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Anti-glioma action of aloe emodin: the role of ERK inhibition
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Abstract. The effect of aloe emodin (AE), a herbal an-
thraquinone derivative, on the rat C6 glioma cell line was
investigated. In addition to cell cycle block and caspase-
dependent apoptosis, AE led to the formation of intracy-
toplasmic acidic vesicles indicative for autophagic cell
death. Moreover, differentiation of surviving cells toward
the astrocytic lineage was confirmed by typical morpho-
logical changes and increased expression of glial fibrillary
acidic protein (GFAP). AE did not affect the activation 
of mitogen-activated protein kinase p38, Jun-N-terminal
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kinase, or transcription factor NF-kB, but markedly inhib-
ited the activation of extracellular signal-regulated kinases
1 and 2 (ERK1/2) in C6 cells. A selective inhibitor of 
ERK activation, PD98059, mimicked the effects of AE
on glioma cell morphology and GFAP expression, but
failed to induce either apoptosis or autophagy. Taken to-
gether, these results indicate that the anti-glioma action of
AE involves ERK-independent induction of both apopto-
sis and autophagy, as well as ERK inhibition-mediated
differentiation of glioma cells.
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cervical cancer cells [6]. In addition, emodin was re-
ported to senzitize cancer cells to various chemothera-
peutic drugs [7, 8] and to suppress HER-2/neu-induced
cellular transformation and metastasis-associated proper-
ties [9]. Importantly, the data obtained with HER-2/neu-
transformed breast cancer cells indicate that induction of
differentiation toward more mature cells with reduced
growth capacity might be one of the mechanisms for 
the anti-tumor action of emodin [2]. Aloe emodin (AE), a
hydroxyanthraquinone from Aloe vera leaves that is struc-
turally very similar to emodin, was also able to induce cell
death in several tumor cell lines, including human lung
carcinoma and hepatoma cell lines [10–12]. Interestingly,
AE expressed a special affinity for neuroectodermal tumor
cell lines, resulting in an efficient inhibition of human neu-
roblastoma growth in mice with severe combined immun-
odeficiency without any appreciable toxic effects [13].

Induction of tumor cell death and/or differentiation by
certain phytochemicals present in medicinal herbs and 
dietary plants is one of the most attractive approaches in
cancer chemotherapy. Emodin, a natural anthraquinone
derivative from herbs used in Chinese traditional medi-
cine, has been shown to exert a potent anti-tumor effect
both in vitro [1–6] and in vivo [7]. The anti-cancer action
of emodin was shown to involve protein tyrosine kinase
(PTK) inhibition-mediated growth arrest in ras-trans-
formed bronchial epithelial cells [1] or breast cancer cells
overexpressing the HER-2/neu oncogene [2], as well as
caspase-dependent apoptotic death of human lung carci-
noma cells [4], promyeloleukemic HL-60 cells [5], or



According to several authors [10–13], the cytotoxic mech-
anism of AE mainly involves the induction of caspase-
dependent apoptosis, whereas the greater sensitivity of
neuroectodermal tumor cell lines could be related to an en-
ergy-dependent pathway of drug incorporation [13].
Among neuroectodermal tumors, gliomas are the most 
aggressive and represent the most common primary ma-
lignancy in the human central nervous system [14]. De-
spite many technologic advances in neuroimaging, neu-
rosurgery, radiation therapy and chemotherapy, gliomas
remain incurable in most cases. An increased activity of
proliferation-promoting signaling pathways downstream
of growth factor receptors, including those controlled by
mitogen-activated protein kinases (MAPKs), has been
proposed to be at least partly responsible for uncon-
trolled growth and invasive properties of glioma cells
[15, 16].
Our recent study clearly demonstrated the in vitro anti-
proliferative effect of AE in the rat glioma cell line C6,
while primary astrocytes were mainly resistant to AE 
action [17]. This prompted us to examine whether the 
observed effect of AE might involve cell death and/or 
differentiation of glioma cells. In addition, a possible role
of the MAPK signaling pathway in the anti-glioma action
of AE was examined.    

Materials and methods

Cells and reagents
All chemicals used throughout the present study were
products of Sigma (St. Louis, Mo.), unless specified 
otherwise. The rat glioma cell line C6 and human glioma
cell line U251 were a kind gift from Dr. P. Tranque (Uni-
versidad de Castilla-La Mancha, Albacete, Spain). C6
cells were a late-passage (>70 passages) subclone of the
original CCL107 clone (ATCC). The cells were main-
tained at 37°C in a humidified atmosphere with 5% CO2,
in 25-cm2 tissue culture flasks containing HEPES-buffered
RPMI 1640 medium supplemented with 5% FCS, 2 mM
glutamine, 0.01% sodium pyruvate, 5 ¥ 10–5 M 2-mer-
captoethanol and antibiotics (culture medium). The cells
were used for experiments after a conventional trypsiniza-
tion procedure. AE stored at –20°C at 200 mM in DMSO
was diluted with culture medium immediately before use.
Control cell cultures contained DMSO corresponding to
its content in the solution with the highest concentration
of AE used in a particular experiment.

MTT, crystal violet, and lactate dehydrogenase 
release assay
The mitochondrial-dependent reduction of MTT to for-
mazan reflects the mitochondrial activity of cultured cells
[18], the intensity of crystal violet staining is directly pro-
portional to the number of adherent cells [19], while the
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release of cytosolic lactate dehydrogenase (LDH) indi-
cates the loss of membrane integrity that occurs in
necrotic cells [20]. The cells were seeded in flat-bottom
96-well plates at 3 ¥ 104 cells/well in a final volume of
200 ml of culture medium containing different agents, and
the assays were performed exactly as previously de-
scribed [18–20]. Mitochondrial-dependent production of
formazan and crystal violet absorption by adherent cells
were assessed by an automated microplate reader at 570
nm, while the pyruvate-mediated conversion of 2,4-dini-
trophenylhydrazine into visible hydrazone precipitate in
the LDH assay was measured at 492 nm. The results are
presented as percent of control values obtained in un-
treated cultures.

Cell cycle and apoptosis analysis by propidium 
iodide staining
For flow cytometric analysis of the cell cycle, the cells 
(1 ¥ 106 per sample) incubated in 60-mm Petri dishes
were scraped in cold PBS-EDTA, washed in PBS and
fixed in 70% ethanol for 30 min at 4°C. After washing
with PBS, the cells were incubated with the DNA-bind-
ing dye propidium iodide (PI; 40 mg/ml) and RNase 
(1.0 mg/ml) for 30 min at 37°C in the dark. Finally, the
cells were washed and red fluorescence analyzed by a
FACSCalibur flow cytometer (BD, Heidelberg, Germany),
using a peak fluorescence gate to discriminate aggre-
gates. Cell distribution among the cell cycle phases was
determined by Cell Quest Pro software (BD). To assess
apoptosis-associated morphological changes, cells incu-
bated in slide chambers (3 ¥ 104/well) were fixed for 
15 min at ambient temperature with 4% paraformalde-
hyde and stained with 20 mg/ml PI in 0.1% Triton X-100,
0.1 mM EDTA pH 8.0, and 50 mg/ml RNase in PBS. 
Afterwards, the cells were thoroughly washed with PBS,
covered with 50% glycerol in PBS, and the morphology
of PI-stained red-fluorescent nuclei was analyzed under
the fluorescence microscope.

Acridine orange staining of autophagic vesicles
The acidic autophagic vesicles were visualized by supra-
vital acridine orange staining as previously described [21].
Briefly, cells (3 ¥ 104/well) cultivated on glass chamber-
slides were washed with PBS after the treatment and
stained with acridine orange (1.0 mM; Labo-Moderna,
Paris, France) for 15 min at 37°C. Subsequently, the cells
were washed and analyzed under a fluorescence micro-
scope. Depending on their acidity, autophagic lysosomes
appeared as yellow-orange to bright-red fluorescent cyto-
plasmic vesicles, while nuclei were stained green.

Immunocytochemistry analysis of glial fibrillary
acidic protein expression
For immunocytochemistry analysis of glial fibrillary
acidic protein (GFAP) expression, the cells (3 ¥ 104/well)



cultivated on glass chamber-slides were fixed in 4% 
paraformaldehyde for 15 min at ambient temperature. 
After cell membrane permeabilization with 0.5% Triton
X-100 for 30 min, the activity of endogenous peroxi-
dase was blocked with 3% H2O2 in 10% methanol/PBS
for 5 min. Following 1 h incubation with 5% mouse
serum, primary mouse anti-GFAP antibody (Bio-Yeda,
Rehovot, Israel) was added for an additional hour (1:300
in PBS). The detection was performed with a mouse 
extravidin-peroxidase staining kit according to the man-
ufacturer’s instructions (Sigma). Finally, the slides were
incubated for 2–3 min with diaminobenzidine (R&D
Systems, Minneapolis, Minn.) as a substrate, counter-
stained with Mayer’s hematoxylin and mounted with
50% glycerol.

Cell-based ELISA
A slightly modified method for cell-based ELISA by 
Versteeg et al. [22] was used to measure the expression of
GFAP and galactocerebroside, as well as the activation 
of MAPKs [p38 MAPK, extracellular signal-regulated
kinase (ERK) and Jun-N-terminal kinase (JNK)] or nu-
clear factor-kB (NF-kB). Since MAPKs are activated by
phosphorylation, and phosphorylation of the inhibitory
subunit IkB precedes the NF-kB activation, we used anti-
bodies specific for phosphorylated forms of MAPKs (p-
p38, p-ERK and p-JNK) and IkB (p-IkB). After incuba-
tion with various agents in 96-well flat-bottom plates 
(3 ¥ 104 cells/well), the cells were fixed in 4% para-
formaldehyde, endogenous peroxidase was quenched
with 1% H2O2 in PBS containing 0.1% Triton X-100
(PBST) and unspecific binding of antibodies blocked
with PBST solution containing 10% FCS. Primary mouse
monoclonal antibodies specific for rat/mouse p-ERK, p-
p38, p-JNK, p-IkB (1:200; all from Santa Cruz Biotech-
nology, Santa Cruz, Calif.), GFAP (1:200) and galacto-
cerebroside (O1; 1:100; Boehringer Mannheim, Mann-
heim, Germany) were introduced in PBST supplemented
with 2% bovine serum albumin (PBSTB), followed by
secondary peroxidase-conjugated goat anti-mouse IgG
(1:2500 in PBSTB; USB Corporation, Cleveland, Ohio)
for anti-p-ERK, anti-p-JNK, anti-p-IkB and anti-GFAP,
or anti-mouse IgM (1:4000; USB Corporation) for the
detection of anti-p-p38 and O1. Both incubations were
performed at 37°C for 1 h. The absorbance at 450 nm
was measured in an automated microplate reader 15 min
after the incubation with peroxidase substrate TMB and
subsequently upon addition of 0.1 M HCl. To enable
comparison between different treatments, the obtained
absorbances were corrected for the cell number that was
determined by crystal violet staining, as described in the
original protocol. The results are presented as relative
expression in comparison with the control value, which
was arbitrarily set to 1.

Statistical analysis
The results are presented as means ± SD of triplicate ob-
servations from one representative of at least three exper-
iments with similar results, except if indicated otherwise.
The significance of the differences between various treat-
ments was assessed by analysis of variance (ANOVA),
followed by a Student-Newman-Keuls test. A p value less
than 0.05 was considered significant.

Results

AE induces apoptosis and autophagy in the C6
glioma cell line
The results of the MTT test presented in figure 1A con-
firmed our recent observation that AE treatment signifi-
cantly reduced the mitochondrial respiration in cultured
C6 cells [17]. This anti-glioma action of AE coincided
with a reduction in tumor cell number, as revealed by
crystal violet staining of adherent tumor cells in the pre-
sent study (fig. 1A), as well as in the previous report [17].
We therefore assumed that AE could induce glioma cell
death and/or suppress proliferation. The LDH release as-
say has frequently been used to distinguish between the
two major types of cell death, necrosis or apoptosis (type
I programmed cell death. Namely, a significant damage
of the cellular membrane and consequent release of intra-
cellular LDH occurs mainly during necrosis, but not
apoptosis [23, 24]. However, the observed effect of AE
was apparently not due to cell necrosis, as the LDH re-
lease assay did not show a significant increase in cell
membrane permeability of AE-treated cells (fig. 1A). On
the other hand, the cell cycle analysis revealed the accu-
mulation of AE-treated cells in the S phase and sub-G
(hypodiploid) compartment, suggesting a cell cycle block
accompanied by induction of apoptotic cell death (fig.
1B). Chromatin condensation, a typical morphologic fea-
ture of apoptosis, was readily apparent in AE-treated cells
stained with PI (fig. 1C). However, the toxicity of AE was
only partly blocked in the presence of the pan-caspase in-
hibitor VAD-fmk (fig. 1D), suggesting that apoptosis was
not solely responsible for the anti-glioma action of AE.
This led us to search for type II programmed cell death –
autophagy – which is characterized by the formation of
acidic vesicular organelles that can be visualized by acri-
dine orange supravital staining [21]. Indeed, numerous
bright-red fluorescent acidic vesicles were observed in
50–60% of C6 cells exposed to AE for only 6 h (fig. 1E).
Thus, the anti-glioma action of AE apparently involved 
a cell cycle block accompanied by both apoptosis and 
autophagy. 

AE induces differentiation of C6 cells
Microscopic observation of the glioma cells that survived
AE treatment revealed a major change in their morphol-
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ogy. Unlike the mainly polygonal morphology of control,
untreated glioma cells, the shape of AE-treated cells was
similar to that of mature astrocytes, with smaller cell bod-
ies and much longer, fine, tapering processes (fig. 2A).
As this indicated that a surviving fraction of AE-treated
C6 cells entered the maturation process toward the astro-
cytic lineage, we further examined whether morphologi-
cal changes were accompanied by the expression of GFAP,
a well-established marker of mature astrocytes. Indeed,
both immunocytochemical analysis and cell-based ELISA
confirmed a significant up-regulation of GFAP expression

in AE-treated compared to control C6 cells (fig. 2B, C). At
the same time, the reactivity of C6 cells with the oligo-
dendrocyte-specific O1 antibody was markedly reduced
upon AE treatment (fig. 2C), thus further indicating the
commitment of C6 cells toward the astrocytic lineage.

The role of ERK inhibition in anti-glioma action of AE
As both the MAPK pathway and the transcription factor
NF-kB participate in a wide range of cellular programs
controling proliferation, differentiation and survival [25,
26], we examined the influence of AE on the activation of
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Figure 1. Cytotoxicity of AE toward C6 cells. (A) C6 cells were incubated with different doses of AE for 24 h, and an MTT, crystal violet 
or LDH release assay were performed (*p < 0.05). (B) After 24 h incubation with 20 mM AE, C6 cells were stained with PI and the cell 
cycle analyzed by flow cytometry. The values are means ± SD from five separate experiments (*p < 0.05). (C) C6 cells were treated with
20 mM AE for 24 h and nuclear morphology characteristic of apoptosis (arrows) was observed by fluorescence microscopy after PI staining.
(D) C6 cells were incubated for 24 h with 20 mM AE, in the absence or presence of a pan-caspase inhibitor VAD-fmk (0.5 mM), and the
MTT test was performed (*p < 0.05). (E) After 6 h incubation with AE (20 mM), C6 cells were stained with acridine orange for the presence
of orange-red acidic autophagic vesicles.



these important signaling molecules in C6 cells. While
AE did not affect the expression of either phosphorylated,
active forms of MAPKs, p38 and JNK, or the phos-
phorylated NF-kB inhibitory subunit IkB, it significantly 
reduced the level of phospho-ERK in C6 cells, as deter-
mined by cell-based ELISA (fig. 3A). The inhibition of
ERK activity was evident already after 30 min exposure
to AE, and persisted for at least 4 h (fig. 3A). To assess a
possible contribution of ERK inhibition to the observed

effects of AE on C6 glioma cells, we used PD98059, a
fairly specific inhibitor of ERK1/2 that acts by inhibiting
the activity of its upstream activator MEK [27]. Prelimi-
nary experiments showed that 1-h treatment with 20 or 
40 mM PD98059 reduced the intracellular level of acti-
vated ERK to 35 or 25% of control values, respectively,
as assessed by cell-based ELISA (not shown). While the
crystal violet assay revealed that 24-h incubation with
PD98059 only slightly, but significantly, reduced the
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Figure 2. AE induces differentiation of C6 cells. (A–C) C6 cells
were incubated  with 20 mM AE for 24 h and their morphology was
analyzed by inverted microscopy (A). GFAP expression was ana-
lyzed by immunocytochemistry as described in Materials and
methods (B). The expression of GFAP and galactocerebroside was 
assessed by cell-based ELISA with anti-GFAP and O1 antibodies,
respectively, as described in Materials and Methods (*p < 0.05) (C).

Figure 3. ERK inhibition is involved in AE-induced differentiation
of C6 cells. (A) C6 cells were incubated with 20 mM AE and acti-
vation of ERK, p38 MAPK, JNK or NF-kB was assessed by cell-
based ELISA at the indicated time points (*p < 0.05). (B) Immuno-
cytochemistry staining for GFAP expression was performed after
24 h incubation with the ERK activation inhibitor PD98059 (40
mM). (C) GFAP expression was analyzed by cell-based ELISA in
C6 cells treated with PD98059 or the PTK inhibitor herbimycin A
for 24 h (*p < 0.05).



number of C6 cells (100 ± 3% vs 79.5 ± 4.5% in control
vs PD98059-treated cultures, p < 0.01), this inhibitor of
ERK activation caused elongation of cellular processes
(fig. 3B) similar to that previously observed upon AE
treatment. Moreover, the expression of GFAP in C6 cells
was markedly up-regulated in the presence of PD98059, as
judged by both immunocytochemistry analysis (fig. 3B)
and cell-based ELISA (fig. 3C). In contrast, the PTK in-

hibitor herbimycin A not only failed to mimic the AE-me-
diated increase in GFAP expression, but even signifi-
cantly reduced GFAP levels in C6 cells (fig. 3C). While
herbimycin A had a slight anti-proliferative effect on C6
cells similar to that observed with PD98059 (data not
shown), neither herbimycin nor PD98059, applied sepa-
rately or in combination, were able to induce either
apoptosis or autophagy in C6 cells, as revealed by PI or
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Figure 4. The effects of AE on U251 glioma cells. (A) U251 cells were incubated with different AE doses and an MTT, crystal violet or
LDH assay was performed after 24 h. (B) U251 cells were incubated with or without AE (20 mM) for 24 h and the cell cycle was analyzed
by flow cytometry after PI staining. The values are means ± SD from five separate experiments (*p < 0.05). (C) U251 cells were incubated
with or without AE (20 mM) and the amount of activated ERK was analyzed by cell-based ELISA (*p < 0.05). (D) U251 cells were incu-
bated with or without AE (20 mM) for 6 h and the autophagy was assessed by supravital acridine orange staining followed by fluorescence
microscopy. (E, F) After 24 h incubation of U251 cells with AE (20 mM), their morphology was examined (E), or immunocytochemistry
staining for GFAP expression performed (F).



acridine orange staining, respectively (not shown). Taken
together, these data indicate that ERK inhibition probably
participated in AE-induced differentiation of C6 cells,
while the induction of apoptosis and autophagy was inde-
pendent of the drug interference with either ERK or PTK
activity.

The effect of AE on U251 glioma cells
Finally, to exclude the possibility that AE-induced changes
were restricted to C6 cells, we examined the effects of AE
treatment on the human glioma cell line U251. Similar to
the results obtained with C6 cells, the incubation of U251
cells with AE led to a significant decrease in cell number,
as assessed by the MTT and crystal violet test, without 
affecting cell membrane integrity measured by LDH re-
lease (fig. 4A). This was accompanied by an increase in
the number of hypodiploid apoptotic cells (sub-G) and
the cell cycle block in G2/M phase (fig. 4B). The ability
of AE to interfere with ERK activation in U251 cells was
confirmed by cell-based ELISA, which showed that the
intracellular level of the phosphorylated, active form of
ERK1/2 was markedly reduced upon incubation of U251
cells with AE (fig. 4C). Furthermore, the appearance of
acidic autophagic vesicles was readily observed in the 
cytoplasm of more than 50% of U251 cells treated with
AE (fig. 4D). Finally, AE treatment triggered differentia-
tion of U251 cells toward the astrocytic lineage, as judged
by pronounced elongation of cellular processes (fig. 4E)
and more intensive staining for the astrocyte marker
GFAP (fig. 4F).

Discussion

The results of the present study demonstrated for the first
time the ability of AE, a herbal anthraquinone derivative
with potential anti-cancer therapeutic activity, to induce
apoptosis, autophagy and differentiation of glioma cells.
Maturation toward the astrocytic lineage, but not cell
death, was at least partly mediated by the interference of
the drug with the constitutive activity of the ERK1/2
pathway in glioma cells.
Apoptosis (programmed cell death type I), typically char-
acterized by caspase-dependent DNA and cell disintegra-
tion into small fragments, is the best-defined cell death
program induced by various anti-cancer treatments [28].
However, some authors have indicated recently that cer-
tain drugs or therapeutic procedures, including arsenic
trioxide [29], tamoxifen [30] and ionizing radiation [21],
could also lead to programmed cell death type II, auto-
phagy, in which the engulfment of cytoplasm and/or cyto-
plasmic organelles by multiple-membrane cytoplasmic
vesicles leads to their destruction by the lysosomal sys-
tem of the same cell [31]. The anti-tumor potential of
emodin and AE has usually been associated with their

ability to induce a cell cycle block accompanied by 
caspase-mediated tumor cell apoptosis [4–6, 10–13]. Al-
though similar, the results obtained throughout the pre-
sent study strongly indicate that AE is also capable of
triggering autophagy in glioma cells, as demonstrated by
the presence of numerous acidic vesicles in more than
50% of AE-treated C6 and U251 cells. However, since we
did not follow the fate of autophagic cells, how and to
what extent could autophagy contribute to the AE-medi-
ated reduction in glioma cell number is still unknown.
Since in some settings, autophagy might actually serve as
a protective mechanism against ongoing apoptosis [29], a
similar scenario for autophagy involvement in the anti-
glioma effect of AE deserves further exploration. Regard-
ing the putative inability of AE to induce necrosis, one
might argue that spontaneous LDH release should de-
crease with lowering the cell number and that unchanged
LDH release coupled with reduced cell number, as in our
study, would actually mean an increased LDH release 
per cell. However, since spontaneous LDH release in our
experiments was marginal, due to the very low sponta-
neous necrosis of glioma cells (data not shown), our data
indeed seem to reflect a genuine absence of necrotic cell
death in AE-treated gliomas.
In addition to cell cycle block, apoptosis and autophagy,
AE-treated glioma cells displayed dramatic morpholog-
ical changes indicative of their transition to a more 
mature state. This was confirmed by an increased ex-
pression of GFAP, a 50-kDa type III intermediate fila-
ment protein considered to be a reliable differentiation
marker of normal astrocytes and tumors of astrocytic
lineage [32]. A recent study reported that C6 glioma
cells, under the influence of saikosaponin A, could also
acquire an oligodendrocyte phenotype characterized by
an increase in oligodendrocyte-specific enzyme 2¢,3¢-
cyclic nucleotide 3¢-phosphohydrolase [33]. However,
as in our experiments the GFAP increase was accompa-
nied by a concomitant reduction in the reactivity with
the oligodendrocyte-specific anti-galactocerebroside anti-
body O1 [34],  AE-exposed C6 cells appear to have been
committed to the astrocytic, rather than oligodendrocyte
lineage. This might be due to the fact that, in contrast to
the cells in early passages (<30), the late-passage (>70)
C6 cells used in the present study displayed a mainly 
astrocytic phenotype [35] and lost their ability to differ-
entiate into oligodendrocytes [36]. As the C6 cell line
has also been shown to contain progenitors of radial [37]
and neuronal stem cells [38], of interest would be to 
examine whether these progenitor cells could survive
the AE treatment and differentiate into GFAP-positive
astrocytes.
There is a question of mechanism(s) underlying the anti-
glioma effects of AE observed in the present study.
Emodin, which is structurally very similar to AE, is well
known for its ability to inhibit the activity of various ty-
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rosine kinases [1, 39, 40]. The inhibition of HER-2/neu
tyrosine kinase seems particularly important for the 
anti-cancer effect of emodin, as it was associated with
suppressed transformation and differentiation of breast
cancer cells [2], as well as sensitization of breast and lung
cancer cells to chemotherapeutic drugs [7, 8]. However, a
suppression of PTK activity with herbimycin A did not
mimic AE-induced differentiation of C6 glioma cells in
our study, and even caused a significant down-regulation
of the astrocyte marker GFAP in these cells. Similarly,
Roymans et al. [41] described herbimycin-mediated re-
duction of GFAP mRNA and protein expression in C6
cells differentiated with cAMP analogs or b-adrenergic
receptor agonists. Our findings, together with those of
Roymans et al. [41], indicate a positive role for PTK in
controlling GFAP expression, and argue against the PTK
inhibition as a mechanism for the AE-induced GFAP 
increase in C6 cells. On the other hand, emodin has been 
recently shown to inhibit the activation of ERK, p38
MAPK, JNK and NF-kB in cancer cell lines [42]. In our
experiments, however, AE potently inhibited the activa-
tion of ERK, but did not significantly affect the activation
of other MAPKs or NF-kB in C6 glioma cells. Impor-
tantly, a selective blockade of ERK activation with
PD98059 mimicked the effects of AE on glioma cell mor-
phology and GFAP expression, suggesting that suppres-
sion of ERK activation might at least partly account for
AE-induced differentiation of glioma cells. Accordingly,
PD98059 treatment has recently been reported to en-
hance GFAP expression and to synergize with oncostatin
M for the induction of differentiation in the 86HG39
glioblastoma cell line [43]. Furthermore, the finding 
that an increase in intracellular cAMP is one of the most 
potent signals directing C6 cell differentiation toward the
astrocytic lineage [44–46] and is also a strong inhibitor of
ERK activity in these cells [47–49], indicates a possible
role for ERK in the negative regulation of GFAP expres-
sion and glioma cell differentiation. Finally, in our exper-
iments, both herbimycin A and PD98059 reduced the
number of C6 cells to some extent, which is consistent
with previous findings that increased PTK/ERK activity
in response to various growth factors might participate in
uncontrolled proliferation of glioma cells [15, 16]. How-
ever, neither herbimycin A or PD98059, nor their combi-
nation, was able to induce apoptotic or autophagic cell
death, indicating that PTK and ERK inhibition, while
possibly contributing to AE-mediated growth arrest, were
completely dispensable for its ability to trigger apoptosis
and autophagy in glioma cells. On the other hand, emodin
has been recently reported to inhibit the activity of 
PI3-kinase [50], which provides a universal cell survival
signal by inhibiting both apoptosis and autophagy [51,
52]. Thus, further studies on a possible involvement of
PI3-kinase inhibition in the anti-glioma action of AE
seem to be justified.

In conclusion, we have described multiple effects of the
anthraquinone derivative AE on glioma cells which might
be of therapeutic interest, and which include the induc-
tion of cell growth arrest accompanied by apoptosis, 
autophagy and astrocytic differentiation. While AE-trig-
gered apoptosis and autophagy were independent of either
PTK or ERK activity, inhibition of the ERK pathway 
was probably responsible for the differentiation of glioma
cells. The ability of AE to trigger both caspase-dependent
apoptosis and caspase-independent autophagy deserves
special attention, because drugs possessing back-up mech-
anisms for inducing tumor cell death are considered as 
potential ‘magic bullets’ in anti-cancer therapy [31]. Fu-
ture studies, however, must extend these findings to in
vivo tumor models and examine a possible contribution of
autophagic cell death or tumor cell differentiation to the
therapeutic efficacy of AE in glioma treatment.

Acknowledgements. This work was partly supported by the Min-
istry of Science, Technology and Development of the Republic 
of Serbia (grants No. 1664 and 2020). We thank Dr. I. Radonjic
(Department of Parasitology, Institute of Microbiology and Im-
munology, School of Medicine, Belgrade) for kindly providing 
acridine orange.

1 Chan T. C., Chang C. J., Koonchanok N. M. and Geahlen R. L.
(1993) Selective inhibition of the growth of ras-transformed
human bronchial epithelial cells by emodin, a protein-tyrosine
kinase inhibitor. Biochem. Biophys. Res. Commun. 193: 1152–
1158

2 Zhang L., Chang C. J., Bacus S. S. and Hung M. C. (1995) Sup-
pressed transformation and induced differentiation of HER-
2/neu-overexpressing breast cancer cells by emodin. Cancer
Res. 55: 3890–3896

3 Kuo Y. C., Sun C. M., Ou J. C. and Tsai W. J. (1997) A tumor
cell growth inhibitor from Polygonum hypoleucum Ohwi. Life
Sci. 61: 2335–2344

4 Lee H. Z. (2001) Effects and mechanisms of emodin on cell
death in human lung squamous cell carcinoma. Br. J. Pharma-
col. 134: 11–20

5 Chen Y. C., Shen S. C., Lee W. R., Hsu F. L. Lin H. Y., Ko C. H.
et al. (2002) Emodin induces apoptosis in human promyelo-
leukemic HL-60 cells accompanied by activation of caspase 3
cascade but independent of reactive oxygen species production.
Biochem. Pharmacol. 64: 1713–1724

6 Srinivas G., Anto R. J., Srinivas P., Vidhyalakshmi S., Senan V.
P. and Karunagaran D. (2003) Emodin induces apoptosis of 
human cervical cancer cells through poly(ADP-ribose) poly-
merase cleavage and activation of caspase-9. Eur. J. Pharmacol.
473: 117–125  

7 Zhang L., Lau Y. K., Xia W., Hortobagyi G. N. and Hung M. C.
(1999) Tyrosine kinase inhibitor emodin suppresses growth of
HER-2/neu-overexpressing breast cancer cells in athymic mice
and sensitizes these cells to the inhibitory effect of paclitaxel.
Clin. Cancer Res. 5: 343–353

8 Zhang L. and Hung M. C. (1996) Sensitization of HER-2/neu-
overexpressing non-small cell lung cancer cells to chemo-
therapeutic drugs by tyrosine kinase inhibitor emodin. Onco-
gene 12: 571–576

9 Zhang L., Lau Y. K., Xi L., Hong R. L., Kim D. S., Chen C. F. et
al. (1998) Tyrosine kinase inhibitors, emodin and its derivative
repress HER-2/neu-induced cellular transformation and metas-
tasis-associated properties. Oncogene 16: 2855–2863

596 S. Mijatovic et al. Anti-glioma action of aloe emodin



10 Lee H. Z., Hsu S. L., Liu M. C. and Wu C. H. (2001) Effects
and mechanisms of aloe-emodin on cell death in human lung
squamous cell carcinoma. Eur. J. Pharmacol. 431: 287–295

11 Kuo P. L., Lin T. C. and Lin C. C. (2002) The antiproliferative
activity of aloe-emodin is through p53-dependent and p21-de-
pendent apoptotic pathway in human hepatoma cell lines. Life
Sci. 71: 1879–1892

12 Yeh F. T., Wu C. H. and Lee H. Z. (2003) Signalling pathway for
aloe-emodin-induced apoptosis in human H460 lung nonsmall
carcinoma cell. Int. J. Cancer 106: 26–33  

13 Pecere T., Gazzola M.V., Mucignat C., Parolin C., Vecchia F. D.,
Cavaggioni A. et al. (2000) Aloe-emodin is a new type of anti-
cancer agent with selective activity against neuroectodermal 
tumors. Cancer Res. 60: 2800–2804

14 Prados M. D. and Levin V. (2000) Biology and treatment of 
malignant glioma. Semin. Oncol. 27: 1–10

15 Mandell J. W., Hussaini I. M., Zecevic M., Weber M. J. and 
VandenBerg S. R. (1998) In situ visualization of intratumor
growth factor signalling: immunohistochemical localization of
activated ERK/MAP kinase in glial neoplasms. Am. J. Pathol.
153: 1411–1423  

16 Kapoor G. S. and O’Rourke D. M. (2003) Mitogenic signalling
cascades in glial tumors. Neurosurgery 52: 1425–1434

17 Mijatovic S., Maksimovic-Ivanic D., Radovic J., Popadic D.,
Momcilovic M., Harhaji L. et al. (2004) Aloe-emodin prevents
cytokine-induced tumor cell death: the inhibition of auto-toxic
nitric oxide release as a potential mechanism. Cell. Mol. Life
Sci. 61: 1805–1815

18 Mosmann T. (1983) Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity as-
says. J. Immunol. Methods 65: 55–63

19 Flick D.A. and Gifford G.E. (1984) Comparison of in vitro cell
cytotoxic assays for tumor necrosis factor. J. Immunol. Meth-
ods 68: 167–175

20 Decker T. and Lohmann-Matthes M. L. (1998) A quick and
simple method for the quantitation of lactate dehydrogenase 
release in measurements of cellular cytotoxicity and tumor
necrosis factor (TNF) activity. J. Immunol. Methods. 115:
61–69

21 Paglin S., Hollister T., Delohery T., Hackett N., McMahill M.,
Sphicas E. et al. (2001) A novel response of cancer cells to 
radiation involves autophagy and formation of acidic vesicles.
Cancer Res. 61: 439–444  

22 Versteeg H. H,. Nijhuis E., Brink G. R. van den, Evertzen M.,
Pynaert G. N., Deventer S. J. van et al. (2000) A new phos-
phospecific cell-based ELISA for p42/p44 mitogen-activated 
protein kinase (MAPK), p38 MAPK, protein kinase B and
cAMP-response-element-binding protein. Biochem. J. 350:
717–722

23 Yang G., Sun X. and Wang R. (2004) Hydrogen sulfide-in-
duced apoptosis of human aorta smooth muscle cells via the 
activation of mitogen-activated protein kinases and caspase-3.
FASEB J. 18: 1782–1784

24 Li Y. P., Bushnell A. F., Lee C. M., Perlmutter L. S. and Wong
S. K. (1996) Beta-amyloid induces apoptosis in human-derived
neurotypic SH-SY5Y cells. Brain Res. 738: 196–204

25 Shapiro P. (2002) Ras-MAP kinase signalling pathways and
control of cell proliferation: relevance to cancer therapy. Crit.
Rev. Clin. Lab. Sci. 39: 285–330

26 Kucharczak J., Simmons M. J., Fan Y. and Gelinas C. (2003) To
be, or not to be: NF-kB is the answer – role of Rel/NF-kB in the
regulation of apoptosis. Oncogene 22: 8961–8982

27 Dudley D. T., Pang L., Decker S. J., Bridges A. J. and Saltiel 
A. R. (1995) A synthetic inhibitor of the mitogen-activated
protein kinase cascade. Proc. Natl. Acad. Sci USA 92: 7686–
7689

28 Ferreira C. G., Epping M., Kruyt F. A. and Giaccone G. (2002)
Apoptosis: target of cancer therapy. Clin. Cancer Res. 8:
2024–2034 

29 Kanzawa T., Kondo Y., Ito H., Kondo S. and Germano I. (2003)
Induction of autophagic cell death in malignant glioma cells 
by arsenic trioxide. Cancer Res. 63: 2103–2108

30 Bursch W., Hochegger K., Torok L., Marian B., Ellinger A. and
Hermann R. S. (2000) Autophagic and apoptotic types of 
programmed cell death exhibit different fates of cytoskeletal
filaments. J. Cell. Sci. 113: 1189–1198

31 Gozuacik D. and Kimchi A. (2004) Autophagy as a cell death
and tumor suppressor mechanism. Oncogene 23: 2891–2906

32 Ho C. L. and Liem R. K. (1996) Intermediate filaments in the
nervous system: implications in cancer. Cancer Metastasis Rev.
15: 483–497

33 Tsai Y. J., Chen I. L., Horng L. Y. and Wu R. T. (2002) Induc-
tion of differentiation in rat C6 glioma cells with saikosaponins.
Phytother. Res. 16: 117–121

34 Luyt K., Varadi A. and Molnar E. (2003) Functional metabo-
tropic glutamate receptors are expressed in oligodendrocyte
progenitor cells. J. Neurochem. 84:1452–1464

35 Parker K. K., Norenberg M. D. and Vernadakis A. (1980)
‘Transdifferentiation’ of C6 glial cells in culture. Science 208:
179–181

36 Goya L., Feng P. T., Aliabadi S. and Timiras P. S. (1996) Effect
of growth factors on the in vitro growth and differentiation of
early and late passage C6 glioma cells. Int. J. Dev. Neurosci. 14:
409–417

37 Friedlander D. R., Brittis P. A., Sakurai T., Shif B., Wirchansky
W., Fishell G. et al. (1998) Generation of a radial-like glial cell
line. J. Neurobiol. 37: 291–304

38 Kondo T., Setoguchi T. and Taga T. (2004) Persistence of a small
subpopulation of cancer stem-like cells in the C6 glioma cell
line. Proc. Natl. Acad. Sci. USA 101: 781–786

39 Jayasuriya H., Koonchanok N. M., Geahlen R. L., McLaughlin
J. L. and Chang C. J. (1992) Emodin, a protein tyrosine kinase
inhibitor from Polygonum cuspidatum. J. Nat. Prod. 55: 696–
698

40 Chang C. J., Ashendel C. L., Geahlen R. L., McLaughlin J. L.
and Waters D. J. (1996) Oncogene signal transduction in-
hibitors from medicinal plants. In Vivo. 10: 185–190

41 Roymans D., Grobben B., Claes P. and Slegers H. (2001) Pro-
tein tyrosine kinase-dependent regulation of adenylate cyclase
and phosphatidylinositol 3-kinase activates the expression of
glial fibrillary acidic protein upon induction of differentiation
in rat C6 glioma. Cell. Biol. Int. 25: 467–474

42 Huang Q., Shen H. M. and Ong C. N. (2004) Inhibitory effect
of emodin on tumor invasion through suppression of activator
protein-1 and nuclear factor-kB. Biochem. Pharmacol. 68:
361–371

43 Halfter H., Stogbauer F., Friedrich M., Serve S., Serve H. and
Ringelstein E. B. (2000) Oncostatin M-mediated growth inhi-
bition of human glioblastoma cells does not depend on stat3 or
on mitogen-activated protein kinase activation. J. Neurochem.
75: 973–981

44 Sharma S. K. and Raj A. B. (1987) Transient increase in intra-
cellular concentration of adenosine 3¢:5¢-cyclic monophos-
phate results in morphological and biochemical differentiation
of C6 glioma cells in culture. J. Neurosci. Res. 17: 135–141

45 Roymans D., Vissenberg K., De Jonghe C., Grobben B., Claes
P., Verbelen J. P. et al. (2001) Phosphatidylinositol 3-kinase 
activity is required for the expression of glial fibrillary acidic
protein upon cAMP-dependent induction of differentiation in
rat C6 glioma. J. Neurochem. 76: 610–618

46 Takanaga H., Yoshitake T., Hara S., Yamasaki C. and Kunimoto
M. (2004) cAMP-induced astrocytic differentiation of C6 glioma
cells is mediated by autocrine interleukin-6. J. Biol. Chem. 279:
15441–15447

47 Sinning R., Schliess F., Kubitz R. and Haussinger D. (1997) 
Osmosignalling in C6 glioma cells. FEBS Lett. 400: 163–167

48 Wang L., Liu F. and Adamo M. L. (2001) Cyclic AMP inhibits
extracellular signal-regulated kinase and phosphatidylinositol

CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Research Article 597



3-kinase/Akt pathways by inhibiting Rap1. J. Biol. Chem. 276:
37242–37249

49 Lee M. K. and Nikodem V. M. (2004) Differential role of ERK
in cAMP-induced Nurr1 expression in N2A and C6 cells. Neu-
roreport 15: 99–102

50 Frew T., Powis G., Berggren M., Abraham R. T., Ashendel 
C. L., Zalkow L. H. et al. (1994) A multiwell assay for inhibitors

of phosphatidylinositol-3-kinase and the identification of nat-
ural product inhibitors. Anticancer Res. 14: 2425–2428

51 Furuta S., Hidaka E., Ogata A., Yokota S. and Kamata T. (2004)
Ras is involved in the negative control of autophagy through the
class I PI3-kinase. Oncogene 23: 3898–3904

52 Downward J. (1998) Ras signalling and apoptosis. Curr. Opin.
Genet. Dev. 8: 49–54

598 S. Mijatovic et al. Anti-glioma action of aloe emodin


