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Breast cancer is the most commonly diagnosed cancer and is one of the leading causes of cancer mortality in women
worldwide. Natural product compounds have attracted significant attention for their potent effects against human cancers.
Aloin, a natural phytochemical anthraquinone glycoside extracted from Aloe sp., has been previously reported for its
antitumor activity. Autophagy is a highly conserved process that mediates the degradation of dysfunctional cellular
components, such as senescent proteins and organelles. In the present study, we verified the involvement of autophagy in
tolerance to aloin, especially in breast cancer cells with negative estrogen receptors, and as an alternative pathway to
promote cell death in cells expressing mutant p53 status, which often limits the efficacy and accounts for resistance to
chemotherapy. We studied the effect of aloin on 2 types of breast cancer cell lines, estrogen receptor-positive (T47D) and
triple negative (MDA-MB231), and compared to an anthraquinone analog, doxorubicin (Dox) as a reference compound.
Aloin inhibited the cell growth of both T47D and MDA-MB231 cancer cells, in a time- and dose-dependent manner with a
more pronounced effect in the 72 h exposure regimen, and in the ERo+ breast cell line. The autophagic activity of aloin was
emphasized by the formation of autophagosomes and autolysophagosomes, as early and late autophagic compartments,
respectively, as well as the accumulation of acidic vesicular organelles in the tumor cells. Also, upregulation in the protein
expression of some marker genes of autophagy such as beclin 1 and LC3BII/LC3I, and conversely down-regulation in p-
mTOR and p62 was recorded. The results suggest that autophagy can be regarded as one of the mechanistic modes of aloin

Vol. 61, April 2023, pp. 252-264 Hegamsame-freae

cytotoxicity in breast cancer cells that evade apoptosis through genetic mutations in p53.

Keywords: Aloe vera, Chemosensitivity, Estrogen receptor.

Breast cancer is the most common cancer among
women worldwide. In the United States of America, it
is the most commonly diagnosed cancer in women
accounting for about 30% of all new cancer cases in
women each year. It is one of the leading causes of
cancer related deaths in women, second only to lung
cancer and it is estimated that about 13% of the total
population of women in US may develop invasive
breast cancer'. Two common subtypes are well-
recognized for breast cancer and differentiated
according to the status of estrogen receptor: Estrogen
receptor positive (ERo+) and triple negative breast
cancers (TNBC). The ERo+ are largely well-
differentiated, less aggressive, with good prognosis
and appreciably responds to hormonal therapy. On the
other hand, the TNBC lack estrogen receptor,
progesterone receptor and epidermal growth factor-2
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receptor (ER—, PR- and HER2-), poorly
differentiated, aggressive in behaviour, and with
worst prognosis associated with poor outcome’.
Chemotherapy remains the standard of care for TNBC
treatment, though, patients frequently develop
resistance’. To overcome chemoresistance in cancer,
the researchers look towards nature for novel lead
structures for development of improved chemo-
therapeutics for alternative molecular targets or
mechanisms especially in patients who suffer from
defects in apoptosis-regulatory genes".

For years, apoptosis (type I programmed cell death)
was treated to be the principal mechanism by which
chemotherapeutics agents kill cells. As an alternative
route of cell death, autophagy (type II programmed
cell death, ATG) is emerging as an important target
for new anticancer drugs*’. However, it remains
controversial whether ATG is tumor suppressive
(through cell cycle arrest, promoting genome and
organelle integrity, or inhibition of necrosis and
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inflammation), or oncogenic (by promoting cell
survival in the face of spontaneous or induced nutrient
stress, or by facilitating oncogene-induced senescence
or protecting tumors against necrosis and
inflammation)®. Study of anthraquinones in cancer-
related topics is an auspicious endeavor, and
evaluating their role in ATG could lead to a better
understanding of their cytotoxic effects. Therefore,
further investigations should be done to understand
and clarify how autophagy relates to cancer therapy,
how the autophagy pathway can be targeted and
regulated by chemotherapeutics, and how the activity
of ATG pathway can be monitored and quantified
during cancer therapy.

Aloe vera (L.) Burm.f. is a perennial succulent
medicinal plant that has been used in folk medicine for
thousands of years. The preclinical studies over the last
couple of decades uncover the potential therapeutic
activities of Aloe plant and its bioactive compounds in
many pharmaceutical products, functional foods, and
cosmetics’. Aloin is one of the main natural bioactive
ingredients of 4. vera. It is an anthraquinone glycoside
with an empirical formula of aloin is C,H,,09, which
is supported by the formulation 10 pB-D-
glucopyranosyl-1,8- dihydroxy-3-hydroxymethyl-
anthracene-9-one. Aloe-emodin showed its efficacy to
inhibit proliferation and to induce apoptosis, in vivo
and in vitro, in many types of cancerous cells by
various mechanisms®. In our previous studies, we
reported the antitumor activity of aloin against
experimental murine tumors (ascites and solid Ehrlich
carcinoma)’'’, with no detrimental side effects on the
host metabolism''. Further studies in our lab have
shown the cytotoxicity of aloin against different types
of human cancer cell lines, such as breast and ovarian
adenocarcinoma cell lines'™”. We have also
demonstrated that there was no cardiotoxicity for the
repeated treatment of normal rats with the maximum
tolerated dose of aloin (50 mg/kg bw) due to its strong
antioxidant and scavenging activities for free radicals
and reactive oxygen species', as well as its strong iron
chelating activity".

In the present study, we propose to investigate the
cytotoxic effect of aloin against two subtypes of breast
cancer cell lines, ERa+(T47D) and TN (MDA-
MB231), compared to its anthraquinone analog,
doxorubicin (Dox) as a reference compound. Further,
we investigated contribution of the ATG process to the
antitumor activity or tolerance of aloin.

Materials and Methods
Chemicals

Aloin (M.W. 818.4) was provided in a pure form
from MacFarlan Smith LTD (Edinburgh, Scotland).
Adriamycin hydrochloride (M.W. 579.5) was provided
in the form of a red lyophilized powder from
Pharmacia S.P.A. (Milan, Italy). RPMI-1640/
L-glutamine medium, and fetal bovine serum (FBS)
were from Gibco (Thermo Fisher Scientific, USA).
DMEM/L-glutamine medium and Trypsin/EDTA (1x)
were from Biowest (South Africa). Penicillin/
Streptomycin mixture (1%) was from Biochome AG
(Germany). Dimethyl sulfoxide (DMSO) and
Phosphate-buffered saline (PBS) were from Sigma-
Aldrich (Germany). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium  bromide = (MTT), absolute
methanol, sterile tissue culture flasks (75 cm?), Petri
dishes (58 cm?), and 96-well microtiter plates were
provided from Thermo Fisher Scientific (USA).

Cell lines and cell culture

Two human breast cancer cell lines were used in
this study; T47D (ERo+, PR+ and HER2-, mutant
p53) (CAT. No HTB-133™) and MDA-MB231
(ERa-, PR-, HER-2-, mutant p53) (CAT. No HTB-
26™) (ATCC, USA). T47D cells were cultured in
RPMI-1640/L-glutamine medium, whereas MDA-
MB231 cells were cultured in DMEM/L-glutamine
medium in a humidified 5% CO, incubator at 37°C.
Both media were enriched with 10% heat inactivated
FBS and 1% penicillin/streptomycin mixture. Sub-
culturing of exponentially growing cells was carried
out weekly using trypsin/EDTA.

Compounds preparation

A stock solution of aloin (2 mg/mL) was freshly
prepared in sterile warmed distilled water (50°C). The
solution was sterilized by filtration through 0.22 pm
filter (Sigma-Aldrich, St. Louis, MO, USA). Two sets
of serial dilutions were prepared from aloin stock
solution in respective complete growth media for
treatment of T47D cells (20, 40, 60, 80 and
100 pg/mL) and MDA-MB-231 cells (20, 80, 100, 150,
200, 300 and 400 pg/mL). Alternatively, two sets of
concentrations were prepared from Dox stock solution
(2 mg/mL) in RPMI-1640 complete growth medium
for T47D treatment (0.05, 0.1, 0.15 and 0.2 pg/mL),
and incomplete DMEM culture medium for MDA-
MB231 treatment (0.01, 0.1, 1 and 10 pg/mL).

Chemosensitivity studies
The cytotoxic effects of aloin and Dox against
tumor cell proliferation of T47D and MDA-MB231
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cells were assessed by two experiments, MTT and
clonogenic assays.

MTT assay:

For each cell line, exponentially growing cells were
enzymatically detached and inoculated into 96-well
microplates at a density of 30,000 cells/well, and then
allowed to attach for 24 h under the previous specified
conditions. Following attachment, cells were exposed
to increasing concentrations of aloin and Dox
(positive control) and incubated for 24 and 72 h in
triplicate independent experiments. At the end of
exposure periods, the media were removed, and cell
viability was determined by MTT assay'®. The
percentage of cell viability was calculated by
multiplying the ratio absorbance of the sample versus
the control by 100. Drug ICs value defined as the half
maximal inhibitory concentration that reduces cell
viability by 50% was deduced for aloin and Dox in
the 72 h exposure regimen in both cell lines from the
nonlinear regression line in the dose-response
inhibition curves using GraphPad Prism software.

Clonogenic assay:

A free single tumor cell suspension was prepared at
a density of 6000 cells/fmL. Aliquots of cell
suspension (5 mL) were then transferred to 75 cm’
tissue culture flasks and incubated in a humidified
CO; incubator at 37°C for 24 h. After cell attachment,
the culture medium was decanted and replaced with
5 mL of fresh complete growth medium in the control
flasks and with 5 mL of fresh complete growth
medium containing the different concentrations of
aloin or Dox, and then re-incubated for 24 and 72 h,
respectively. After incubation, the media were
aspirated and the cells were trypsinized, and then
collected in 15 mL falcon tubes containing fresh
complete growth medium. The tubes were
centrifuged, and then the cell pellets were re-
suspended in 4 ml of fresh complete growth medium.
The viable cell numbers were counted by trypan blue
exclusion method, and then the cells were diluted with
the complete growth medium to 1000 cells/mL. A
volume of 1 mL cell suspension was transferred to
three Petri dishes for control and for each compound
concentration followed by the addition of 3 mL
complete growth medium. The dishes were incubated
in a humidified 5% CO, incubator at 37 C for 10 days,
during which the drug-free growth medium was
replaced every 72 h. At the end of the incubation
period, the growth medium was decanted, and the
colonies were fixed in absolute methanol for 20 min,

then stained with 2% crystal violet and counted using
a stereomicroscope (Olympus, Japan). The number of
tumor colonies was scored by counting the cell
aggregates consisting of at least 50 cells
(>5 generations). At least 200 tumor cell colonies per
flask were required in the control Petri dish to assure
an adequate range for measurement of the compound
effect. The mean tumor colonies count for control was
taken as 100% survival (0% inhibition), and the
percentage of inhibition of colony formation (%ICF)
in compound-treated Petri dishes was calculated as
follows: %ICF = (C — T)/T x 100, where C = mean of
colonies count in control and T = mean of colonies
count in treated cells.

Monitoring of autophagy process
Transmission electron microscopy (TEM)

TEM was used as a powerful technical approach
for investigating the process of ATG and monitoring
of ultrastructural morphology of autophagic
compartments in the cells. After cell plating, media
were discarded and the cells were washed with PBS,
and then treated with fresh media containing ICs
values of aloin or Dox for T47D and MDA-MB231.
The plates were incubated in a humidified 5% CO,
incubator at 37°C for 24 and 72 h in independent
experiments. At the end of the exposure period, the
cell pellets were collected and prepared for primary
fixation using 3% glutaraldehyde solution for 2 h at
4°C, after which were washed 3 times with PBS. Post
fixation step was followed using 0.5% osmium
tetroxide in phosphate buffer for 1.5 h at room
temperature (25°C), after which cells were washed
twice in PBS, then dehydrated in a graded dilution
series of ethyl alcohol (50, 70, 90, 96 and 100%) at
RT. Infiltration was done using 1,2 propylene oxide
twice, each for 15 min. The packed cells were
embedded in a mixture of propylene oxide and epoxy
resin (EMbed-812 resin kit, Electron microscopy
Sciences, England) and transferred into inverted
polyethylene embedding capsule with conical tip
(BEEM capsule size 3, Electron microscopy Sciences,
England), and then left to polymerize at 60°C
overnight. After polymerization, the blocks were
trimmed and about 1.0 pm sections were cut, mounted
on a glass slide, stained with 1% toluidine blue
solution, and examined under light microscope as a
guide in trimming the block face to an area suitable
for ultrathin sectioning. Using ultramicrotome (Leica,
Germany), ultrathin sections were cut at 75-90 nm
and placed on copper grids (2 grids), and then stained
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with 2% uranyl acetate and 0.4% lead citrate to be
examined by TEM (Jeol-JEM-100s, Japan) at a
magnification power of x 2000-8000.
Detection of acid vesicular organelles (AVOs) by confocal
fluorescence microscopy

Acridine orange is a cell-permeable versatile
fluorescence dye that can be protonated and trapped
in acidic vacuoles (lysosomes, endosomes, and
autophagolysosomes), RNA and DNA in living cells,
and fluoresce red. To perform the assay, cells were
first plated to allow a monolayer formation. Culture
media were then replaced with fresh media containing
either no compound (control) or ICs, values of the
tested drugs (aloin and Dox) for 72 h. At the end of
the incubation period, media were aspirated, and cells
were washed with PBS, and then stained with acridine
orange at a final concentration of 1 pg/mL for 15 min
at RT in the dark. The acridine orange was removed,
cells were washed with PBS, and then fresh media
were added. The fluorescence was examined by
confocal laser scanning microscopy (Carl Zeiss,
LSM- 710, Germany). The excitation laser was 488
nm and 543 nm, while emission filters were 523 nm
and 640 nm for green and red fluorescence,
respectively. Acridine orange-stained cells were
imaged, in which the cytoplasm and the nucleus
fluoresce green, whereas the AVOs fluoresce bright
orange/red with intensity proportional to the degree of
acidity and the volume of AVOs. Fluorescent
micrographs were taken using an integrated ZEN
Software version 2.3.
Quantification of acidic vesicular organelles (AVOs) by flow
cytometry

The number of cells with increased AVOs was
determined by flow cytometry. After exposure of the
different breast cancer cells to ICs, values of aloin and
Dox for 72 h, as previously mentioned, the culture
medium was decanted, and cells were washed with
PBS and then trypsinized. Following cell detachment,
5 mL of fresh complete growth medium were added,
and cells were collected in a falcon tube, centrifuged
at 200xg for 2 min, and then the supernatant was
discarded. The cell pellets were re-suspended in 5 mL
fresh complete growth medium and stained with
acridine orange at a final concentration of 1pg/mL for
20 min at RT. Acridine orange was removed by
centrifuging the tubes at 150xg for 3 min, and the cell
pellet was then re-suspended in 1 ml of PBS. Green
(FL-1-H, Fluorescein isothiocyanate (FITC) 510/530
nm) and red (FL-3-H, 650nm, Phycoerytrin-cyanine 5

(PC5) fluorescence emission from 10000-20000 cells
illuminated with blue excitation light (488 nm) was
acquired by CytoFLEX flow cytometer (Beckman
Coulter, Life Sciences, USA) and analyzed by
integrated CyExpert Software.

Protein expression of autophagy markers by Western blot
analysis

Cells were plated and incubated with ICs values of
aloin and Dox for 24 and 72 h in independent
experiments as previously mentioned, and then
adherent cells were harvested by scraping in ice-cold
PBS. Three plates were set up for control and each
drug in each cell line. The pooled cell suspension was
centrifuged at 3000 rpm for 3 min. at 4°C, and the
supernatant was discarded. Cells were lysed in ice-
cold lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1| mM EDTA, 1% Triton x100) containing
diluted protease inhibitor cocktail (x1000) (10 pL/mL
lysis buffer). After three freeze/thaw cycles in liquid
nitrogen, lysates were centrifuged at 10,000 rpm for
10 min at 4°C. Total protein concentration was
determined in the cytosolic samples of the whole cell
lysates by the method of Bradford" using a
commercial assay kit (Biobasic Inc, Canada). Extracts
were then diluted in lysis buffer to equal protein
concentrations and stored at -80°C until analyzed.
SDS-PAGE was performed according to Laemmli'®.
Proteins (50 pg) in sample buffer were heated at 90°C
for 5 min. then loaded on 10% gels, electrophoresed,
and electrotransferred onto polyvinyl difluoride
membrane (PVDF) membranes. Transfer efficiency
was routinely inspected by staining the membranes in
Ponceau S. Nonspecific antibodies bindings were
blocked by pre-incubation of the membranes for 1 h
with Tris buffer (pH 7.4) supplemented with 0.3%
Tween-20 and 3% bovine serum albumin. The
membranes were then separately incubated with the
following diluted polyclonal rabbit antibodies
provided by Invitrogen (ThermoFisher Scientific,
USA): p-AKT (Ser-473) (CAT. No PA5-85513, MW
60KDa), p-mTOR (Ser2481) (CAT. No PA5-77981,
MW 289KDa), LC3B (CAT. No PA1-16930, MW
17-19KDa), beclin 1(CAT. No PA5-96649, MW 60
KDa), SQSTM1/sequestome (p62) (CAT. No PAS-
20839, MW 62KDa) and B-Actin (CAT. No PAI-
16889, MW 42KDa). The membranes were furtherly
incubated for 1 h at 4°C with goat horseradish
peroxidase-conjugated secondary antibody IgG (CAT.
No 31460). The membranes were then washed thrice
(PBS, 0.1% and Tween-20), the peroxidase-catalyzed
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reaction was visualized with enhanced
chemiluminescence (Clarity™™ Western ECL substrate,
BIO-RAD, USA), and the chemiluminescent signals
were captured using a CCD camera-based image.
Image analysis software was used to read the band
intensity of the target proteins against control sample
after normalization to B-actin on the digital Chemi Doc
MP imager (Bio-Rad, USA).

Statistical Analysis

The Shapiro-Wilks test for normality showed that
all data were normally distributed (P >0.05)".
Comparison was made using one-way analysis of
variance (ANOVA). In case of a significant F-ratio,
Bonferroni's test for multiple comparisons was used to
evaluate the statistical significance between treated
groups at P <0.05 level of significance. All the
statistical analysis was done using Statistical Package
for Social Science (SPSS) version 20.0 (SPSS Inc.,
Chicago, IL, USA).

Results

Effect of aloin on cell viability of breast cancer cells
Dose-response curves of aloin showed that brief

exposure (24 h) to aloin failed to attain 50% reduction

in cell viability of T47D cells, whereas the continuous

exposure (72 h) of aloin produced a significantly dose-

dependent reduction in cell viability, which reached

11071 A 1109 B
*

INDIAN J EXP BIOL, APRIL 2023

45.81% at the highest dose level (100 pg/mL),
compared to the control cells (Fig. 1A). On the other
hand, treatment of T47D cells with Dox produced a
significant reduction in cell viability attaining a
minimum of 83 and 41% at dose 0.15 pg/mL after 24
and 72 h exposure, respectively, compared to the
control cells (Fig. 1B). As for MDA-MB231 cells,
MTT assay revealed that aloin reduced the cell viability
in a time- and dose-dependent manner. A gradual
reduction in cell viability was obtained, reaching a
nadir of 55.6 and 42.35% at the highest aloin dose
(400 pg/mL) in the 24 and 72 h exposure assay,
respectively (Fig. 1C). On the other hand, Dox
produced a significantly gradual reduction in cell
viability, attaining a minimum of 89.52 and 30.87% at
the highest dose (10 pg/mL) in the 24 and 72 h
exposure regimens, respectively (Fig. 1D). It is worthy
to note that the prominent effect of aloin and Dox was
achieved in the 72 h assay in both types of breast
cancer cells, from which the ICsy values of both drugs
were calculated and found to be 75 and 0.1 pg/mL,
respectively, for T47D cells, and 295 and 1.0 pg/mL,
respectively, for MDA-MB231 cells (Fig. 2 A and B).

Effect of aloin on the clonogenicity of breast cancer cells

In parallel with MTT assay, exposure of T47D
cells to aloin showed a time- and dose-dependent
reduction in the number of tumor colonies, attaining a
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Fig. 1 — Dose-response curves of cytotoxicity of aloin and Dox in (A and B) T47D; and (C and D) MDA-MB231 cells. T47D cells were
exposed to (A) aloin or (B) Dox @ 20-100 pg/mL and 0.05-0.2 pg/mL, respectively for 24 and 72 h. MDA-MB231 cells were treated
with (C) aloin or (D) Dox @ 20-400 pg/mL and 0.01-10 pg/mL, respectively for 24 and 72 h. [Viable cells were detected by MTT assay
and the % viability was determined as the ratio between treated and control cells. Similar symbols within the same data line denote
insignificance (P >0.05). The data are represented as means+ SD from three independent experiments]
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Fig. 2 — Plotting of % cell viability of (A and B) T47D; and (C and D) MDA-MB231 tumor cells vs. log concentrations of aloin and Dox
which were used to calculate the half maximal inhibitory concentration (ICs, value) of aloin and Dox after 72 h exposure by GraphPad

Prism software.
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maximum %ICF of 71.8 and 100% at the highest dose
level (100 pg/mL) in 24 and 72 h exposure regimens,
respectively. The half inhibitory effect of aloin
(53.62%) was recorded at dose 60 pug/mL in the 72 h

treated with aloin for 72 h showed nuclear shrinkage,
margination, and condensation of the chromatin (Figs
3D and 4D). On the other hand, exposure of T47D
and MDA-MB231 cells to Dox for 24 h demonstrated

exposure assay (Table 1). On the other hand,
prolonged exposure of MDA-MB231 cells to aloin

Table 1 — In vitro sensitivity of T47D and MDA-MB231 cells to
aloin and doxorubicin

showed a gradual increase of % ICF, attaining the half =~ Dose of drugs 24 h 72 h
maximal inhibition of tumor colonies (50.96%) at  (Mg/mL) No.of  ICF%  No.of ICF
colonies colonies %

concentration 300 ug/mL. Alternatively, Dox treatment

for 72 h exerted the highest %ICF of 95.11% at E47D iells A18L15.6° 0 470:100° 0
concentration 0.2 ug/mL in T47D cells, and 100% at A?(;téo 20 37041168° 115  335:15.0° 28.72
10 pg/mL in MDA-MB231 cells (Table 1). 40 340413.58° 18.66 292189 37.87
Ultrastructure examination of aloin-treated breast cancer cells 60 265+14.05 4 36.6 217i16'6e 33.62
by TEM 80 194+12.90° 545  90+12.50° 80.85
P 100 118+14.53° 71.8 NDf 100
TEM examination of contro.l T47D and MDA- Control 418415 6° 0 4704100° 0
MB231 tpmor cqlls .revealed S}mllar ultrastructural  pox 0.1 360420.0° 13.88 401<11.5" 14.68
features; irregularity in shape with numerous surface 0.1  23246.5° 4450 220+13.1° 53.19
microvilli, chromatin-condensed nucleus  with 0.15 103i9-5: 75.84 80i5~0: 82.98
prominent nucleolus, distinguishable mitochondria, 0.2 40+4.5 0067 23£7.0° 95.11
and rough endoplasmic reticulum (Figs 3A and 4A) MDA-MB231 cells
g P : g * Control 400£10° 0 418£17° 0
In general, the presence of tlme.- and dose-dependent  Ajin 20 3731126 675 383+15.3%¢ 837
ATG features were prominent in the 72 h exposure 80 365i53‘° 8.75 3731c6.4:g 10.77
regimen for both drugs and in both cell lines. T47D 100 355+5™°  11.25 352+18.6°°% 15.79
and MDA-MB231 cells treated with aloin for 24 h 150 345413.2 © 1375 318+17.67 23.92
ifested a shrinkage of the nucleus (N), presence of 200 283173 23 IS 388
manitested a g ucteus (IN), p 300 258+10.4° 355  205+5.0°  50.96
various malformed, fragmented mitochondria (M), and 400  205+5.03% 4875  77x16'  81.58
moderate autophagic vacuoles. Also, double membrane  Control 400i101 0 418117"’b 0
autophagosomal vacuoles containing cellular parts  Dox 00'011 ;jgi;gc ;g g%;ﬁfﬁc 42735
were markedly appeared (Figs 3B and 4B). | 2132280 46 103195¢ 750
Continuous exposure of tumor cells to ICsy value of 10 ND ND

aloin induced the formation of autophagosomal
vesicles in the cytosol manifested by the presence of
Moreover,

[Results are expressed as mean+SD of triplicate plates. ICF%
represents the percentage of inhibition of colony formation. Different

electron-dense materials. symbols within the same data column denote significance at P <0.05]

Fig. 3 — Transmission electron micrograph of (A) control T47D cells showing notched nucleus (N) with intended nuclear envelope,
highly chromatic large nucleolus (nu), numerous microvilli (arrows) on the cell surface, many polymorphic mitochondria (M), and
fragmented rough endoplasmic reticulum (rER) free of ribosomes dispersed in the cytoplasm; (B) T47D cells treated with aloin
(75 ng/mL) for 24 h showed a shrinkage of the nucleus with various malformed and fragmented mitochondria, as well as marked double-
membraned autophagosomes containing cellular parts (arrows); (C) T47D cells treated with Dox (24 h) showed a non-homogenous and
degenerated euchromatin of the nucleus with eccentric nucleolus, autophagic vacuoles containing either degraded cellular components
(asterisks) or partially degraded electron dense materials (arrows), and various lysosomal granules (Ly) in the cytoplasm; (D) T47D cells
treated with aloin (75 pg/mL) for 72 h displayed thin-walled autophagolysosomes containing cellular debris (arrow head), remarkable
autophagosomal vacuoles (asterisks) and numerous perinuclear lysosomes; and (E) T47D cells treated with Dox (72 h) showed a
profoundly affected cell with a hypochromatic nucleus, marked increase of double-membraned autophagosomal vacuoles containing parts
of the cytoplasm (thin arrows) as well as notable autolysosomes formed by fusion of some autophagosome vacuoles with lysosomes
(thick arrows).



258 INDIAN J EXP BIOL, APRIL 2023

Fig. 4 — Transmission electron micrographs of (A) MDA-MB231control cells showing notched nucleus (N) with intended nuclear envelope,
a highly chromatic large nucleolus (nu), cell surface microvilli (arrows), polymorphic mitochondria (M), and prominent rough endoplasmic
reticulum (rER) within the cytoplasm; (B) MDA-MB231 cells treated with aloin (295 pg/mL) for 24 h showed a well-preserved nucleus,
multiple autophagosomes including residual digested cellular parts (arrow head), and cytoplasmic vacuolation at the peripheral portion of the
cell (asterisks); (C) MDA-MB231 cells treated with Dox (1 pg/mL) for 24 h showed the presence of many double-membraned autophagic
vacuoles of different sizes enclosing fragmented parts of mitochondria and cytoplasmic components (arrows). Few lysosomes (LY are also
evident in the cytoplasm; (D) MDA-MB231 cells treated with aloin (295 pg/mL) for 72 h showed presence of lysosomes, formation of
autolysosomal vesicles (asterisks), and many small autophagic vesicles (thick arrows). Some cytoplasmic vacuolations are evident (thin
arrows); and (E) MDA-MB231 cells exposed to Dox (1 pg/mL) for 72 h showed a profoundly impacted cell with hypochromatic nucleus and
disrupted nuclear envelope (small arrows). The cell consisted almost entirely of autophagic vesicles; some vesicles enclosed cellular debris
(thin arrows). The fusion of lysosomes with some autophagic vesicles is also indicated (thick arrow).

a change in the size of cells, and the nuclei displayed
a smooth surface lobulated with well-preserved
nucleoplasm, while the nuclear envelope remained
intact (Fig. 3C and Fig. 4C). The most prominent
features were multiple lysosomes, as well as
cytoplasmic membrane-bounded vesicles containing
portions of the cytosol characteristic of ATG. After 72
h treatment with Dox, T47D and MDA-MB231 tumor
cells showed a loss of distinct morphological features
as a sign of ongoing degradation. The cytoplasm was
almost filled with autophagic vacuoles containing-
dense elements. Intracellular organelles were also
reduced in number and ultrastructurally changed.
Moreover, fusion of lysosomes with some autophagic
vesicles  manifested by the presence of
autolysophagosomal vesicles filled with partially
degraded materials was evident (Fig. 3E and Fig. 4E).

Detection and quantification of acidic vesicular organelles
(AVOs) in aloin-treated breast cancer cells

Representative micrographs (Fig. 5) showed that
T47D control cells emitted only green fluorescence,
whereas aloin treatment (75 pg/mL) for 72 h induced
the formation of an increased number of AVOs
(autophagic cells) emitting punctate red fluorescence
in T47D cells, which was augmented in Dox
treatment (0.1 pg/mL). On the other hand, exposure
of MDA-MB231 cells to aloin (295 pg/mL) for 72 h
resulted in the accumulation of red-orange AVOs in
their cytoplasm, while those treated with Dox (1
pug/mL) showed an ever-marked increase in AVOs
(Fig. 5A). Interestingly, the MDA-MB231 control
cells emitted green fluorescence with minimal red
fluorescence (Fig. 5A). To quantify the development

of AVOs, the acridine orange-stained cells were
analyzed by flow cytometry, which measures the
amount of light emitted in the red FL-3 channel that is
directly correlated to the volume of cellular acidic
compartments, i.e the autophagic cells in the cell
population. The percentage of AVOs-containing cells
in Dox treatment was almost double that in tumor
cells treated with aloin (92.9 and 43.7%, respectively)
(Fig. 5 B and C). Surprisingly, nearly half of MDA-
MB231 control cells (48.7%) were positive for acridine
orange stained-vesicular organelles (AVOs), which
indicates the presence of autophagic cells. By contrast,
the accumulation of AVOs was more pronounced in
aloin- than in Dox-treated cells (70.7 and 61.2%,
respectively), which indicates the induction of
autophagic cell death by aloin and Dox (Fig. 5C).

Protein expression of ATG-regulated genes in aloin-treated
breast cancer cells

Brief exposure (24 h) of T47D cells to aloin or Dox
caused a variable increase in the protein expression
levels of p-AKT (160 and 180%), beclinl (50 and
40%), LC3I (52 and 108%) LC3II (190 and 310%),
and their ratio LC3II/LC3I (90.8 and 97.11%,
respectively), compared to their respective controls.
The increase in the protein expression levels was
augmented in T47D cells after prolonged exposure
to aloin and Dox recording (290 and 350%), (260 and
202%), (136 and 156%), (370 and 390%) and (99.15
and 91.4%) for p-AKT, beclin 1, LC3I, LC3II, and
LC3IVLC3I, respectively.  Likewise, treatment
of MDA-MB231 with aloin and Dox for 24h
increased the protein expression of p-AKT (201 and
190%),
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beclin 1 (57.4 and 77.2%), LC3I (401 and 509%),
LC3II (240 and 420%) and LC3II/LC3I (158 and
224.5%), respectively. A more notable increase in the
foregoing markers was noticed following aloin or Dox
treatment for 72 h averaging (330 and 370%), (265
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and 275%), (710 and 920%), (590 and 703%) and
(233.7 and 199%), respectively. By contrast, both of
T47D and MDA-MB231 tumor cells showed a mild
to moderate repression in the protein expression of p-
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T47D

MDA-MB231

Control Aloin
B T47D
4C-AO:P1 6AL-AO3:P1 5D-A02:P1
AD Rea(2 15 AD ReO(41 15%) MRedI221 %)
200+ R — i
- 4
€ 3200+
2100+ (&)
@] 4
0+ J
102 10% 10* 10° 108 107 102 10° 104 105 108 107 102 10® 10* 105 108 107
AO PE PC5 5-A AO PE PC5 5-A AO PE PC5 5-A
MDA-MB231
2C-AO:P1 B6AL-AO1:P1 4D-A01:P1
PISINW) POT %) PAT0MS)
4 200+ P
100+
€
3100 31001
8 ()
10% 104 10° 10 10 10% 10* 10° 10° 10 10% 10* 105 10 10

AO PE PC5 5-A

AO PE PC5 5-A

AO PE PC5 5-A

@)

% AVO positive cells

% AVO positive cells

100

80
60
40
20

Doxorubicin

T47D

801
70
60
50
401
30
20
104

MDA-MB231

Control Aloin

Dox

Fig. 5 — Representatives of acridine orange-stained acidic vesicular organelles (AVOs) in response to aloin and Dox treatments. (A)
fluorescent micrographs of T47D and MDA-MB231 cells following exposure to aloin (75 and 295 pg/mL, respectively) or Dox (0.1 and
1 pg/mL, respectively) for 72 h. AVOs were visualized using a laser scanning confocal microscope as cells emitting orange/red
fluorescence; (B) Flow cytometric analysis of acidic AVOs in treated cells, where light emission in red fluorescence channel (PC5)
represents the autophagic cells with AVOs; and (C) Quantitative representation of the percentage of AVOs-positive cells in control and
treated cells. [Data are represented as mean+SD of three independent experiments. * denotes significance versus control, while # denotes
significance versus aloin-treated cells at P <0.001]
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Fig. 6 — Immunoblots of the protein expression of ATG-related genes in breast cancer cells. (A) T47D; and (B) MDA-MB231 cells were
treated for the indicated duration with either aloin (75 and 295 pg/mL, respectively) or Dox (0.1 and 1 pg/mL, respectively) then the
levels of protein expression of p-AKT, p-mTOR, beclin-1, LC3BI&II, and p62 were detected using Western blot. f-actin was used as a
house-keeping protein to normalize the protein expression. Percent change of normalized protein expression was calculated from the

densitometric analysis and written underneath each band.

48% for Dox, respectively, and in p62 protein
expression (52 and 44%, aloin) and (77.4 and 77%,
Dox), respectively, after 24 h exposure. In the 72 h
exposure assay, the repression in p-mTOR protein
expression reached 57 and 53% for aloin, as well as
79 and 78% for Dox, respectively, while it reached 46
and 59% for aloin as well as 79.41 and 76% for Dox
regarding p62 protein expression in T47D and MDA-
MB231 tumor cells (Fig. 6).

Discussion

The present study was undertaken to verify the role
of aloin in targeting a new molecular mechanism
(autophagy) especially in breast tumor cells that suffer
from defects in apoptosis-regulatory genes, and its
probable contribution to their chemoresistance,
compared to Dox as a reference anthraquinone
analog. In vitro cytotoxicity and clonogenic assays
demonstrated that both of ERo+-dependent and
ERo+-independent breast cancer cell lines (T47D and
MDA-MB231, respectively) were chemosensitive to
aloin and Dox in a time- and dose-dependent pattern
(Fig. 1 and Table 1). The obtained findings showed
that the most prominent effect of aloin is achieved in
the prolonged time point (72 h) at all tested
concentrations in both subtypes of breast cancer cell

lines, which indicates that longer time points are
recommended in cells that grow slowly. However,
ERo-independent breast tumor cells (MDA-MB23)
were more tolerant to aloin than ERa-dependent
breast tumor cells (T47D). This is evident by the
higher 1Csy value (4-fold) (Fig. 2). As well, absolute
%ICF was obtained in T47D cells in the prolonged
exposure regimen at 60 pg/mL, whereas %ICF of
81.58% was recorded at 400 pg/mL in MDA-MB231
tumor cells. Likewise, higher doses of Dox are
required to inhibit proliferation of MDA-MB231 cells
than T47D cells (10-fold) (Table 1). Rapid growth,
hormone independence, and resistance to anticancer
agents are part of that phenotype®. The mechanistic
action of aloin in inhibiting cell proliferation in
different cancer cell lines was previously
demonstrated. Flow cytometric analysis of breast
cancer cells treated with different doses of aloin
showed an aneuploidy pattern and a significantly
dose-dependent increase in S-phase fraction, and in
the proportion of cells cycling at a higher ploidy level
(>G2M)'". About 18 and 4% of tumor cells contained
2N DNA content, while 16 and 80% of tumor cells
contained >4 N DNA content'’. Furthermore, aloin is
recognized as a potent inhibitor of JAK2/STAT3 and
JAK2/STATSa signaling pathway that promotes cell
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survival and proliferation®'. Also, the higher cell
growth inhibitory effect of aloin in ERa+T47D cells
than in triple negative MDA-MB231 cells might be
related to the presence of ERa. In harmony with our
suggestion, Kang et al*® ascribed the increased
sensitivity to aloe-emodin treatment in MCF-7 (triple
positive cells) than in MDA-MB-231 (triple negative
cells) due to the over-expression of ERa in MCF-7
cells. In addition, the lower % cell viability in MCF-7
cell line than in MDA-MB231 cell line after
incubation with Dox for 72 h indicates that MDA-
MB231 cells were more resistant to Dox treatment™.

The higher cell growth inhibitory activity of aloin
in ERa-dependent breast tumor cells (T47D) in favor
of ERoa-independent breast tumor cells (MDA-
MB231) could also be explained in terms of the study
of Huang and co-workers*. The authors reported that
aloe-emodin (aloin aglucoside) (1,8-dihydroxy-3-
hydroxymethyl anthraquinone) inhibits the
proliferation of ERa-positive breast cancer cells
(MCF-7) by acting as an estrogen receptor modulator
that negatively regulates ERa activity by degradation.
Aloe-emodin reduces ERa protein levels in both the
nuclear and cytosolic fractions, however the impact of
aloe-emodin on the cytoplasmic ERa is stronger. This
correlates well with ERa proteasome-dependent
degradation because of the observed elevation in
ubiquitin-conjugated  levels. Interestingly, the
dissociation of ERa and HSP90 was increased by
aloe-emodin treatment, and ERa released from
HSP90 protection was subjected to ubiquitination for
degradation rather than translocation to the nucleus.

The reasons for chemoresistance are multifaceted
and include increased expression of ATP-binding
cassette transporters and oncogenes, changes in cell
membrane permeability that lead to drug efflux, loss of
p53 function, impairment of DNA damage repair
mechanisms, epithelial-mesenchymal transition, signal
transduction pathways, some epigenetic factors and
induction of ATG-mediated drug resistance®™.
However, the concept of ATG as a cytoprotective
mechanism can be greatly changed and leads to cellular
death (cytotoxic) under certain circumstances. TEM,
which is the most reliable method for monitoring
ATG?® was applied to verify the potential role of aloin
in activation of ATG process, and the contribution of
this process to the increased tolerance of triple negative
breast cancer cells to aloin. TEM of T47D and MDA-
MB231 cancer cells treated with ICso values of aloin or

Dox showed time-dependent double-membraned
autophagosomes and autophagolysosomes, as early and
late autophagic features, compared to negative control
cells (Figs 3 and 4). These findings emphasized ATG
as one of the molecular mechanisms used by aloin and
Dox to cause cell death in T47D and MDA-MB231
cancer cells.

The aloin-induced ATG in the present study was
furtherly corroborated by using acridine orange (AO)
staining assay. Acridine orange staining of tumor cells
was used to detect the formation of acidic vesicular
organelles (AVOs) or late autophagolysosome
vacuoles that represent a key feature of late
autophagy. The development and distribution of
acidic vesicular organelles (AVOs) in ER+ and TN
breast tumor cells before and after 72h exposure to
aloin or Dox were investigated using laser scanning
confocal fluorescence microscopy (Fig. 5).

One important observation is that ERo+T47D
control cells showed mainly a green fluorescence
(2.1% AVOs), whereas triple negative MDA-MB231
control cells showed green and red fluorescence (48%
AVOs), which indicates the presence of high basal
level of ATG in metastatic basal-type MDA-MB231
cells than in non-metastatic luminal-type T47D tumor
cells. Thus, it could be suggested that ATG is mainly
initiated in response to the chemotherapeutic stress in
non-metastatic T47D cancer cells (cytotoxic) but
constitutes a pro-survival mechanism (cytoprotective)
that is provoked in metastatic tumor cells to evade
anthracyclines cytotoxicity. In other words, the higher
tolerance of MDA-MB231 cells to anthracyclines is
likely related to the higher level of ATG. The high
basal level of ATG was previously reported as
essential to metastatic MDA-MB231 cells for
supporting proliferation and matrix invasion®’.

Manipulation of ATG, through stimulation or
inhibition, may be viewed as controversial and the
choice whether to induce or inhibit ATG is varying
and depends on several factors including cell type,
concentration and/or time interval, and
microenvironment of cultured cells. For instance, Ho
and Gorski® have recently reported that both ATG
process and PI3K/AKT signaling pathway contribute
to the resistance of MDA-MB231 tumor cells to
anthracyclines. On the contrary, other studies have
shown that ATG-related cytotoxicity could be
induced in breast cancer cells by exposure to toxic
doses of anticancer agents”. The ATG-induced
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cytotoxicity in the previous studies were evidenced by
the appearance of ATG characteristics, such
as ultrastructural observation of autophagic vacuoles
by TEM and the formation of acidic vesicular
organelles (AVOs) using acridine orange-staining
flow cytometric analysis.

To determine the molecular mechanisms of aloin in
ATG initiation, formation, and termination, and to
furtherly inquire into the role of autophagy in
substantiating the chemosensitivity or chemoresistance
of the tested compounds in ERa-dependent (T47D) and
ERa-independent breast tumor cells (MDA-MB231),
the expression levels of some ATG-related proteins
were studied. The role of AKT/mTOR signaling
involved in anthracyclines-mediated ATG in both types
of breast cancer cell lines was evaluated in the present
study. Western immunoblotting revealed a time-
dependent increase in the relative protein expression
level of p-AKT gene, and conversely a downregulation
in p-mTOR protein expression in both types of breast
cancer cells following exposure to aloin and Dox. It is
noteworthy that the extent of overexpression of p-AKT
protein, but not p-mTOR, was more notable in Dox
treatment and in MDA-MB231 tumor cells. The
inhibition of p-mTOR protein expression combined
with TEM and FACS findings indicate that both aloin
and Dox act at early stages of ATG. The over-
expression of p-AKT protein is elusory and needs
further research. It implicates that aloin/Dox-
potentiated ATG in breast cancer is AKT independent,
and thus excludes the possible negative regulation of
AKT activity. It might also be due to insufficiency of
the tested drugs. Another plausible suggestion that
warrants further investigation is that both aloin and
Dox mimic the actions of rapamycin and its analogs
(rapalogs) as selective inhibitors of mTOR, that inhibit
the mTOR downstream activity by limiting
phosphorylation of p70S6K and the translational
repressor; eukaryotic translation initiation factor 4E
binding protein 1(4EBP1), resulting in p-Ser473-AKT
activation’’. As well, assessment of the upstream
p-PI3K activity is required because co-treatment of
aloin and a PI3K inhibitor (such as LY294002) could
suppress the activity of the PI3K/AKT/mTOR axis and
mitigate the p-AKT (Serd473) activation feedback loop
in both cell lines. The increased relative expression of
beclin 1 protein, a vesicle formation indicator, was
greatly enhanced in both breast cancer cell lines
(3.5- to 5-fold) in the prolonged exposure, indicating a
highly activated ATG.

The proceeding of ATG machinery was verified by
determining the expression of microtubule-associated
protein 1 light chain 3 beta proteins (LC3BI&II) and
their ratio (LC3II/LC3I), reliable autophagosome
formation markers. Results revealed an increase in the
relative protein expression of both LC3I and LC3II
genes, as well as their ratio (LC3II/LC3I) in both
types of breast cancer cells following aloin and Dox
treatment with variable degrees. However, the
enhanced effect was noticed in triple negative MDA-
MB231 cells in the prolonged treatment, which
parallel the formation of autophagosomes and ATG
vacuoles (Fig. 4). Several studies reported the
overexpression of LC3I and LC3II and their ratio
after treatment with different therapeutic agents’**>. A
relevant study conducted by Lee ef al.** demonstrated
that aloin treatment (100 pM) consistently induced
expression of LC3II protein in human lung cancer cell
line (A549). Recently, Sun ef al.* reported that aloin
inhibits the growth and invasion of hepatocellular
carcinoma cells (HepG2) by increasing the relative
protein expression levels of autophagosome markers
including, beclin-1, LC31I and ATGS (a ubiquitin-like
protein). However, in mammalian cells the total level
of LC3 does not necessarily change in a predictable
manner, as there may be increases in the conversion
of LC3I to LC3II or a decrease in LC3II relative to
LC3I if degradation of LC3II via lysosomal turnover
is particularly rapid. Both of these events can be seen
sequentially in several cell types as a response to total
nutrient and serum starvation®®. This explanation
accounts for the decreased expression level of LC3II
relative to LC3I in tumor cells exposed to either aloin
or Dox in both ERo+ T47D and triple negative MDA-
MB231 tumor cells. Maxwell et al’” found that
phytoestrogen, arctigenin (a biologically active
lignan, isolated from Arctium Ilappa, Asteraceae
family) mainly targeted the mTOR pathway in triple
positive MCF7 breast cancer cells, leading to ATG-
induced cell death accompanied with increased
expression in both LC3 protein types along with the
ratio of LC3II/LC3I. The authors demonstrated that,
similar to arctigenin, treatment with rapamycin also
inhibited ERoa protein expression, suggesting that
mTOR inhibition could lead to decreased ERa protein
expression, probably due to inhibition of protein
synthesis.

To exclude that accumulation of LC3 was due to
inhibition, rather than induction of ATG, the
sequestosome-1(SQSTM1)/p62 protein expression, as
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a marker of activated autophagic flux was also
determined. Since p62 itself is removed mainly by ATG,
its amount is generally considered to inversely correlate
with the autophagic flux’™®. Results obtained from the
present study revealed a degradation of p62 manifested
by moderate repression in the protein expression of p62
gene in T47D and MDA-MB231 tumor cells exposed to
aloin at the two time points, which was augmented in
Dox treatment. This confirms that the effects of both
aloin and Dox continue at later stages of ATG,
promoting the fusion of auto-phagosomes and
lysosomes, thereby enhancing the autophagic flux. In
accordance with our findings, aloin treatment
(50 umol/L) was previously reported to reduce the p62
protein expression in hepatocellular carcinoma cells
(HepG2 and Bel-7402 cells) after 48h*. Also, a
remarkable degradation of p62 in ERo+ breast cancer
cells (MCF7 and T47D) exposed to sunitinib (a tyrosine
kinase inhibitor) was recorded indicating increased
autophagic flux”. In addition, Aydinlik et al.*® studied
whether or not autophagy played a role in treatment of
triple negative breast cancer (MDA-MB231) with
Dox, and demonstrated a marked increase in
LC3II/LC3I ratio and reduction in p62 protein
expression upon treatment with Dox (0.46-1.84 uM).

Conclusion

Our results show that the triple negative breast tumor
cells are less sensitive to aloin and Dox than ERo+
breast tumor cells, and that the variant drug response to
anthracyclines is cell type- and time-dependent. The
high tolerance of triple negative breast tumor cells to
aloin and Dox than ERo+ breast tumor cells is due to
enhancement of pre-formed ATG independent of AKT
signaling.  Aloin/Dox-promoted ATG could be
considered as an effective alternative mechanism for cell
death in ERo-tbreast cancers with deficient or mutant
pS3. Also, being inhibitor of mTOR, a serine/threonine
kinase and the tyrosine kinase JAK2, as previously
reported, highlighted the important role of aloin as a
multi-kinase inhibitor.
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