the presence
of numerous cells with a clear cytoplasmic vacuolation
(Figure 1D). Following the incubation of the cells with
60 uM aloe-emodin, increased cytoplasmic vacuolization
was observed, as was the presence of cells with
autophagic vacuoles containing a substantial amount of
the absorbed dye (Figure 1E). After exposing cells to 100
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Figure 1. A-F: Hela cell line after 48-hour 1nubati0n in basal medium (control, A) and treated with aloe-emodin in
concentrations of: 1 uM (B), 15 uM (C), 30 uM (D), 60 uM (E) and 100 uM (F). Cells were stained with neutral red:
lysosomes (L), cytoplasmic vacuoles (CV), autophagic vacuole (VA), apoptotic cells (AC). Magnification x 400.

Figure 2. A-C. Hela cells after 48-hour incubation in basal medium (control, A) and treated with aloe-emodin at
concentraction of: 1 uM (B), 15 uM (C), 30 uM (D), 60 uM (E) and 100 uM (F). Cells were stained with acridine orange:
labeled on red lysosomes (L) (red emission), cytoplasmic vacuoles (CV), autophagic vacuoles (AV). Magnification x 400 .

UM aloe-emodin, cells with a few red lysosomes were
observed but the vast majority of cells were apoptotic

(Figure 1F).
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Figure 3. Activity (mean+SD) of Cathepsin D and L in the
Lysosomal and Extralysosomal Fraction of HeLa Cells
after 48 h of Exposure to Differences Concentrations of
Aloe-Emodin. Statistically significant differences with:
** p <0.01, *** p<0.001.

Aloe-emodin induces increased lysosomal membrane
permeability in HeLa cells-acridine orange staining
Figure 2A shows an image of HeLa control cells
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Figure 4. HeLa Cell Viability Determined by Neutral
Red (NR) Uptake assay after 48-h Exposure to
Different Concentrations of Aloe-Emodin. Differences
statistically significant to: *** p <0.001. IC50/IC90:
39,20uM/78,71uM.

Asian Pacific Journal of Cancer Prevention, Vol 18 3275



Wojciech Trybus et al

ALOE-EMODIN

CONTROL

1um

i
sl

o 124%

19!
Lusd 4
@

e

0
o]
il

aes ] ) N

F°F 0% 29%

@

s

- ial (ny ] Q.

Eny ]

'S 1 e I -

St 3 "

g T 04

0 w0’ w ot

Annexin ¥ FTC-#

Er@thml m ladide PLA

wt ot
asusd 11y i

- 1
w I 10 "

Anrexan ¥ FITC-#

10° B s
Annexin V¥ FTCA

Fig. 5. Apoptosis observed in HeLa cells using 4',6-Diamidine-2-phenylindole staining (A). Control cells (not exposed
to the test agent) showed normal morphology of the nucleus. After 48 hours of aloe-emodin action at the concentration
of 1 uM, mainly cells with chromatin condensation were observed (1), whereas among cells exposed to aloe-emodin
at the concentration of 100 uM numerous cells with both condensation (1) and nucleus fragmentation (2) were
observed.Magnification x 400. Representative cytograms showing apoptosis analysis in a flow cytometer (B). Cells
were treated for 48 hours with 1 uM and 100 pM concentration of aloe-emodin and apoptosis level was assessed by
annexin V-FITC/PI staining. Control cells (not in apoptosis)-without Annexin V-FITC and PI staining. After the action
of aloe-emodin, three populations of cells were demonstrated: living cells (Annexin V-FITC-/PI-), cells in the early
(Annexin V-FITC +/PI-) and late stage of apoptosis (Annexin V-FITC+/PI+) and dead cells (Annexin V-FITC-/PI+).

Data are representative of three parallel experiments.

in which few red-stained lysosomes are visible. The
cells treated with 1 uM and 15 uM aloe-emodin are
characterized by increases in the number of lysosomes and
autophagic vacuoles (Figure 2B and C). The intensification
in the red color of the fluorescence, indicating a significant
increase in activity of the lysosomal system, was shown
at a concentration of 30 uM (Figure 2D). The exposure of
cells to 60 uM aloe-emodin resulted in visible saturation
of fluorescent dye at the location of the autophagic
vacuoles, and the presence of numerous cells with the
gradual extinction of the fluorescent color in lysosomes
(Figure 2E). The highest concentration (100 pM) of
aloe-emodin used caused a significant gradual extinction
of fluorescence in the tagged single lysosomes (Figure
2F).

Aloe-emodin induces an increase activity of cathepsin in
the extralysosomal fraction of Hela cells

As a consequence of aloe-emodin in a concentration
of 1 uM was found to produce a highly statistically
significant increase in the activity of cathepsin D and L
to 181.21% in the lysosomal fraction (Figure 3), and to
104.44% in the extralysosomal fraction. Aloe-emodin at
a concentration of 15 uM resulted in a highly statistically
significant increase in the activity of cathepsin D and L (of
226.90%) in the lysosomal fraction and 139.48% in the
case of extralysosomal fractions. The effect of exposure
to 60 uM aloe-emodin was a highly significant decrease in
the activity of cathepsin D and L in the lysosomal fraction
to 41.87%, and a highly statistically significant increase in
the activity of the proteolytic enzyme to 162.95% in the
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extralysosomal fraction, which may indicate an increase in
lysosomal membrane permeability. The effect of 100 uM
aloe-emodin on the HeLa cell line was a highly significant
decrease in the activity of cathepsin to 13.40% in the
lysosomal fraction and a highly statistically significant
increase in the activity of the extralysosomal fraction
(224.69%).

Aloe-emodin exhibits cytotoxic activity against HeLa cells

Even at a concentration of 1 pM, significant reduction
in cell viability to 83.9%, relative to the control (100%),
were observed. 20 uM of aloe-emodin caused a decrease
in cell viability to 76.7% (Figure 4). In contrast, a 50%
reduction in viability (IC50) was demonstrated for a
concentration of 39.20 uM. Further reductions in cell
viability to 27.89% have been shown to result from a
concentration of 60 uM. A 90% reduction in viability
(IC90) was seen with a concentration of 78.71 uM. As a
consequence of the 48-hour incubation with aloe-emodin
at concentrations of 80 uM and 100 uM, a further
reduction in the viability of the cells was seen: 9.98%
and 6.03%, respectively.

Aloe-emodin induces apoptosis of HeLa cells

Exposition of HeLa cells to the aloe-emodin in a
concentration of 100 uM for 48 hours clearly induces
apoptosis. Apoptotic cells were visualized by staining
with DAPI. Nucleus stain increased the number of
nuclei showing symptoms characteristic of apoptosis,
such as shown in Figure SA chromatin condensation and
fragmentation of the nucleus.



In addition, apoptosis was measured by flow
cytometry. After 48 hours of treatment with aloe-emodin
at 1 pM and 100 uM, the percentages of apoptotic cells
were respectively 6.4% and 82%, compared with the
control cells (3.9%) (Figure 5B). These results indicate
the concentration-dependent induction of apoptosis.

Discussion

Cells correctly perform most life functions because of their
specific internal structure

A significant role in adaptation of the cells, both normal
and cancer, to the changed environment, is attributed to the
lysosomal system. The adaptive functions of the lysosomal
compartment were highlighted by following, inter
alia, their variability with respect to certain anti-cancer
compounds of plant origin, such as taxol, vinblastine
and vincristine (Krol at al., 1994; 1996; 1998). Studies
of the effects of selected plant alkaloids (vinblastine,
vincristine) showed that their introduction into a cell can
significantly modulate the activity of lysosomal enzymes,
and to modify the structure of lysosomes and to induce
various accompanying changes (Krol at al., 1994; 1996).
For many years, it was believed that in the process of
apoptosis, caspases play a major role, and the role of
lysosomes in apoptosis is limited only to digesting the
contents of the apoptotic bodies. It is now accepted, that
the destabilization of lysosomal membranes is critical
not only for the organelles, but also for the functioning
of the cell (Boya, 2012; Bursch, 2001; Cesen at al., 2012;
Johansson at al., 201; Kégedal at al., 2001). The gradual
release of enzymes from lysosomes can lead to apoptosis,
while rupture of lysosomal membrane can lead to necrosis
(Boya, 2012; Bursch, 2001; Cesen at al., 2012; Johansson
at al., 201; Kagedal at al., 2001; Linder and Shoshan,
2005; Pivtoraiko at al., 2009; Yi at al., 2006; Appelqvist
at al., 2013).

Rapidly dividing cancer cells are highly dependent
on the effective functioning of the lysosomes and
are characterized by large changes in the lysosomal
compartment, i.e. modification of their volume, number,
as well as an increase in the expression, secretion and/
or activation of lysosomal enzymes, including cathepsin.
These changes can affect the invasive tumor growth,
angiogenesis and the formation of drug resistance (Glunde
at al., 2003; Jaatteld, 2004; Fehrenbacher and Jéittela,
2005; Kallunki at al., 2013).

As is clear from many reports cancer cells may have
the ability to reduce the activity of both apoptotic and
lysosomal pathway (Kirkegaard and Jéétteld, 2009).

In contrast, increasing the area of lysosomes, as
well as pH change in tumor cells may contribute to
stronger sensitivity of their membranes and increases in
permeability (Glunde at al., 2003; Fehrenbacher at al.,
2004; Kirkegaard and Jaitteld, 2009; Boya, 2012; Kallunki
at al., 2013).

Thus, for new cancer therapies it is important to activate
in cancer cells pathways other than apoptosis, leading to
their death, including the lysosomal cell death involving
specific lysosomal enzymes-cathepsins (Johansson at al.,
2010; Kirkegaard and Jaatteld, 2009; Erdal at al., 2005;
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Morselli at al., 2008; Piao and Amaravadi, 2016; Tardy
at al., 2016).

An example of the compounds inducing alternative to
apoptosis kind of death in cancer cells, that is, death as
mediated by the lysosomal system, is aloe-emodin used
in our study.

Lysosomes are organelles that react most quickly
to all changes in the cell, responding with increase in
their number and size. A morphological and functional
remodeling takes place, associated with activation of
lysosomal hydrolases and increased permeability of the
lysosomal membrane (Boya and Kroemer, 2008; Xu and
Ren, 2015).

The studies conducted on Hela cell line show that
with increasing concentrations of aloe-emodin used,
increased of lysosomal membrane permeability took
place, which manifested i.a. in reduction of cathepsin D
and L concentration in the lysosomal fraction, in favor
of the increase of its concentration in the extralysosomal
fraction (Figure 3).

This may indicate a high level of aloe-emodin
accumulation in the lysosomes and a concentration-
dependent (1 uM and 100 uM) induction of apoptotic
processes in the studied tumor cells, as shown in Figures
5A and 5B.

Cathepsin are lysosomal aspartyl endopeptidases
involved in many physiological and pathophysiological
processes in the cell. In the last decade an increased
number of studies demonstrated that the enzymatic
functions of cathepsins (in particular D and L) are not
limited to protein digestion, but also to the regulation of
apoptosis, in particular with regard to the lysosomal cell
death (Benes at al., 2008; Leist and Jaitteld, 2001).

Lysosomal membrane damage in HeLa cells is also
demonstrated using acridine orange lysosomal marker.
The exposure of the tested cells at the increasing
concentration of aloe-emodin resulted in the gradual
extinction of red fluorescent color in labeled lysosomes.
The highest degree of extinction was found with tested
cells exposed to the aloe-emodin in a concentration of
100 uM (Figure 2F). The cells were then characterized
by a significant extinction of red fluorescence in labeled
lysosomes, and the emission of green fluorescence from
accumulation of acridine orange in the cytosol (Figure 2F).

As is clear from the literature acridine orange
staining is a very good method for visualizing changes
in the lysosomal system. The staining used is the only
lipophilic fluorochrome having the ability to accumulate
in the lysosomes, dye molecules after entering the cell
membrane are protonated and then pumped together with
the hydrogen ions to the inside of the lysosomes (then
there is marking) (Choi at al., 2002; Terman at al., 2006;
Kurz at al., 2008).

The fluorescence emission of acridine orange is
variable and depends on its concentration in the lysosomes
and pH changes, varying from red at a high concentration
in the lysosomes to green at a low concentration in
the cytosol (Moriyama at al., 1982; Rundquist at al.,
1984; Nicolini at al., 1979; Denamur at al., 2011). The
fluorochrome is thus widely used as a marker in studies of
lysosomal membrane permeability (Zdolsek at al., 1990).

Asian Pacific Journal of Cancer Prevention, Vol 18 3277



Wojciech Trybus et al

The sensitivity of lysosomes to the action of aloe-
emodin was also confirmed by the neutral red uptake by
lysosomes assay with the optical microscopy technique
where, similarly to fluorescence microscopy, showed a
reduced uptake of dye in cells exposed to its concentration
(Figure 1E and F).

Using spectrophotometric method (NR cytotoxicity
test) IC50 and IC90 values were determined for
HeLa cells, 39,20 uM and 8,71 uM respectively for
concentrations and were a response to relatively low
concentrations anthraquinone used (Figure 4). This further
confirms the cytotoxic effect of aloe-emodin on lysosomal
compartment in the studied cancer cells.

The observed lysosomal membrane damage can also
be associated with the ability of aloe-emodin to generate
reactive oxygen species formed during the damage of
mitochondrion function, as was shown in studies Chiu
et al., (2009); Lee et al., (2006); Lin et al., (2009); Chen
etal., (2010).

The biochemical and morphological results obtained
for the lysosomal compartment indicate that aloe-emodin
has high cytotoxic activity with respect to the lysosomal
system of the cancer HeLa cell line. The test anthraquinone
activates the lysosomal system in tumor cells, and when
used in high concentrations destabilizes the lysosomal
membranes, resulting in release of lysosomal enzymes
into the cytoplasm, which can induce apoptosis dependent
on activity of cathepsins.

In conclusion, studies of the effects of anthraquinone
on the lysosomal compartment require further extension
and continuation, especially in the context of new cancer
treatments.
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