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Abstract. Aloe-emodin (AE) is a plant-derived hydroxy-
anthraquinone with potential anticancer activity. We in-
vestigated the ability of AE to modulate survival of
mouse L929 fibrosarcoma and rat C6 astrocytoma cells
through interference with the activation of inducible ni-
tric oxide (NO) synthase (NOS) and subsequent produc-
tion of tumoricidal free radical NO. Somewhat surpris-
ingly, AE in a dose-dependent manner rescued inter-
feron-g + interleukin-1-stimulated L929 cells from
NO-dependent killing by reducing their autotoxic NO re-
lease. The observed protective effect was less pronounced
in C6 cells, due to their higher sensitivity to a direct toxic
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action of the drug. AE-mediated inhibition of tumor cell
NO release coincided with a reduction in cytokine-in-
duced accumulation of transcription and translation prod-
ucts of genes encoding inducible NOS and its transcrip-
tion factor IRF-1, while activation of NF-kB remained
unaltered. These data indicate that the influence of AE on
tumor growth might be more complex that previously
recognized, the net effect being determined by the bal-
ance between the two opposing actions of the drug: its ca-
pacity to directly kill tumor cells, but also to protect them
from NO-mediated toxicity.
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The production of the highly reactive free radical nitric
oxide (NO) by inducible NO synthase (iNOS)-mediated
oxidation of intracellular L-arginine has been recently
recognized as a major antitumor mechanism of innate
immunity [1, 2]. The NO released by cytokine-activated
macrophages and natural killer (NK) cells presents a
powerful antiproliferative and proapoptotic signal for
both human and animal tumor cells in vitro [3, 4], and the
functional iNOS gene is required for in vivo inhibition of
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tumor growth and metastasis [5, 6]. The mechanism of
NO-mediated tumor cell apoptosis involves accumula-
tion of the tumor suppressor protein p53, damage of mi-
tochondrial functions, alterations in the expression of an-
tiapoptotic molecules belonging to the Bcl-2 family, acti-
vation of the caspase cascade, and DNA fragmentation
[4]. In addition to cells of innate immunity, many tumor
cells possess the ability to engage the iNOS enzymatic
system and produce large amounts of NO. Moreover, re-
cent in vivo studies directly implicate tumor cell-derived
NO as an important autocrine/paracrine factor in the lim-
itation of tumor progress [7–9]. 



In light of the above data, modulation of host NO release
could profoundly influence the efficiency of an antitumor
therapy. Indeed, such an assumption is at the core of vari-
ous experimental immunostimulatory therapies that em-
ploy iNOS-inducing cytokines like interleukin (IL)-2 or IL-
12 [10-13]. Interestingly, several primarily non-immune-
based therapeutic strategies, including ionizing irradiation
and administration of chemotherapeutics such as taxol or
cisplatin, also appears to owe their antitumor effect at least
in part to their ability to induce iNOS and subsequent NO
synthesis in the host cells [14–16]. On the other hand,
antraquinones, potentially useful antitumor agents from
Chinese herbs, have been recently demonstrated to
markedly suppress the induction of iNOS and subsequent
NO release in macrophage cultures [17–19]. One of the
most potent of these antraquinones was emodin (3-methyl-
1,6,8-trihydroxyanthraquninone; fig. 1) which also dis-
played powerful anti-inflammatory and immunosuppres-
sive effects in various experimental settings [20–24]. Al-
though the anti-inflammatory properties of emodin, and
particularly the suppression of iNOS-mediated NO release,
might influence its efficiency in restricting tumor growth,
such a hypothesis has not been directly tested thus far.
In the present study, we investigated the ability of aloe-
emodin (AE; 1,8-dihydroxy-3-hydroxymethyl-anthra-
quinone; fig. 1), a tumoricidal hidroxyantraquinone
structurally very similar to emodin, to affect iNOS-de-
pendent NO release by tumor cells. Our data indicate that
in certain conditions, AE could significantly improve tu-
mor cell survival by reducing the production of NO.

Materials and methods

Reagents
Fetal calf serum (FCS), RPMI-1640, and phosphate-
buffered saline (PBS) were from Flow Laboratories
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(Irvine, UK). Rat and mouse recombinant interferon
(IFN)-g were obtained from Sigma (St. Louis, Mo.),
while human IL-1b was from R&D Systems (Minneapo-
lis, Minn.). Cycloheximide was obtained from U.S. Bio-
chemical Corporation (Cleveland, Ohio). Moloney
leukemia virus reverse transcriptase and Taq polymerase
were purchased from Eurogentec (Seraing, Belgium),
while RNA Isolator was provided by Genosys (Wood-
lands, Tex.). Random primers were from Pharmacia (Upp-
sala, Sweden). Rabbit anti-mouse IRF-1 and anti-rat
phospho-IkB were purchased from Santa Cruz Biotech-
nology (Santa Cruz, Calif.), while HRP-conjugated anti-
rabbit IgG was from USB (Cleveland, Ohio). Rabbit anti-
mouse iNOS, dimethyl sulfoxide (DMSO), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 3-morpholinosydnonimine (SIN-1) and AE were
obtained from Sigma. AE was stored at –20°C at a con-
centration of 200 mM in DMSO, and was diluted in cul-
ture medium immediately before use. 

Cells and cultures
The murine fibrosarcoma cell line L929 and rat astrocy-
toma cell line C6 were obtained from the European Col-
lection of Animal Cell Cultures (Salisbury, UK), and
grown in HEPES-buffered RPMI-1640 medium supple-
mented with 5% FCS, 2 mM L-glutamine, antibiotics,
0.1% sodium pyruvate (culture medium) at 37°C in a hu-
midified atmosphere with 5% CO2. Plastic-adherent fi-
broblast-like short-term cell lines were derived from
spleens of CBA mice (animal facility of the Institute for
Biological Research, Belgrade, Serbia and Montenegro),
as previously described [25].  Primary astrocytes were
isolated from mixed glial cell cultures prepared from
brains of newborn AO rats (animal facility of the Institute
for Biological Research, Belgrade, Yugoslavia), as previ-
ously described [26]. Astrocytes were maintained in cul-
ture medium supplemented with 6 g/l glucose. After a
conventional trypsinization procedure, C6 cells, L929
cells, astrocytes or fibroblasts were incubated in flat-bot-
tom 96- or 24-well plates (Flow Laboratories) for NO
production and mRNA isolation, respectively, at condi-
tions indicated in the figure legends. Control cell cultures
contained the amount of DMSO (0.01%, 0.02%, or
0.04%) corresponding to its content in the solution with
the highest concentration of AE used in the particular ex-
periment (20, 40, or 80 mM, respectively). Results ob-
tained with DMSO-containing controls did not differ
from those of untreated control cells (data not shown).

Flow cytometry analysis of AE uptake
AE is a fluorescent compound with maximum excitation
at 410 nm and a maximum emission wavelength at 510
nm [27]. The cellular uptake of the drug was examined by
flow cytometry as previously described [27]. Briefly, con-
trol and AE-treated cells were detached by scraping, andFigure 1. Chemical structure of emodin and aloe-emodin.



washed three times in PBS before analysis on a FACS
Calibur flow cytometer (BD, Heidelberg, Germany).

Determination of cell viability by MTT and crystal
violet assay
Cellular respiration, as an indicator of cell viability, was
assessed by the mitochondrial-dependent reduction of
MTT to formazan [28]. At the end of the culture period,
MTT solution was added to cell cultures at a final con-
centration of 0.5 mg/ml and cells were incubated for an
additional 1 h. Thereafter, medium was removed and cells
were lysed in DMSO. The conversion of MTT to for-
mazan by metabolically viable cells was monitored by an
automated microplate reader at 570 nm. Alternatively,
cell viability was assessed by the crystal violet assay that
measures the number of viable adherent cells [29]. At the
end of incubation, cells were washed with PBS to remove
non-adherent cells, fixed with methanol and stained with
1% crystal violet solution at room temperature for 10
min. Plates were thoroughly washed with PBS, 33%
acetic acid was added to each well, and absorbance of dis-
solved dye, corresponding to the number of viable cells,
was measured in a microplate reader at 570 nm.

Nitrite measurement
Nitrite accumulation, an indicator of NO production, was
measured in cell culture supernatants using the Griess
reagent [30]. Briefly, samples of culture supernatants were
mixed with an equal volume of Griess reagent (a mixture
at 1:1 of 0.1% naphthylenediamine dihydrochloride and
1% sulfanilamide in 5% H3PO4) and incubated at room
temperature for 10 min. The absorbance at 570 nm was
measured in a microplate reader. The nitrite concentration
was calculated from a NaNO2 standard curve.

Determination of iNOS and IRF-1 mRNA by RT-PCR
Total RNA from cell cultures was isolated with RNA Iso-
lator, according to the manufacturer’s instructions. RNA
was reverse transcribed using Moloney leukemia virus re-
verse transcriptase and random primers. PCR amplifica-
tion of cDNA with primers specific for iNOS/IRF-1 and
GAPDH as a housekeeping gene, was carried out in the
same tube in a Thermojet (Eurogentec) thermal cycler as
follows: 30 s of denaturation at 95°C, 30 s of annealing at
53°C, and 30 s of extension at 72°C. The number of cy-
cles (30 for both iNOS and iRF-1, and 25 for GAPDH)
ensuring non-saturating PCR conditions was established
in preliminary experiments. For iNOS, the sense primer
was 5¢-AGAGAGATCCGGTTCACA-3¢, and the anti-
sense primer was 5¢-CACAGAACTGAGGGTACA-3¢,
corresponding to positions 88–105 and 446–463, re-
spectively, of the published rat iNOS mRNA sequence
(GenBank accession number S71597); the PCR product
was 376 bp long. For IRF-1, the primers were: sense, 
5¢-GACCAGAGCAGGAACAAG-3¢; antisense, 5¢-TAA-

CTTCCCTTCCTCATCC-3¢, corresponding to positions
483–500 and 881–899, respectively, of the published rat
IRF-1 mRNA sequence (M34253); the PCR product was
417 bp long. The primers for GAPDH were: sense, 5¢-
GAAGGGTGGGGCCAAAAG-3¢; antisense, 5¢-GGAT-
GCAGGGATGATGTTCT-3¢, corresponding to positions
371–388 and 646–665 of the published rat GAPDH
mRNA sequence (AB017801); the PCR product was 
295 bp long. PCR products were visualized by electropho-
resis on an agarose gel stained with ethidium bromide.

Western blot analysis of iNOS expression
Cells were collected from tissue culture flasks by scraping,
washed with cold PBS, and lysed in ice-cold buffer con-
taining 0.1 M NaCl, 0.01 M Tris-Cl (pH 7.6), 0.001 M
EDTA (pH 8.0), 100 mg/ml PMSF, and 1 mg/ml aprotinin.
After centrifugation at 3200 g for 5 min (4°C), concentra-
tion of proteins in cell lysate supernatants was measured by
the Bradford assay. The samples were mixed with 6 ¥ gel-
loading buffer (0.3 M Tris-Cl pH 6.8, 10% SDS, 30%
glycerol, 0.84 mM 2-mercaptoethanol, and 0.2% bro-
mophenol blue), and the mixture was boiled for 5 min.
SDS-PAGE electrophoresis of samples containing 50 mg of
proteins was conducted through a 5% stacking and 8% re-
solving gel in electrophoresis buffer (25 mM Tris, 192 mM
glycine, and 0.1% SDS), along with a prestained protein
marker (New England BioLabs). The resolved proteins
were then transferred onto Hybond ECL nitrocellulose
membrane (Amersham Life Sciences, Amersham, UK) at
1 mA/cm2 of membrane, using transfer buffer (25 mM Tris,
192 mM glycine, 0.1% SDS, and 20% methanol). After
overnight blocking at 4°C with 5% non-fat milk in PBS
containing 0.1% Tween 20, blots were incubated for 1 h at
room temperature with anti-iNOS antibody (1:10,000 in
blocking buffer). The membranes were then thoroughly
washed with PBS/Tween 20, and incubated for 1 h at room
temperature with HRP-conjugated anti-rabbit IgG (1:2500
in blocking buffer). After washing, peroxidase activity cor-
responding to a 130-kDa iNOS band was detected by
3,3¢,5,5¢-tetramethyl-benzidine (TMB) liquid substrate for
membranes (Sigma).

Cell-based ELISA for iNOS, IRF-1, and phospho-IkkB
The expression of iNOS, IRF-1, and phospho-IkB was
determined by a slightly modified original protocol for
the cell-based ELISA [31]. After cultivation, cells were
fixed with 4% paraformaldehyde in PBS for 20 min at
room temperature and washed three times with PBS con-
taining 0.1% Triton X-100 (PBS/T). Endogenous peroxi-
dase was quenched with 0.6% H2O2 in PBS/T for 20 min,
and cells were washed three times in PBS/T. Following
blocking with 10% FCS in PBS/T for 1 h, cells were in-
cubated for 1 h at 37°C with the primary antibody in
PBS/T containing 1% BSA. After washing the cells four
times with PBS/T for 5 min, they were incubated for 1 h
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at 37°C with secondary antibody (anti-rabbit-HRP;
1:2500) in PBS/T containing 1% BSA. Subsequently,
cells were washed and incubated with 200 ml of a solution
containing 0.4 mg/ml OPD, 11.8 mg/ml Na2HPO4 ¥
2H2O, 7.3 mg/ml citric acid, and 0.015% H2O2 for 30 min
at room temperature in the dark. The reaction was
stopped with 50 ml of 3 M HCl, and the absorbance at 
492 nm was determined in a microplate reader. The data
were corrected for differences in cell number by staining
the wells with crystal violet after the ELISA procedure,
as described in the original protocol [31].

Statistical analysis
To analyze the significance of the differences between
various treatments performed in triplicate, we used analy-
sis of variance (ANOVA), followed by the Student-New-
man-Keuls test. A p value less than 0.05 was considered
significant.

Results

AE inhibits growth of non-confluent C6 and L929
cells
Taking advantage of the fact that AE emits relatively in-
tense green fluorescence, we first examined by flow cy-
tometry the ability of L929 fibrosarcoma and C6 astrocy-
toma cells to internalize the drug. Incubation of both C6
and L929 cells with AE gave rise to an intense fluores-
cence emission, suggesting a significant cellular uptake
of the drug (fig. 2A).  We next investigated whether AE
internalization might influence the growth of tumor cells.
As shown in figure 2C, non-confluent tumor cells ini-
tially proliferated vigorously and attained almost total
confluence after 48 h of incubation. However, the growth
of both L929 and C6 cells was markedly retarded by AE
in a dose-dependent manner (fig. 2C). The data obtained
by microscopic observation were confirmed by the re-
sults of MTT and crystal violet assays (fig. 2B),  which
measure cell respiration or number of viable adherent
cells, respectively. 

AE improves the survival of confluent tumor cells by
downregulating NO release
As non-confluent tumor cells produced very low amounts
of NO (data not shown), the influence of AE on tumor cell
NO release was investigated in confluent cell cultures.
While resting cells did not produce detectable amounts of
NO (nitrite accumulation < 2 mM), stimulation with well-
known iNOS-inducing cytokines, IFN-g and IL-1, caused
significant NO release in L929 and C6 cell cultures 
(16.1 ± 1.3 mM and 8.9 ± 0.9 mM, respectively). The ad-
dition of AE reduced cytokine-triggered NO synthesis in
both cell types in a dose-dependent fashion (fig. 3A, B),
but the effect was more pronounced in L929 cells. While

the effects of IFN-g and IL-1 on tumor cell NO produc-
tion were dose dependent, the inhibitory action of AE
could not be surmounted merely by increasing the cy-
tokine concentration (data not shown). Interestingly, con-
fluent tumor cell cultures were far less sensitive to AE
toxicity than non-confluent ones, with C6 cells becoming
partly, and L929 cells completely resistant to the toxic ac-
tion of the drug (fig. 3C, D). Cytokine stimulation sig-
nificantly decreased tumor cell respiration (fig. 3C, D),
and we have previously reported that this effect was
mainly dependent on concomitant induction of NO 
[32, 33]. Accordingly, downregulation of NO release by
AE completely neutralized the toxic effect of cytokine
stimulation in AE-resistant cultures of confluent L929
cells (fig. 3C). Although this protective effect of AE was
not obvious in C6 cells, the viability of cytokine-treated
C6 cells, in contrast to unstimulated ones, did not further
deteriorate upon addition of AE (fig. 3D). This indicates
that the toxic effect of the drug on C6 cells might have
been counteracted by its ability to suppress detrimental
NO release. The protective action of AE on L929 cells
was further confirmed by microscopic observation of 
tumor cell cultures. In accordance with data obtained
with the MTT assay, the combination of IFN-g and 
IL-1 markedly reduced the number of L929 cells, while
this effect of cytokine stimulation was completely sur-
mounted in the presence of AE (fig. 3E). A similar pat-
tern was observed if aminoguanidine, an inhibitor of
iNOS-mediated NO production [34], was used instead of
AE (fig. 3E), which is consistent with the assumption
that the protective effect of AE on L929 cells was due to
a block of NO release. The addition of Escherichia coli
Lipopolysaccharide (LPS) (1 mg/ml) or the LPS-inacti-
vating agent polymyxin B (5 mg/ml) failed to mimic or
block, respectively, the observed effects of AE (data not
shown), thus excluding LPS contamination as responsi-
ble for the drug action. To exclude the possibility that AE
might directly interfere with the toxic action of NO, we
tested its influence on tumor cell killing induced by ex-
ogenous NO generated by the NO-releasing chemical
SIN-1. As expected, SIN-1 reduced the viability of both
L929 and C6 cells in a dose-dependent manner (fig. 4A).
However, AE was unable to improve survival of either tu-
mor cell line in this setting (fig. 4B, C), which confirmed
the inability of the drug to antagonize the toxicity of al-
ready generated NO.    

AE suppresses the induction of iNOS and IRF-1 
in tumor cells
We next examined the mechanisms responsible for AE-
mediated suppression of NO release by tumor cells. To
assess possible influence of AE on iNOS catalytic activ-
ity, the drug was added to C6 and L929 cells in which
iNOS had already been induced by 24-h pretreatment
with IFN-g and IL-1b, while any further iNOS expression
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was blocked with the translation inhibitor cycloheximide.
Under these conditions, AE failed to decrease NO pro-
duction (fig. 5A), which suggested that the drug might
affect the expression of the iNOS gene rather than its en-
zymatic activity. Therefore, we investigated the effect of
AE on expression of mRNA for iNOS and its important
transcription factor IRF-1 in C6 cells. Under the PCR
conditions employed, the levels of iNOS and IRF-1

mRNA were not detectable in untreated cells, but they
were markedly elevated upon stimulation with IFN-g and
IL-1 (fig. 5B). The presence of  AE during cytokine stim-
ulation significantly inhibited the accumulation of both
iNOS and IRF-1 transcripts (fig. 5B). This finding was
paralleled by the inhibitory effect of AE on (IFN-g + IL-
1-induced expression of iNOS and IRF-1 protein prod-
ucts in L929 cells, as determined by cell-based ELISA for
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Figure 2. Cytotoxic effect of AE on non-confluent C6 and L929 cells. (A–C) L929 or C6 cells (1 ¥ 104/well) were incubated with AE for
48 h. (A) Drug uptake was evaluated by analyzing the ability of the cells treated with 20 mM AE and untreated cells (control) to emit green
fluorescence. (B) Tumor cell number in the cultures treated with different doses of AE was assessed by MTT or crystal violet (CV) assay.
The results, representative of five independent experiments, presented as % of the control value, are means ± SD of triplicate observations
(*p < 0.05). (C) The reduction of tumor cell number by AE (40 mM) was assessed by light microscopy.



both proteins (fig. 5C) and Western blot for iNOS (fig.
5D). Similar results were obtained when iNOS/IRF-1
mRNA or protein levels were examined in L929 or C6
cells, respectively (data not shown). These results indi-
cate that AE might suppress tumor cell NO release at least
partly by interfering with IRF-1-dependent expression of
the iNOS gene.

AE does not affect cytokine-induced activation 
of NF-kkB in tumor cells
IFN-g-activated IRF-1 mediates iNOS transcription in
synergy with NF-kB, another transcription factor induced
mainly by proinflammatory cytokines such as IL-1 [35].
Thus, we next investigated the ability of AE to interfere
with (IFN-g + IL-1)-triggered activation of NF-kB in C6
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Figure 3. The effect of AE on NO production and viability of confluent tumor cells. Confluent L929 (A, C) or C6 cells (B, D) were stim-
ulated with IFN-g (250 U/ml) and IL-1 (10 ng/ml), in the presence or absence of AE. Nitrite concentration in cell culture supernatants (A,
B) and cell number (MTT reduction) (C, D) were determined after 48 h. Results, representative of four separate experiments, presented as
% of the control value, are given as the mean ± SD of triplicate observations (*p < 0.05). (E) The photographs show that 48 h treatment
with either AE (20 mM) or the iNOS inhibitor aminoguanidine (1 mM) prevents (IFN-g + IL-1)-mediated reduction of cell number in con-
fluent L929 cultures.
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Figure 4. AE does not affect the toxicity of exogenous NO in confluent L929 and C6 cells. Confluent L929 (A, B) or C6 cells (A, C) were
incubated for 24 h with different doses (A) or 2 mM of SIN-1 (B, C), in the absence or presence of AE (B, C). Cell number was determined
by MTT assay. Results, representative of three independent experiments, presented as % of the control value, are means 
± SD of triplicate observations (*p < 0.05).

Figure 5. AE inhibits iNOS and IRF-1 expression in tumor cells. (A) To induce iNOS, confluent C6 and L929 cells were stimulated for 
24 h with 250 U/ml IFN-g + 10 ng/ml IL-1b. Afterwards, cells were thoroughly washed and cultured for an additional 24 h in fresh medium
containing 5 mg/ml cycloheximide, in the absence (control) or presence of AE (20 mM). Nitrite accumulation is presented as the mean ±
SD of triplicate observations from a representative of three separate experiments. (B) C6 cells (3 ¥ 105/well) were stimulated with IFN-g
+ IL-1, in the presence or absence of AE. After 6 h, total RNA was isolated and RT-PCR amplification of iNOS and IRF-1 cDNA was per-
formed. Similar results were obtained in another two experiments. (C) The amounts of iNOS and IRF-1 proteins were determined by cell-
based ELISA in confluent L929 cells stimulated for 24 h with IFN-g + IL-1, in the presence or absence of AE. Results from a representa-
tive of three separate experiments are presented as fold increase in comparison to untreated cells, and are given as the mean ± SD of trip-
licate observations (*p < 0.05). (D) Western blot analysis of iNOS expression in L929 cells (5 ¥ 106/sample) stimulated for 24 h with IFN-g
+ IL-1 in the presence or absence of AE (20 mM). A single band corresponding to 130-kDa iNOS protein was observed. 



and L929 cells. Since activation and subsequent nuclear
translocation of constitutively expressed NF-kB is medi-
ated by phosphorylation of its inhibitor IkB [35], we em-
ployed a cell-based ELISA to measure the amount of
phosphorylated IkB as an indicator of NF-kB activation.
As expected, stimulation of both C6 and L929 cells with
cytokines led to a rapid increase in the intracytoplasmic
concentration of phospho-IkB (fig. 6), presumably re-
flecting the activation of NF-kB. However, while the
amount of phospho-IkB returned to basal levels 2 h after
stimulation, AE did not significantly affect the phospho-
IkB concentration at any of the time points tested (fig. 6).
Thus, AE-mediated interference with iNOS expression in
C6 and L929 cells probably does not involve inhibition of
NF-kB activation.

AE inhibits NO production in primary astrocytes
and fibroblasts
Finally, we sought to determine whether the inhibitory ef-
fect of AE on NO synthesis was specific for tumor cells,
or could operate in the corresponding primary cells as
well. We therefore assessed the influence of AE on (IFN-
g + IL-1)-induced NO production in rat primary astro-
cytes and mouse primary fibroblasts. While both cell
types produced large amounts of NO upon cytokine stim-
ulation, the presence of AE dose-dependently suppressed
the observed NO release (fig. 7A, B). However, the via-
bility of astrocytes and fibroblasts remained largely unaf-
fected regardless of cytokine stimulation or the presence
of AE (fig. 7C, D), indicating that primary cells might be
much less sensitive to the NO and AE toxicity than their
transformed counterparts.

Discussion

The hydroxyantraquinones emodin and AE are the most
potent herbal antitumor agents with a strong capacity to in-
duce programmed cell death and/or suppress proliferation
in several types of tumor cell lines [27, 36–40]. Both
chemicals were able to trigger apoptosis by blocking the
antiapoptotic and promoting the proapoptotic action of
Bcl-2 family members and, consequently, caspases 3, 8,
and 9 [38–40]. In the present paper, we extend these find-
ings on AE antitumor action to fibrosarcoma L929 cells
and the astrocytoma cell line C6, while their non-trans-
formed counterparts were resistant to the toxic action of
the drug. Interestingly, confluent tumor cells were
markedly less sensitive to the toxic effect of AE, indicating
that cell-to-cell contact might somehow interfere with the
importantly antitumor action of AE. We demonstrate for
the first time the somewhat surprising ability of AE to 
improve the survival of confluent tumor cells by down-
regulating their release of tumoricidal free radical NO.
Although the NO-producing enzyme iNOS in certain
conditions could be controlled through interference with
its translation or catalytic activity, it is mainly regulated at
the transcriptional level [2]. Accordingly, the inhibitory
action of AE on tumor cell NO production in our experi-
ments was a consequence of a reduced expression of the
iNOS gene, rather than interference with iNOS enzy-
matic activity. Optimal transcription of iNOS gene de-
pends on a coordinate binding of the transcription factors
IRF-1 and NF-kB to their consensus sequences in the
iNOS promoter [41]. Emodin has been reported to inhibit
TNF-induced activation of NF-kB in human vascular en-
dothelial cells [42]. However, although emodin also in-
hibited LPS-triggered iNOS expression in mouse
macrophages [17–19], this effect apparently did not in-
volve interference with NF-kB activation [17]. The data
provided in the present report indicate that AE-mediated
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Figure 6. AE does not block cytokine-induced NF-kB activation in
tumor cells. Confluent L929 (A) or C6 cells (B) were incubated with
250 U/ml IFN-g + 10 ng/ml IL-1b, in the presence or absence of AE
(20 mM). The intracellular concentration of phospho-IkB was as-
sessed at different time points by cell-based ELISA. Results  from
a representative of three separate experiments are presented as fold
increase (mean ± SD of triplicate observations) relative to values
obtained in untreated cultures (0 min).



suppression of (IFN-g + IL-1)-induced iNOS induction in
L929 and C6 cells might at least in part depend on a con-
comitant block in the activation of IRF-1, but not NF-kB.
Whereas our data could not exclude the possibility that
AE might interfere with NF-kB transactivating properties
by acting downstream of NF-kB activation, the AE-medi-
ated block of IRF-1 induction is consistent with the re-
cently described ability of emodin to interfere with the
protein tyrosine kinase activity [36, 37, 43]. Janus kinase
(JAK)-mediated tyrosine phosphorylation is required for
IFN-g-triggered activation of transcription factors be-
longing to the signal transducer and activator of tran-
scription (STAT) family, which control IRF-1 transcrip-
tion and subsequent iNOS induction in astrocytes, fi-
broblasts, and macrophages [44–46]. This could also
partly explain the emodin-mediated block of macrophage
iNOS activation by LPS, since LPS has been reported to
activate IRF-1 in macrophages [47]. However we cannot
exclude that AE and emodin might employ distinct mech-
anisms for the suppression of iNOS induction. The exact
mechanisms underlying the inhibitory action of AE on
iNOS expression in tumor cells and macrophages are cur-
rently under investigation in our laboratory.

As in many other tumor cell types, cytokine-induced
death of L929 and C6 cells in vitro depends mainly on the
autocrine/paracrine toxic action of NO [32, 33]. However,
while downregulation of NO release by AE completely
rescued cytokine-treated L929 cells, a similar protective
effect was apparently absent in C6 cultures. This could be
due to the somewhat lower potential of AE for the sup-
pression of NO release in the latter cells, as well as to the
fact that confluent C6 cells, unlike L929 cells, were still
sensitive to the toxic action of AE alone. Nevertheless, al-
though AE has clearly shown an additive cytotoxic effect
with exogenous NO released by NO donors, such a pat-
tern was not observed in cytokine-treated C6 cells whose
viability did not further decline upon addition of AE.
Thus, the absence of collaboration between endogenous
NO and AE in the killing of C6 cells might have actually
been a consequence of the protective AE-mediated inhi-
bition of NO release. This is consistent with a logical as-
sumption that the efficiency of AE in rescuing tumor cells
from endogenous NO would be limited by the sensitivity
of tumor cells to the toxic action of AE alone. The net ef-
fect of AE on tumor cell survival in vitro would therefore
be determined by the two opposing actions of the drug:
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Figure 7. AE inhibits NO production in primary astrocytes and fibroblasts. Rat primary astrocytes (A, C) and mouse primary fibroblasts
(B, D) (both 7 ¥ 105/well) were stimulated with IFN-g (250 U/ml) and IL-1 (10 ng/ml), in the presence or absence of different concentra-
tions of AE. Nitrite accumulation (A, B) and cell number (MTT reduction) (C, D) were determined after 48 h of incubation, and results
from a representative of three independent experiments are presented as means ± SD of triplicate observations (*p < 0.05).



the induction of tumor cell death and tumor protection via
interference with NO release. While aware of the limita-
tions of our somewhat reductionist approach, we propose
that the latter effect might prevail in situations in vivo
where solid tumors (presumably resembling confluent
cultures in vitro) are heavily infiltrated with immune cells
(macrophages, T and NK cells) that would provide the cy-
tokines (IFN-g, IL-1, tumor necrosis factor) required for
iNOS induction and tumoricidal NO release. However,
the actual consequences of such AE-mediated inhibition
of tumor cell NO synthesis could be much more complex,
due to the recently recognized multifaceted role of NO in
tumor progression. Whereas NO restricts the growth of
NO-sensitive tumors, tumor cell-derived NO has been
shown to facilitate development and metastasis of NO-re-
sistant tumors through mechanisms that mainly involve
angiogenesis, vasodilatation, or protection from other
apoptotic stimuli [4, 6, 48, 49]. While this implies that AE
might be more efficient in the treatment of NO-resistant
tumors, of interest would be to examine whether down-
regulation of NO release might actually contribute to the
anti-tumor properties of AE in certain conditions.
The work by both us and others indicates that signaling
pathways that control iNOS induction in tumor cells, in-
cluding C6 and L929 cells, might differ from those oper-
ative in their non-transformed counterparts [50, 51].
However, the effect of AE in the present study was not
confined to tumor cells, because it efficiently inhibited
NO production in cytokine-stimulated primary astrocytes
and fibroblasts. This indicates that modulation of NO re-
lease by surrounding resident cells might contribute to
the effect of AE on tumor growth. Furthermore, these
data suggest that inhibition of iNOS induction in resident
cells might protect them from deleterious NO release,
thus partly explaining the beneficial effects of the drug in
various models of inflammatory disorders. As NO evi-
dently plays an important and complex role in both in-
flammation and tumor progress, the possible contribution
of an AE-mediated block of iNOS activation to the thera-
peutic properties of the drug seems worthy of further in-
vestigation, with examination of its effects on NO pro-
duction in human cells as a first step in that direction. 
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