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Summary

Purpose: To study the anticancer effects of aloe emodin 
against the MIAPaCa-2 and PANC-1 human pancreatic 
adenocarcinoma cancer cell lines by evaluating its effect on 
autophagic cell death, mitochondrial membrane potential 
(ΛΨm) loss and cell cycle arrest. 

Methods: The MTT assay was employed to examine the 
anti-proliferative effect of aloe emodin on these cells, and 
inverted phase contrast and fluorescence microscopes were 
used to evaluate apoptotic induction. Flow cytometry was 
performed to examine the effects of aloe emodin on ΛΨm and 
cell cycle phase distribution. 

Results: The findings indicated that aloe emodin induced 
dose-dependent cytotoxicity in both pancreatic carcinoma 
cells with MIAPaCa-2 cells being more susceptible than 
PANC-1, along with inhibiting cancer cell colony formation. 
Aloe emodin-treated cells exhibited cell shrinkage along with 
distortion of the normal cell morphology. In addition, these 
cells showed chromatin condensation, membrane blebbing 
and predominantly emitted red fluorescence, which signi-

fied apoptosis. Following treatment with aloe emodin (10, 40 
and 80 µM) the early apoptotic cell percentage increased to 
17.5, 39.6 and 58.8%, respectively, while late apoptotic cells 
percentage increased to 22.3, 27.6 and 37.2% respectively. 
There was also a marked increase in the loss of ΛΨm in the 
aloe emodin-treated cells, as well as dose-dependent sub-G1 

cell cycle arrest. Furthermore, aloe emodin treatment led to 
a substantial enhancement of the conversion of light chain 
3 (LC3)-l to LC3-ll and this increase was shown to follow 
aloe emodin dose-dependent pattern, thus indicating that 
aloe emodin may induce autophagy in addition to apoptosis.

Conclusion: To sum up, aloe emodin inhibits cancer cell 
growth in human pancreatic carcinoma cells and it was 
shown that these anticancer effects are mediated via both 
apoptotic and autophagic pathways, cell cycle arrest and 
loss of mitochondrial membrane potential.
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cytometry, pancreatic cancer

Introduction

 Pancreatic cancer is the main reason for a 
substantial number of deaths in developing coun-
tries and has been reported to be one of the deadly 

cancers throughout the world [1]. This disease is 
responsible for 0.331 million deaths every year. Ac-
counting for 4% of the cancer-related deaths, pan-
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creatic cancer is thought to be the 7th principal 
cause of cancer related deaths across the world [2]. 
With just 5% 5-year survival rate, it is one of the 
most destructive malignancies [3]. Consequently, 
markers for early detection, exploration and iden-
tification of effective chemotherapeutic agents 
and post-therapeutic monitoring are of utmost 
importance.
 Plants have been employed by humans for 
the design and development of drugs in the past 
and are still used for the isolation of drugs to treat 
several of the human disorders [4]. Usually, plants 
synthesize a wide diversity of bioactive compounds 
to overwhelm stress and to adapt to a challenging 
environmental condition. These natural chemical 
compounds, often called as secondary metabolites, 
have been shown to exert medicinal properties and 
have been used for the treatment of diseases as 
deadly as cancer. For example, taxanesetoposide, 
vincristine, vinblastine and campothecins are 
among the common anticancer agents of plant or-
igin [5,6]. Although these secondary metabolites 
have been chemically categorized into different 
groups, anthraquinones form an important group 
with tremendous pharmacological potential. These 
anthraquinones have been reported to inhibit 
growth, trigger apoptosis, and exert anti-metastatic 
effects. These molecules have mainly been shown 
to act via PI3K, tyrosine kinases, protein kinase C 
(PKC), NF-kB and MAPK signaling cascades [7].
 This study was designed to examine the an-
ticancer activity of aloe emodin (Figure 1) and its 
effects on autophagic cell death, apoptosis, mito-
chondrial membrane potential (ΛΨm) loss and cell 
cycle arrest in MIAPaCa-2 and PANC-1 human pan-
creatic cancer cells.

Methods 

Chemicals and other reagents

 Aloe emodin (95% purity) was purchased from Sig-
ma-Aldrich (Merck KGaA, Darmstadt, Germany). Growth 
medium (minimum essential medium/RPMI-1640), fe-
tal calf serum (FCS), trypsin, penicillin, streptomycin, 
dimethyl sulfoxide (DMSO), RNase, RIPA Buffer and 

SDS (2.5%) were procured from Hangzhou Sijiqing Bio-
logical Products Co., Ltd. (Hangzhou, China). Acridine 
orange (AO)/propidium iodide (PI), 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and 
Annexin V-fluorescein isothiocyanate (FITC) Apoptosis 
Detection kit were purchased from the National Institute 
for the Control of Pharmaceutical and Biological Prod-
ucts (Beijing, China). LC3 antibodies were procured from 
Cell Signaling Technology, Inc. (Danvers, MA, USA).

Cytotoxicity assay for evaluation of cell proliferation

 The antiproliferative activity of aloe emodin was 
measured via MTT assay. MIAPaCa-2 and PANC-1 cells 
at the density of 1×105 cells/well were seeded in 96-well 
plates and kept overnight in an incubator under standard 
conditions for attachment. Zero hour plates served as 
controls. Following attachment, aloe emodin was added. 
Varied doses (0-100 µM) of aloe emodin were prepared 
by serial dilution in complete media. Plates were main-
tained in the incubator for 48 and 72 hrs. MTT dye (20 
µl; 2.5 mg/ml) was added. Plates were then subjected to 
incubation for 4 hrs. Subsequently, the media were gen-
tly decanted and DMSO (150 µl) was added. The plates 
were then subjected to agitation for 15 min and optical 
density (OD)570 was taken using a microplate reader. An-
tiproliferative activity was measured by the formula:

Clonogenic assay

 For clonogenic assay, the exponentially grow-
ing MIAPaCa-2 cells were collected and subjected to 
counting with a hemocytometer. After seeding cells 
(300 cells/well), the plates were subjected to incubation 
for 48 hrs to permit the cells to adhere and then var-
ied doses (0, 10, 40 and 80 µm) of aloe emodin were 
added to the cell culture. Following treatment, the cells 
were kept at 37°C for 4 days, washed with PBS, and colo-
nies were fixed with methanol and stained with crystal 
violet for 30 min before being counted under a light
microscope. 

Inverted phase contrast and fluorescence microscopy assays

 To examine the effects of aloe emodin on the cel-
lular morphology of MIAPaCa-2 cells, inverted phase 
contrast and fluorescence microscopic techniques were 
employed. For inverted phase contrast microscopy, MIA-
PaCa-2 cells were cultured in 24-well plates at a den-
sity of 2×105 cells per well. The cells were exposed to 
treatment with variable doses of aloe emodin (0, 10, 40, 
80 µM). DMSO 1.5% served as the vehicle control. The 
cells were then subjected to incubation for 48 hrs and 
visualized under an inverted phase contrast microscope 
(magnification, x200; Olympus IX71). For fluorescence 
microscopy, cells were cultured in 6-well plates and 
subjected to treatment with 0, 10, 40 and 80 µM aloe 
emodin for 48 hrs. The untreated control cells and the 
aloe emodin-treated cells were incubated with AO/PI 
(20 µg/ml each) and then analyzed under a fluorescent 
microscope (magnification, x200; Olympus IX71). Figure 1. Molecular structure of aloe emodin.
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DNA damage assay

 For this assay, the MIAPaCa-2 cells were cultured 
in a 60-mm cell culture plate and subjected to incuba-
tion for 48 hrs and subsequently subjected to treatment 
with 0, 10, 40, 80 µM aloe emodin for 48 hrs. The cells 
were collected and PBS-washed, and then the cell pel-
lets were subjected lysis in a lysis buffer for 50 min. The 
samples were then centrifugated at 12,000× g at 4°C 
and the supernatant was prepared in an equal volume 
of 2.5% SDS and incubated with 10 mg/ml RNase A for 
4 hrs. Finally, DNA was dissolved in gel loading buffer, 
and separated by electrophoresis in agarose gel (1.2%), 
stained with ethidium bromide and examined under an 
ultraviolet microscope.

Annexin V-FITC/PI assay for apoptosis detection

 Briefly, MIAPaCa-2 cells were cultured in 6-well 
plates at a density of 2×105 cells/ml and then subjected 
to treatment with 0, 10, 40, and 80 µM aloe emodin and 
incubated for 24 hrs. The cells were then collected via 
trypsinization, and PBS-washed, and resuspended in 200 
µl binding buffer, containing 10 µl each of Annexin V-
FITC and PI. The cells were kept at 37°C for 40 min in 
the dark and finally the cell samples were examined by 
flow cytometry. 

Evaluation of ΛΨm loss

 Flow cytometry in combination with rhodamine-123 
dye were used to analyze the effects of aloe emodin on 
the ΛΨm loss. Briefly, MIAPaCa-2 cells were seeded at 
a density of 2×106 cells/ml and treated with 0, 10, 40 
and 80 µM aloe emodin for 48 hrs. Subsequently, rho-
damine-123 dye (10 mM) was added 1 hr before termi-
nation of the experiment. The cells were harvested by 
trypsinization, washed with PBS and incubated with PI 
(10 µg/ml) for 30 min at room temperature. The ΛΨm 
was then measured using flow cytometry (FACS Calibur; 
BD Biosciences, Qume Drive San Jose, CA, USA). 

Cell cycle analysis using flow cytometry

 In brief, MIAPaCa-2 cells were cultured at a density 
of 2×106 cells per well and subjected to incubation at 
37°C for 12 hrs. The medium was substituted with fresh 
DMEM comprising of various doses of aloe emodin and 
further incubated at 37°C for 24 hrs. The treated and un-
treated cells were then collected, PBS-washed and fixed 
using 70% methanol for 20 min. After fixing, the cells 
were washed again with ice-cold PBS, and stained with 
20 µg/ml PI, while 10 µg/ml RNase A was added for 20 
min. Finally, using a FACS Calibur flow cytometer, cell 
cycle analysis was performed and the data was analyzed 
using cell cycle analysis software.

Detection of autophagy using western blot assay

 Aloe emodin-treated cells were washed twice in 
ice-cold PBS and then extracted with RIPA buffer, com-
prising a mixture of 5% each of phosphate and protease 
inhibitor. The cell lysates were centrifuged at 12,000 x g 
for 20 min at 4°C  and protein concentrations were esti-
mated using Bio-Rad protein assay. Twenty µL from each 

Figure 2. Aloe emodin induces growth inhibitory effects 
in MIAPaCa-2 and PANC-1 human pancreatic cancer cells. 
The cells were exposed to various doses (0, 5, 10, 20, 40, 
80 and 100 µM) of aloe emodin for 48 h. Data are shown 
as mean±SD of three independent experiments. *p< 0.05, 
**p<0.01 vs 0 µM (control).

Figure 3. Aloe emodin treatment led to reduction in the 
number of colonies of MIAPaCa-2 human pancreatic cancer 
cells. The cells were exposed to various doses (0, 10, 40 and 
80 µM) of aloe emodin for 48 h. Data are shown as mean±SD 
of three independent experiments. *p< 0.05, **p<0.01 vs 0 
µM (control).

Figure 4. Aloe emodin treatment led to reduction in the 
number of colonies of PANC-1 human pancreatic cancer 
cells. The cells were exposed to various doses (0, 10, 40 and 
80 µM) of aloe emodin for 48 h. Data are shown as mean±SD 
of three independent experiments. *p<0.05, **p<0.01 vs 0 
µM (control).
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sample were separated by SDS-PAGE and then moved to 
nitrocellulose membranes. The membranes were then 
probed with specific anti LC3-I and LC3-II antibodies at 
4oC overnight, washed with PBS buffer and incubated 
at 37°C with horseradish peroxidase-conjugated anti-
rabbit for 1 hr. The bands were visualized using an ECL 
chemiluminescent detection kit. 

Statistics

 The results are presented as mean ± standard devia-
tion values from three independent experiments. Differ-
ences between the groups were examined by Student’s 
t-test using SPSS 17.0 software (SPSS, Inc., Chicago, IL, 
USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Aloe emodin inhibits cell proliferation and clonogenic 
survival in MIAPaCa-2 and PANC-1 cells

 The MTT results showed that aloe emodin (Fig-
ure1) exerts potent cytotoxic effects in MIAPaCa-2 
and PANC-1 cancer cells (Figure 2) and these ef-
fects were found to be concentration-dependent. 
MIAPaCa-2 cancer cells showed higher degree of 
growth inhibition and low values of IC50 as com-
pared to PANC-1 cells. Further clonogenic assay 
experiments were used to evaluate the impact of 
the compound on colony formation. The results 
(Figure 3 and Figure 4) demonstrated that aloe 
emodin led to concentration-dependent inhibition 
of colony formation. Here again the MIAPaCa-2 
cancer cells exhibited significantly more inhibi-

tion of cell colonies with increasing dose, while as 
PANC-1 cells showed lesser inhibition of colony 
formation (Figure 4). 

Aloe emodin led to morphological changes in MIA-
PaCa-2 cells

 Inverted phase contrast microscopy was per-
formed to examine the effects of various doses of 
aloe emodin on the cellular morphology of MIA-
PaCa-2 cells. The findings, which are presented in 
Figure 5, demonstrated that the untreated control 
cells showed normal cell morphology without any 
cell shrinkage, while the aloe emodin-treated cells 
exhibited cell shrinkage along with distortion of 
the normal cell morphology. This effect was en-
hanced with increasing doses of the drug. 

Aloe emodin induced apoptosis-associated morphologi-
cal changes in MIAPaCa-2 cells 

 Using AO/PI double-staining along with fluo-
rescence microscopy, the impact of aloe emodin 
on the induction of apoptosis in MIAPaCa-2 cells 
was investigated. The results (Figure 6) demon-
strated that unlike untreated control cells, which 
revealed normal cellular morphology and emitted 
green fluorescence, aloe emodin-treated cells at 10, 
40 and 80 µM doses revealed marked changes in 
cellular morphology, including cellular shrinkage, 
membrane blebbing and chromatin condensation. 
Aloe emodin-treated cells predominantly emitted 
red/orange fluorescence, which is indicative of 
apoptosis. The fraction of cells that emit red fluo-

Figure 5. Inverted phase contrast microscopic images 
of the MIAPaCa-2 pancreatic cancer cells after treatment 
with increasing doses (0 (A), 10 (B), 40 (C) and 80 (D) µM) 
of aloe emodin. Arrows represent the deformed cells. Un-
treated control cells (A) show normal cell morphology as 
compared to the aloe emodin-treated cells (B-D). 

A B

C D

Figure 6. Aloe emodin induces apoptosis in MIAPaCa-2 
pancreatic cancer cells after treatment with various doses 
(0 (A), 10 (B), 40 (C) and 80 (D) µM) of aloe emodin for 48 
h. The cells were stained with acridine orange/propidium 
iodide and then analyzed under a fluorescence microscope 
at 400 x magnification. The apoptotic cells are indicated by 
orange and yellow colored cells. 
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rescence was observed to increase with increasing 
doses of aloe emodin, indicating that the fraction 
of apoptotic cells also increased with the dose of 
the drug. 

Aloe emodin led to DNA fragmentation 

 Using gel electrophoresis, which involves DNA 
ladder formation, the DNA damaging effects of aloe 
emodin in MIAPaCa-2 cells were evaluated. It was 
observed that aloe emodin-treated cells showed 
significant DNA ladder formation as compared to 
control (Figure 7) and this effect increased dose-de-
pendently. This indicates that in the control group, 
the DNA of the cells remained intact, while in the 
aloe emodin-administrated cells, DNA fragmenta-
tion occured that led to cell death. 

Aloe emodin induced early and late apoptosis

 The Annexin V-FITC assay was used to quan-
tify the cells in the early and late apoptotic stages. 
The results of this assay demonstrated that aloe 

emodin induces early and late apoptosis in MIA-
PaCa-2 cells. The untreated control cells showed 
only 3.9% of cells in the early apoptotic stage and 
2.5% of cells in the late apoptotic stage (Figure 
8A). However, cells treated with 10, 40 and 80 µM 
aloe emodin showed that the early apoptotic cell 
percentage augmented to 17.5, 39.6 and 58.8%, re-
spectively while, the late apoptotic cell percent-
age increased to 22.3, 27.6 and 37.2%, respectively 
(Figure 8B-D). Q1-4 represented necrotic, late apo-
ptotic, viable and early apoptotic cells, respectively.

Figure 7. DNA ladder formation induced by treating MIA-
PaCa-2 pancreatic cancer cells with varying doses (0, 10, 40 
and 80 µM) of aloe emodin for 48 h and then analyzed by 
agarose gel electrophoresis. Untreated control did not show 
any DNA ladder formation. 

Figure 8. Annexin V-FITC assay for determining the apo-
ptosis induction in MIAPaCa-2 cancer cells after treating 
with different doses (0 (A), 10 (B), 40 (C) and 80 (D) µM) of 
aloe emodin for 48 h and then analyzed by flow cytometry. 
Q1, Q2, Q3 and Q4 represent necrotic cells, late apoptotic 
cells, viable cells and early apoptotic cells respectively. 

Figure 9. Aloe emodin induced mitochondrial membrane 
potential loss (ΛΨm) in MIAPaCa-2 pancreatic cancer cells 
after treating cells with 0 (A), 10 (B), 40 (C) and 80 (D) µM 
of aloe emodin for 48 h. The cells were then stained with 
Rh-123 fluorescent probe and finally analyzed by flow cy-
tometry. The percent of cells with depolarized mitochondria 
increased with increasing doses of the drug.
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Aloe emodin led to ΛΨm loss in MIAPaCa-2 cells

 To further investigate the underlying mecha-
nism of the anticancer action of aloe emodin, flow 
cytometry along with rhodamine-123 dye was used 
to evaluate the effects of the compound on ΛΨm. 
The current findings (Figure 9A-D) demonstrated 
that aloe emodin at increasing doses (10, 40 and 
80 µM) tended to induce ΛΨm loss. In compari-
son to control group, in which only 2.3% of cells 

had depolarized mitochondria (loss of ΛΨm), in the 
aloe emodin-administered cells with 10, 40 and 80 
µM dose, the percentage of cells with depolarized 
mitochondria increased to 14.6, 29.5 and 56.2%, 
respectively. Thus, aloe emodin triggered apoptosis 
via the mitochondrial signaling pathway. 

Aloe emodin induces sub-G1 cell cycle arrest in MIA-
PaCa-2 cells

 Flow cytometry revealed that aloe emodin 
also exerted potent effects on the cell cycle phase 
distribution. In comparison to the untreated cells, 
aloe emodin-treated cells showed an increase in the 
fraction of cells in the sub-G1 phase. The percent 
of sub-G1 phase cells increased from 1.9% in con-
trol to 15.6, 27.2 and 41.5% in 10, 40 and 80 µM 
aloe emodin-treated cells, respectively. The results 
of this assay are presented in Figure 10. Of note, 
the higher the cell counts in the sub-G1 phase, the 
higher the fraction of apoptotic cells. In addition, 
the fraction of G2/M cells increased with increasing 
drug dose. 

Aloe emodin induced autophagy in MIAPaCa-2 cells

 As aloe emodin also led to autophagic cell 
death in these cells, western blot assay was per-
formed to demonstrate the impact of aloe emodin 
on the conversion of light chain 3 (LC3)-l to LC3-ll. 
Previously, LC3 has been shown to be key in au-
tophagic induction. It has been reported that dur-
ing autophagy, transformation of LC3-l to LC3-ll 
occurs and this transformation is easily tracked via 
western blot assay [8]. The current results indicated 
that aloe emodin treatment led to a marked en-
hancement of the conversion of LC3-l to LC3-ll and 
this increase was demonstrated to be dose-depend-
ent (Figure 11). Thus, it appears that aloe emodin 
induces autophagy by modifying LC3 expression 
levels. 

Discussion

 In the current study, the antitumor effects of 
aloe emodin, a naturally occurring anthraquinone 
compound, on MIAPaCa-2 and PANC-1 human pan-
creatic cancer cells were investigated. In addition, 
the effects of this compound on triggering of apo-
ptosis, cell cycle phase distribution, the ΛΨm and 
autophagy were evaluated. Initially, MTT assay and 
clonogenic assays were carried out to examine the 
impact of aloe emodin on cell viability and colony 
formation tendency, which indicated that this com-
pound induced potent cytotoxic effects, along with 
inhibiting the colony formation efficacy of these 
cells. Furthermore, using inverted phase contrast 

Figure 10. Aloe emodin led to sub-G1 cell cycle arrest in 
MIAPaCa-2 cells after treating cells with indicated doses of 
aloe emodin for 48 hrs, followed by addition of propidium 
iodide as a DNA staining agent. The cells were then ana-
lyzed by flow cytometry. The percent of sub-G1 phase (apo-
ptotic cells) cells increased from 1.9% in control to 15.6%, 
27.2% and 41.5% in 10, 40 and 80 µM aloe emodin-treated 
cells, respectively (**p<0.01).

Figure 11. Aloe emodin led to autophagy induction in 
MIAPaCa-2 cells after treatment with 0, 10, 40 and 80 µM 
dose of aloe emodin for 48 h. Western blot assay was used 
to study the conversion of LC3-l to LC3-ll using specified 
antibodies. The transformation of LC3-l to LC3-ll which is 
considered to be the signpost of induction of autophagy, 
was seen after the dose of the drug was increased from 10, 
40 to 80 µM. (*p<0.05, **p<0.01). 
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and fluorescence microscopic techniques, it was 
demonstrated that aloe emodin induced significant 
cell morphological alterations, such as cell shrink-
age, membrane blebbing, chromatin condensation 
and other changes. Gel electrophoresis demon-
strated that aloe emodin led to DNA fragmenta-
tion and this effect was dose-dependent. The flow 
cytometric experiments revealed that aloe emodin 
induced early, as well as late apoptosis in addition 
to inducing loss of ΛΨm. Aloe emodin was reported 
to trigger sub-G1 cell cycle arrest. The current re-
sults revealed that, in addition to inducing apop-
tosis, aloe emodin treatment induced autophagy. 
The results demonstrated that aloe emodin treat-
ment led to a marked enhancement of the switch of 
LC3-l to LC3-ll. During autophagy, transformation 
of LC3-l to LC3-ll occured and this transformation 
was demonstrated by western blot assay [8,9].
 Autophagy induction in cancer cells is a novel 
and efficient therapeutic strategy to treat cancer. 
There are various studies which suggest that vari-
ous anticancer drugs induce autophagy, including 
temozolomide, etoposide, doxorubicin, epirubicin, 
As2O3, tamoxifen and many histone deacetylase 
inhibitors [10-13]. Aloe emodin is an anthraqui-
none and a variety of emodin present in aloe latex, 
an exudate from the aloe plant. Aloe emodin has 

been reported to be a different kind of antitumor 
compound which shows selective anticancer action 
against neuroectodermal tumors [14]. This mol-
ecule has also been reported to exert anticancer 
effects in a new Merkel carcinoma cell line [15]. 
In another study, it was reported that aloe emo-
din could potentiate the antitumor effects of some 
clinically used anticancer drugs including cisplatin 
(abiplastin), doxorubicin (adriblastin), and 5-fluoro-
uracil etc in an adherent variant cell line of Merkel 
cell carcinoma [16]. 
 In conclusion, with regard to the role of natural 
compounds in the development of anticancer drugs 
[17], the current study demonstrates the anticancer 
activity of aloe emodin in MIAPaCa-2 and PANC-1 
human pancreatic cancer cells along with show-
ing its effects on apoptosis induction, cell cycle 
arrest, DNA fragmentation and autophagy induc-
tion in MIAPaCa-2 cells. Taken together, our re-
sults clearly indicate that aloe emodin could prove 
an important lead molecule for the management 
of pancreatic cancer and deserves further in vivo 
evaluation.
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