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Introduction 
 
The creation of new vascular network through stimulation
angiogenic signals of the quiescent endothelial cells from the 
adjacent blood vessels to change their phenotype
proliferative, to migrate and finally to differentiate, forming new 
capillaries to the tumor mass, is essential for the primary
growth and its subsequent metastasis. Therefore, blocking
angiogenesis is considered an effective strategy to stop the
and metastasis of the tumor and extend the lives of patients
Angiogenesis plays an important role in brain tumors 
progression [1]. Anti-angiogenic therapies including bevacizumab 
are being routinely used in the treatment of patients with malignant 
glioma [2]. However, the use of bevacizumab leads to significant 
toxicity, including hypertension and proteinuria, thromboembolic 
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A b s t r a c t  
The aim of this work was to investigate the mechanisms of cytotoxicity of phyto
hydroxyanthraquinone aloe-emodin (AE) on human brain micro
hCMEC/D3 and to assess the cellular response in the early stage of treatment in order to 
extend the knowledge of AE’s anti-angiogenic properties. The immortalized human brain 
capillary endothelial cells hCMEC/D3 were treated with a series of AE concentrations (5 

M) for a period of 24 hours. The cell viability was determined by MTS assay. The cellul
adenosine triphosphate (ATP) levels were evaluated by CellTiter-
intracellular reactive oxygen species (ROS) were determined by 2’,7’
H2DCFDA) fluorescence assay. The mitochondrial membrane potential (M
using tetramethylrhodamine methyl ester (TMRM) staining, while Fluo
the intracellular free Ca2+ concentrations inside living cells analysed by High Content Analysis 
using the Arrays can VTI 740. 
Twenty-four-hour treatment of hCMEC/D3 cells with AE, in concentrations between 50 and 200 
µM, decreased the cell viability as well as the intracellular ATP levels in a dose
manner. Increased ROS production and disruption of the mitochondrial membrane potential
have also been detected. Notably, AE at a concentration greater than 5 
increased intracellular calcium levels.  
Our results collectively indicate that AE inhibits proliferation of human brain micro
cells via a mechanism involving ROS generation, disruption of Ca
mitochondrial damage. 
Keywords: aloe-emodin, human brain capillary endothelial cells
mitochondria, intracellular Ca2+ 

network through stimulation via pro-
signals of the quiescent endothelial cells from the 

phenotype to highly 
proliferative, to migrate and finally to differentiate, forming new 

for the primary tumor 
Therefore, blocking 

to stop the growth 
lives of patients.  

Angiogenesis plays an important role in brain tumors growth and 
including bevacizumab 

are being routinely used in the treatment of patients with malignant 
However, the use of bevacizumab leads to significant 

toxicity, including hypertension and proteinuria, thromboembolic 

events and poor wound healing [2]
with better efficacy of treatment and lower 
researched and developed. Discovery and study of natural 
compounds with anti-angiogenic activity, capable of controlling the 
growth of blood vessels, inhibiting metastasis and inducing 
apoptosis in cancer cells are in particular interes
natural substances are characterized with low toxicity, low number 
of side effects and low cost [5]. Hundreds of natural compounds of 
plant and animal origin have properties of angiogenic inhibitors 
8]. One of them is aloe
hydroxymethylanthraquinone], bioactive 
found in Aloe barbadensis Miller (Aloe vera), Rheum officinale
well as in leaves and roots of other plants 
in vivo antitumor activity and anti
There are studies on AE-induced apoptosis in different tumor cell 
lines, although the molecular mechanisms are not precisely known 
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[12]. Notably, studies validating the modulating role of AE in the 
regulation of angiogenesis and metastasis are just a few [10,12] 
and very little is known about the mechanisms via which AE inhibits 
the proliferation of endothelial cells.  
AE can influence all key steps involved in the angiogenesis, 
including the local proliferation of endothelial cells, migration, 
invasion and finally differentiation and new vessels formation. Data 
showed that AE inhibits cell proliferation and in vitro cell 
migration/invasion and tube formation of human umbilical vein 
endothelial cells (HUVECs) [11]. The ability of AE treatment to 
inhibit the proliferation of primary bovine aortic endothelial cells 
(BAEC) have been also proven [10]. Other anthroquinone 
derivatives, rhein [7] and emodin [13], also possess anti-angiogenic 
activity, inhibiting vessel formation in zebra fish embryos, HUVEC 
proliferation, migration and tube formation as well as vessel 
formation in chick embryos and proliferation of BAEC cells, 
respectively.  
It was shown that some anthraquinones and their derivatives 
induce apoptosis in tumor cells via increased ROS and Ca2+ 
production and disruption of mitochondrial membrane potential [14]. 
Recently, the antiproliferative effect of AE on human breast 
adenocarcinoma cell line MCF-7, associated with intracellular Ca2+ 
signaling, was found [15]. However, although data indicate that AE 
behaves both as an antitumor and an anti-angiogenic compound 
[10], from the best of our knowledge, there are no studies about 
related processes into endothelial cells, nor about the effect of AE 
on human brain capillary endothelial cells, in particular.  
In order to get inside the molecular mechanisms by which AE affect 
endothelial cell proliferation, we studied its dose-dependent 
cytotoxic effect on brain micro vascular endothelial cells. For this 
purpose, using hCMEC/D3 cells (immortalized human brain 
capillary endothelial cells), we examined the effect of treatment with 
AE on the integrity of the plasma membrane, ROS production, 
mitochondrial membrane potential and intracellular calcium levels 
in the cytosol of the treated with different concentrations of AE 
cells. 
 

Material and methods 
 
Chemicals and reagents 
 
Aloe-emodin, purchased from Apply Chem. was dissolved in 
dimethyl sulfoxide (DMSO) in a stock solution at a concentration of 
25 mM and stored at -20°C until used. The stock of AE was 
dissolved with assay medium EBM-2 to a necessary final 
concentration prior to being used. The fluorescent dyes Hoechst 
33342, Tetramethylrhodamine methyl ester (TMRM), ToPro-3 and 
Fluo-4 were obtained from Life Technologies. 
 
Cell culture 
 

 The hCMEC/D3 cell line was kindly donated by Florence Miller, 
B.B. Wecksler (Inserm, France) to the group of Prof. Kenneth 
Dawson. The work with this cell line was carried out in University 
College Dublin (UCD). Immortalized brain capillary endothelial 
hCMEC/D3 cell line have been created from brain endothelial cells, 
isolated from human brain tissue via surgical excision of an area of 
the temporal lobe of an adult female with epilepsy [16]. The 
endothelial cells were immortalized by lentiviral transduction of the 
catalytic subunit of human telomerase and SV40-T antigen. The 
morphological characteristics and the expression of numerous 
typical endothelial markers and cell adhesion molecules were 
previously shown [16]. hCMEC/D3 cells were cultivated in a cell 
culture medium EBM-2 supplemented with vascular endothelial 
growth factor (VEGF), insulin-like growth factor-1 (IL-1), epidermal 
growth factor (EGF), basic fibroblast growth factor (bFGF), fetal calf 
serum (FCS), gentamicin sulfate/amphotericin B and 
hydrocortisone (Lonza Biosciences). The hCMEC/D3 cells were 
used from passage 7–20. For assays, cells were supplemented 
with growth factor depleted EBM-2 assay medium containing 
bFGF, 2% FCS, hydrocortisone and 10 mM HEPES during 
monolayer formation. The cells were cultivated in an incubator at 
37˚C with 5% CO2 and saturated humidity.  
 
MTS assay 
 
The cell viability was tested by MTS assay which measures the 
reduction of [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) to 
formazan by mitochondria in living cells. hCMEC/D3 cells in assay 
medium were seeded in 96-well plates at a density of 1 x 104 
cells/well and cultivated for 4 days. MTS assay was carried out 
after 24-hour exposure of AE at concentrations of 0, 50, 100 and 
200 µM. Dimethylsulfoxide (DMSO 0.8%) was used as a control. 
After 24 hours of exposure of AE, the original cell culture was 
replaced with 100 l of fresh phenol red free medium and 20 l of 
the MTS reagent was added directly to each well. The 96-well 
plates were incubated for 60 min at 37°C in a humidified 
atmosphere of 5% CO2. Formazan absorption was measured at 
490 nm using a micro titer plate reader (Varioskan Flash, Thermo 
Scientific, MA, USA). 
 
ATP assay 
 
Intracellular levels of adenosine triphosphate (ATP) were measured 
with the Cell Titer-Glo Luminescent Cell Viability Assay (Promega) 
according to the manufacturer´s recommendations. Briefly, 1 x 104 
hCMEC/D3 cells in assay medium were plated onto 96 multi-well 
plate. The incubation was carried out for 4 days. Then, the cells 
were exposed to different concentrations of AE for 24 hours prior to 
ATP measurements. After incubation, an equal volume of the assay 
reagent was added to the cells and incubation was continued for 30 
more minutes at room temperature. Luminescence was measured 
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using Flash plate reader (Thermo Fisher Scientific). Results were 
normalized against the untreated control. 
High content analysis (HCA) 
 
Cells (1x104) were plated in a 96 well plates in 150µl assay 
medium. After three days of incubation, the cells were treated with 
AE at concentrations of 0, 5, 25, 50, 100 and 200 µM for 24 hours. 
Then, 50 µl of medium was removed from the wells and replaced 
with 50 µl of the following reagents to reach the pointed final 
concentrations: Hoechst (0.4 µM), TMRM (20 nM), Fluo-4 (1 mM) 
and ToPro-3 (1 µM). After one-hour incubation, living cells were 
analyzed by High Content Analysis using the Arrays can VTI 740 
(Thermo Scientific). 
 
Measurement of ROS production 
 
 ROS production was measured using chloromethyl- H2DCFDA 
(Molecular Probes) according to the manufacturer’s instructions. 
The samples were analyzed by flow cytometry with a CyAn ADP 
cytometer (DAKO), using the Summit software (DAKO). 

 
Statistical analysis 
 
Data analyses were performed by using t-tests for comparison 
between two groups (AE-treated cells from each of the groups with 
untreated controls). The level of statistical significance was set at p 
< 0.05. The results were presented as mean ± standard deviation 
(SD). All statistical analyses were performed using Excel 2013. 
 

Results 
 
Cytotoxic effect of AE on hCMEC/D3 cells 
  
To determine the inhibitory activity of AE on brain capillary 
endothelial cells we used MTS assay. MTS assay was carried out 
after 24-hour exposure of AE in concentrations of up to 200 μM. 
The results showed that the treatment with AE in concentrations 
greater than 50 µM decreased the cell viability in the first 24 hours 
of exposure (Figure-1). 

 
Figure-1. Effect of AE treatment on hCMEC/D3 cell viability. The cells were incubated with 0-200 μM AE for 24 hours. The ability of the cells to 
bioreduce 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium into a formazan product was analyzed by 
MTS assay. The assessment of ATP levels into the treated cells were detected by Cell Titer-Glo® Luminescent Cell Viability Assay. Metabolic 
activity measured by MTS and ATP assays was compared with ToPro-3 uptake, indicative of the plasma membrane integrity. The 
permeabilization of the plasma membrane was analyzed by staining the live cells with ToPro-3 and HCA. Results are expressed as the mean ± 
SD of three experiments. Triplicate wells were used for each study group. p<0.05 versus the untreated control group. 
 
To confirm the results above we used DNA dye ToPro-3, which is 
useful as a nuclear counter stain and dead-cell indicator, since 
ToPro-3 did not penetrate intact cellular membranes. After 24-hour 
exposure of different concentrations of AE (0-200 μM) we stained 
the live cells with ToPro-3 and evaluated the cell viability by HCA. 
In a full agreement with MTS test, the results received from the 
HCA showed an increase in the dead cells in the populations after 

a twenty-four-hour exposure at 100 μM and especially at 200 μg/ml 
AE (Figure-1).  
In order to assess the cytotoxic potential of AE on hCMEC/D3 cells, 
we also determined the cellular adenosine triphosphate (ATP) 
levels, having in mind that ATP degrades rapidly in dead cells and 
decreases in injured cells [17]. The endothelial cells were cultured 
in drug-free medium or in the presence of increasing AE 
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concentrations, as in the above-mentioned experiments. A dose-
dependent decrease in viable cell numbers was observed, 
detectable at concentrations of 50 µM and above (Figure-1). 
 
AE treatment induced increased ROS production in 
hCMEC/D3 cells 
 
To examine intracellular reactive oxygen species formation we 
used CM-H2DCFDA (derivative of 2’,7’-dichlorofluorescein) as a 
detection reagent. The flow cytometer was used to quantify the 

resulting fluorescence intensity using 488 nm excitation and 
measuring fluorescence emission at 530 nm. The hCMEC/D3 cells 
were treated with AE for 8 hours. As a positive control, we used 
amine-modified polystyrene nanoparticles in concentration 100 
μg/ml, which have been previously proven to induce ROS 
formation in a human brain astrocytoma cell line [18]. The results 
showed that AE (10-50 μM) stimulated ROS formation in a 
concentration-dependent manner (Figure-2), compared with the 
untreated control. 

 

 
Figure-2. AE induces an increase in ROS levels in human brain endothelial cells. hCMEC cells were incubated with 0, 10 and 50 μM AE for 8 
hours. Amine-modified polystyrene nanoparticles, in concentration 100 μg/ml, were used as a positive control. ROS generation were assessed 
via CM-H2DCFDA as a detection reagent. Results are expressed as the mean ± SD of three experiments. p<0.05 versus the untreated control 
group. 
 
AE disrupted the mitochondrial membrane potential 
  
We further investigated the correlation of ROS generation with 
MMP alterations following AE administration. MMP is a reliable 
indicator of mitochondrial function [19]. To analyze whether AE 

induces changes in mitochondria we used the live-cell permeant 
fluorescent indicator of mitochondrial membrane depolarization 
TMRM. We treated hCMEC/D3 cells for 24 hours with AE in 
concentrations from 50 μM to 200 μM and via HCA we detected 
dose-dependent decrease in mitochondrial membrane potential 
(Figure-3). 
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Figure-3. Effect of AE on the mitochondrial membrane. hCMEC/D3 cells were incubated with different concentrations of AE (0-200 μM) and 
mitochondrial membrane potential changes were analyzed by staining the live cells with TMRM for one hour. The changes in the intensity of 
TMRM fluorescence were followed by HCA. Results are expressed as the mean ± SD of three experiments. Four wells were used for each study 
group. p<0.05 versus the untreated control group. 
 
AE increased intracellular calcium in a dose-dependent 
manner  
 
The collapse of the MMP could result in disruption of calcium 
homeostasis. In order to decipher the molecular basis of toxicology 
mechanism induced by AE on the brain endothelial cell line, we 

investigated the intracellular free Ca2+ inside the living cells using 
calcium indicator Fluo-4 and HCA. Treatment with AE at 
concentrations 25 µM and higher dramatically increased 
intracellular Ca2+ levels (Figure-4). Even at 5 µM, the intracellular 
calcium level was elevated almost twice (over 85%), compared to 
untreated control, showing that AE significantly changes calcium 
homeostasis into hCMEC/D3. 

 

 
Figure-4. AE induced intracellular free calcium elevation in human brain micro vascular cells. The hCMEC/D3 cells were treated with AE (0-200 
μM) for 24 hours. Fluo-4 and HCA were used to measure calcium concentrations inside living cells. Results are expressed as the mean ± SD of 
three experiments. Four wells were used for each study group. p<0.05 versus the untreated control group.  

 
 
Discussion  
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Experimental data from the literature showed that AE possesses 
anticancer activity inducing cell cycle arrest and apoptosis in 
multiple tumor cells and having anti-angiogenic and anti-metastatic 
activity as well [12].  
Local proliferation of endothelial cells is the first step in the 
angiogenic process. Our findings suggest a dose-dependent 
inhibition of cell proliferation in human micro vascular endothelial 
cells treated with АЕ. Incubation of the cells with aloe-emodin 
induces ROS generation in a dose dependent manner, showing the 
pro-oxidant properties of AE in endothelial hCMEC/D3 cells. Many 
pro-oxidant agents are able to open mitochondrial permeability 
transition pore (mPTP) and to promote cellular death [20]. Oxidants 
can increase the release of intracellular Ca2+ from the endoplasmic 
reticulum [21] since ROS at high levels can target ER-based 
calcium channels leading to the release of Ca2+. The high levels of 
Ca2+ lead to opening of the mPTP in order for the cell to be 
protected from cytosolic Ca2+ overload [22]. Elevated ROS can 
lead to a sustained mPTP opening, resulting in the release of pro-
apoptotic factors and cell death [22]. Notably, from our experience, 
treatment with only 5 µM AE was enough to increase significantly 
Ca2+ in the brain endothelial cells. 
The intracellular calcium concentration is crucial to the regulation of 
cell death and ROS acts as an upstream regulator of the calcium 
level [23]. Mitochondria may respond to a Ca2+ signal through 
enhanced production of ROS. A study using human papilloma 
virus-immortalized keratinocytes has shown that elevation of 
intracellular Ca2+ due to exposure to irradiation has caused an 
overload of Ca2+ in the mitochondria, thus leading to a transient 
loss of membrane potential and production of ROS [24]. In 

hCMEC/D3 endothelial cells, AE increases intracellular Ca2+ 

concentrations and induces changes in mitochondrial membrane 
potential, as well as ROS production.  
 

Conclusions 
 
In conclusion, our present study, for the first time to best of our 
knowledge, demonstrates aloe-emodin-mediated cytotoxicity on 
human brain capillary endothelial cells (hCMEC/D3). We assessed 
changes in the cellular ATP levels, intracellular ROS, mitochondrial 
membrane potential and intracellular free Ca2+ in live micro 
vascular endothelial cells. The results received might contribute to 
the assessment of the anti-angiogenic properties of this natural 
compound and provide opportunity for future clinical application of 
AE-related drugs. 
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