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Abstract—The present study identifies xanthones gentiakochianin and gentiacaulein as the active principles responsible for the
in vitro antiglioma action of ether and methanolic extracts of the plant Gentiana kochiana. Gentiakochianin and gentiacaulein
induced cell cycle arrest in G2/M and G0/G1 phases, respectively, in both C6 rat glioma and U251 human glioma cell lines. The more
efficient antiproliferative action of gentiakochianin was associated with its ability to induce microtubule stabilization in a cell-free
assay. Both the xanthones reduced mitochondrial membrane potential and increased the production of reactive oxygen species in
glioma cells, but only the effects of gentiakochianin were pronounced enough to cause caspase activation and subsequent apoptotic
cell death. The assessment of structure–activity relationship in a series of structurally related xanthones from G. kochiana and Gen-
tianella austriaca revealed dihydroxylation at positions 7, 8 of the xanthonic nucleus as the key structural feature responsible for the
ability of gentiakochianin to induce microtubule-associated G2/M cell block and apoptotic cell death in glioma cells.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Gentiana kochiana Perr. et Song. (Gentianaceae) is a
widespread South European species, growing at alti-
tudes between 1500 and 3000 m.1 Like other Gentiana
species throughout the world, G. kochiana has been used
in the traditional medicine in the region of Tuscany,2

and the roots of this plant are employed as antihyperten-
sive, antipyretic, spasmolitic, and bitter-tonic.3 Xan-
thone aglycones and glycosides are among the major
identified components in G. kochiana.4 Xanthones,
including those isolated from G. kochiana, display vari-
ous pharmacological effects, including antioxidant, CNS
depressant or stimulant, antidiabetic, antiinflammatory,
and antitumor actions.5 This might explain the growing
interest in this class of compounds, demonstrated by the
large number of the newly isolated and synthesized
derivatives during the last decade.6 While the anticancer
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effect of different plant and synthetic xanthones has been
consistently demonstrated in numerous studies,5,7–13 the
xanthones from G. kochiana have not been tested for
their antitumor activity. Moreover, the molecular mech-
anisms underlying the observed anticancer effect of
xanthones have only been sporadically investigated.
Actually, most of the data regarding the mechanisms
of xanthone antitumor activity were reported for a-
mangostin, the prenylated xanthone from the Garcinina
mangostana L., which affects the expression of cell cycle-
regulating cyclins and induces mitochondria-dependent
apoptosis.14–16

Gliomas are extremely aggressive neuroectodermal
tumors that represent the most common primary malig-
nancy in human central nervous system.17 Gliomas are
incurable in most of the cases and are notorious for their
ability to resist chemotherapy and radiation-induced
apoptosis.17 The aim of the present study was to inves-
tigate the in vitro antiglioma activity of different xan-
thone-containing G. kochiana extracts and identify
their active principles, as well as their mechanisms of
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action. Moreover, using a series of structurally related
xanthones, we sought to acquire some insight into the
structure–activity relationship for the observed antigli-
oma effect.
2. Results

2.1. Antiglioma action of G. kochiana extracts
and isolated xanthones

To initially test the antiglioma activity of xanthone-
containing G. kochiana extracts and isolated xanthones,
we used crystal violet and MTT assay to measure cell
numbers and mitochondrial activity, respectively. The
HPLC analysis of the extracts confirmed that the ether
extract contained mainly xanthone aglycones 1, 2, and
3, the butanolic extract was rich in xanthone glycosides
4, 5, and 6, while the methanolic extract contained both
aglycones and glycosides (Fig. 1A–C). The crystal violet
test performed after 48 h cultivation of C6 and U251 gli-
oma cells with plant extracts revealed the following or-
der of growth-inhibiting potency: ether extract
(containing mainly aglycones) > methanolic extract
(aglycones + glycosides) > buthanolic extract (mainly
glycosides) (Fig. 2A). Accordingly, xanthone aglycones
1 and 2 displayed significant antiglioma effect, while
the corresponding glycosides 4, 5 and 6 (IC50 > 100 lM)
were only marginally active (Fig. 2B and C). Aglycone 1
Figure 1. (A–C) HPLC analysis of methanolic (A), ether (B), and buthanolic

G. kochiana (1–6) and G. austriaca (7 and 8).
(IC50 = 27.3 ± 3.7 lM and 31.4 ± 8.6 lM for U251 and
C6 cells, respectively; n = 3) was more efficient than
compound 2 (IC50 = 53.2 ± 5.7 lM and 56.6 ± 5.7 for
U251 and C6 cells, respectively; n = 3), while aglycone
3 (IC50 > 100 lM) was markedly less active in compari-
son with either 1 or 2 (Fig. 2B). To obtain additional
data for the structure–activity relationship analysis, we
also tested the antiproliferative effect of the two xant-
hones (7 and 8) from Gentianella austriaca. Both 7 and
8 (IC50 > 100 lM) displayed the antiglioma effect com-
parable to that of 3 and were significantly less active
than 1 and 2 (Fig. 2D). The antiglioma effect of
xanthones 1 and 2 was evident after 24 h of treatment
and persisted for at least 72 h, as confirmed in a time-
dependence study using both crystal violet assay and
MTT test for mitochondrial activity (Fig. 3). Therefore,
xanthone aglycones gentiakochianin (1) and gentiacau-
lein (2) represent active principles responsible for the
antiglioma effect of ether and methanolic extracts of
G. kochiana.

2.2. Synergistic and antagonistic interactions of genti-
akochianin, gentiacaulein, and decussatin in inhibiting
the glioma cell growth

To get some insight into the mechanisms of xanthone
antiglioma effect, we tested the nature (additive, syner-
gistic, or antagonistic) of their interaction upon com-
bined treatment. The analysis based on Chou–Talalay
(C) extracts of G. kochiana. (D) Chemical structure of xanthones from



Figure 2. Antiglioma action of xanthone-containing plant extracts and isolated xanthones. C6 (left) and U251 glioma cells (right) were incubated

with different concentrations of plant extracts (A) or isolated xanthones 1, 2, 3 (B), 4, 5, 6 (C) 7 or 8 (D). The cell number was assessed after 48 h by

crystal violet staining. The results are presented as means ± SD values of triplicate observations from a representative of three experiments (A) or as

mean ± SD values from four (B) or three (C and D) independent experiments.
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median-effect principle revealed that the combinations
of gentiacaulein (2) with either gentiakochianin (1) or
decussatin (3) displayed a synergistic interaction (combi-
nation index < 1) throughout 0.1–0.99 efficiency range
(Fig. 4). On the other hand, 1 and 3 showed a synergistic
interaction only at higher cytotoxic efficiencies, while the
antagonism (combination index > 1) was clearly evident
at the lower efficiency levels (Fig. 4). Similar results were



Figure 3. Time-dependence of xanthone antiglioma effect. (A) C6 and (B) U251 glioma cells were incubated with xanthones 1 or 2 and the cell

number (crystal violet) and mitochondrial dehydrogenase activity (MTT) were assessed at the indicated time points. The results are presented as

mean values of triplicate observations from one of two experiments with similar results (SD values were within 10% of the mean values).
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also obtained with U251 cells (not shown). Therefore,
the absence of additive interactions indicates that the
tested xanthones might employ different mechanisms
for their antiglioma effects.

2.3. Distinct effects of gentiakochianin and gentiacaulein
on cell cycle progression and microtubule depolymeriza-
tion in glioma cells

In order to further explore the observed antiglioma ef-
fects of gentiakochianin (1) and gentiacaulein (2), we
tested their ability to influence the cell cycle progression.
In accordance with the Chou–Talalay analysis, indicat-
ing that different mechanisms might mediate antiglioma
action of 1 and 2, the propidium iodide-based analysis
of the DNA content in C6 glioma cells revealed a dis-
tinct pattern of cell cycle modulation by the two xant-
hones. While treatment with 1 led to a significant
accumulation of cells in G2/M phase of the cell cycle,
compound 2 caused a cell cycle arrest in G0/G1 phase
(Fig. 5A). Since the interference with microtubule
dynamics is one of the mechanisms for the blockade of
cell division, we have measured the ability of various
xanthones to affect microtubule depolymerization.
While gentiakochianin (1) inhibited microtubule disas-
sembly with the IC50 value of 18 lM, gentiacaulein (2),
as well as compounds 7 and 8 were inactive in the micro-
tubule depolymerization assay (IC50 > 50 lM) (Fig. 5B).
The IC50 for the well-known microtubule-stabilizing
drug taxol was 2.4 lM (Fig. 7). Decussatin (3) was not
tested due to a limited compound availability. There-
fore, among the xanthones tested, only gentiakochianin
(1) exerted a significant microtubule-stabilizing effect,
which is consistent with its ability to block cell cycle pro-
gression in the G2/M phase.

2.4. Distinct effects of gentiakochianin and gentiacaulein
on the induction of apoptosis in glioma cells

In addition to the suppression of cell proliferation, the
observed antiglioma activity of the investigated xant-
hones could also result from the induction of cell death.
Therefore, we next assessed the ability of gentiakochia-
nin (1) and gentiacaulein (2) to induce apoptotic or
necrotic cell death in glioma cell cultures. The micro-
scopical examination revealed that xanthone-treated
glioma cultures contained less cells than control,
untreated cultures (Fig. 6A). However, while compound
2 did not significantly affect the morphology of glioma
cells, many cells in compound 1-treated cultures lost
their normal polygonal shape and became round
(Fig. 6A). This was consistent with the induction of gli-
oma cell death upon exposure to compound 1, which
was confirmed by an increase in numbers of apoptotic
cells (Ann+PI� cells) displaying the apoptotic marker
phosphatidylserine on the intact cell membranes
(Fig. 6B). On the other hand, we failed to observe a
significant increase in the numbers of either apoptotic
(Ann+PI�) or necrotic (Ann+PI+) cells in glioma cell cul-
tures exposed to compound 2 (Fig. 6B). Accordingly,
apoptosis induced by compound 1 was associated with
the activation of apoptosis-executing enzymes belonging



Figure 4. Xanthone interactions in reducing glioma growth. (A) C6 cells were incubated with the indicated concentrations of 1, 2 or 3 alone, as well

as with their appropriate combinations and the cytotoxicity was assessed after 48 h by crystal violet assay. (B) The values of combination index,

reflecting synergistic (<1), antagonistic (>1), or additive interactions (=1) were calculated according to Chou–Talalay median-effect principle. The

data are mean values of triplicates from a representative of three experiments (SD < 10% of corresponding mean values) (A) or mean ± SD values

from three separate experiments (*p < 0.05 denotes values significantly different from 1).
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to caspase family, while compound 2 was unable to
cause caspase activation in C6 glioma cells (Fig. 6C).
Therefore, a G2/M cell cycle block induced by com-
pound 1 was coupled with the induction of apoptotic
cell death, while the antiglioma activity of compound
2 was limited to the proliferation arrest in G0/G1 cell
cycle phase. Results similar to those presented in Fig. 6
were also obtained with U251 cells (data not shown).

2.5. The effects of gentiakochianin and gentiacaulein on
mitochondrial membrane potential and oxidative stress
induction in glioma cells

The induction of apoptosis is frequently associated with
oxidative stress-dependent mitochondrial dysfunction,
which is one of the crucial events leading to caspase
activation.18 Thus, we next examined the ability of
gentiakochianin (1) and gentiacaulein (2) to affect mito-
chondrial membrane potential and reactive oxygen spe-
cies (ROS) production in glioma cells. Both the
xanthones were able to trigger mitochondrial depolar-
ization in C6 cells, as confirmed by an increase in
green-to-red fluorescence ratio (FL1/FL2) of the mito-
chondria-binding dye DePsipher (Fig. 7A and B). In
accordance with its pro-apoptotic activity, compound
1 was markedly more efficient in reducing the mitochon-
drial membrane potential (Fig. 7B). The staining with
the redox-sensitive dye DHR demonstrated that both
the xanthones were also able to induce ROS generation
in C6 glioma cells (Fig. 7C and D). Again, compound 1
was more clearly more efficient than 2 in increasing
intracellular ROS production (Fig. 7D). Treatment with



Figure 5. Distinct effects of 1 and 2 on cell cycle progression and

microtubule depolymerization in glioma cells. (A) C6 cells were

incubated with 50 lM of compound 1 or 2, and the cell cycle was

investigated after 24 h by flow cytometry. The representative histo-

grams are presented, while the cell numbers (%) in each graph

represent means ± SD values from at least three-independent experi-

ments (*p < 0.05 denotes significant difference in comparison with

control). (B) Different concentrations of xanthones 1, 2, 7, and 8 were

tested for the ability to inhibit microtubule depolymerization in a cell-

free system (microtubule-stabilizing drug taxol was used as a positive

control). Results are presented as % inhibition of microtubule

disassembly (similar results were obtained in another experiment).
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the antioxidant agent N-acetylcysteine led to a partial
recovery of C6 glioma cells exposed to compound 1
(Fig. 7E), which was associated with the reduction of
caspase activation (Fig. 7F). On the other hand, such
a protective effect of N-acetylcysteine could not be
observed in cell cultures exposed to compound 2
(Fig. 7E). Results similar to those presented in Figure
7 were also obtained with U251 cells (not shown).
Therefore, the ability of compound 1 to trigger apopto-
tic death of glioma cells was associated with the induc-
tion of mitochondrial depolarization and oxidative
stress.

2.6. The effects of gentiakochianin and gentiacaulein on
the viability of primary astrocytes and macrophages

To examine if the primary, non-transformed cells are
also susceptible to antiproliferative/cytotoxic effect of
gentiakochianin (1) and gentiacaulein (2), the cultures
of rat primary astrocytes were exposed to xanthones
for 48 h. Both crystal violet and MTT assays revealed
that rat astrocytes were significantly more resistant to
xanthone-induced growth inhibition (IC50 > 100 lM;
Fig. 8A) in comparison with their transformed counter-
parts. Accordingly, neither 1 nor 2 was able to cause
changes in astrocyte morphology that would be visible
under inverted bright-field microscope (Fig. 8B). More-
over, the numbers (crystal violet) and mitochondrial res-
piration (MTT) of rat peritoneal macrophages were not
at all affected by exposure to either 1 or 2 (IC50 >
100 lM) (Fig. 8C), thus confirming that their antiprolif-
erative/cytotoxic effects were fairly selective for the
transformed glial cells.
3. Discussion

The present study for the first time describes gentiako-
chianin (1) and gentiacaulein (2) as the active principles
responsible for the in vitro antiglioma effect of xan-
thone-containing G. kochiana extracts. However, the
mechanisms underlying the observed effects of the two
xanthones were profoundly different. While gentiakochi-
anin-induced microtubule stabilization-associated G2/M
cell cycle block, treatment with gentiacaulein led to a G0/
G1 cell cycle arrest (Fig. 9). Moreover, both the xant-
hones were able to induce oxidative stress and mito-
chondrial depolarization in glioma cells, but the effects
of compound 1 were more pronounced and resulted in
the induction of caspase activation and subsequent
apoptotic cell death (Fig. 9). Importantly, the primary
astrocytes and macrophages were markedly more resis-
tant than glioma cells to the antiproliferative/cytotoxic
action of compounds 1 and 2.

The property of microtubules, termed dynamic instabil-
ity, to undergo rapid cycles of polymerization and depo-
lymerization, is essential for various cellular functions,
including the cell cycle progression.19 Several anticancer
drugs with proven clinical utility act by disrupting
microtubule dynamics, including microtubule destabiliz-
ing drugs such as vinblastine and the stabilizing drug
taxol.20 While the ability to disrupt microtubule dynam-
ics has recently been demonstrated for some flavones,21

the present study for the first time demonstrates that
xanthone gentiakochianin can stabilize microtubules
and prevent their depolymerization with the efficiency
that is less than one order of magnitude lower when



Figure 6. Distinct effects of 1 and 2 on the induction of apoptosis in glioma cells. C6 cells were incubated with 50 lM of compound 1 or 2 and the cell

morphology (A; 48 h), the induction of apoptosis/necrosis (B; 36 h) or caspase activation (C; 36 h) was investigated by inverted bright-field

microscopy (A) or flow cytometry (B and C). The representative dot blots or histograms (B and C) are presented, while the cell numbers (%) in each

graph represent means ± SD values from at least three-independent experiments (*p < 0.05 denotes significant difference in comparison with control).
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compared with that of taxol. This is consistent with the
ability of gentiakochianin to efficiently block cell cycle
progression in G2/M phase, which is also a hallmark
of the taxol’s anticancer action.22 It should be noted,
however, that the cytotoxic activity of gentiakochianin
observed in the present study was several orders of mag-
nitude lower than that of taxol,22 in spite of the fairly
comparable microtubule-stabilizing efficiencies. This
discrepancy could be at least partly explained by the fact
that we used an in vitro cell-free assay for tubulin depo-
lymerization, and it has been known that tubulin
dynamics in vivo might significantly differ from that
in vitro.19

Microtubule stabilization by taxol and subsequent G2/M
cell cycle block are associated with caspase-dependent
induction of apoptosis in cancer cells.23,24 This is consis-
tent with the ability of compound 1 to induce caspase
activation and apoptotic death of glioma cells in our
study. These effects were partly blocked with the well-
known antioxidant agent N-acetylcysteine, suggesting
a role for the oxidative stress in compound 1-triggered
apoptosis of glioma cells. The excessive production of
ROS could trigger the opening of mitochondrial perme-
ability transition pore, which is associated with mito-
chondrial depolarization and subsequent release of
small molecules such as cytochrome c, that cause activa-
tion of caspase cascades.18 Moreover, the collapse of the
mitochondrial membrane potential triggers an increase
in ROS generation by the electron transfer chain, which
provides a positive feedback mechanism for enhanced
ROS production leading to further mitochondrial and
cellular injury.25 As compound 1 was able to induce
mitochondrial depolarization in glioma cells, it is con-
ceivable to assume that similar scenario was functional
in compound 1-triggered caspase activation and



Figure 7. The effects of 1 and 2 on the induction of ROS and mitochondrial depolarization in glioma cells. (A–D) C6 cells were incubated with 50 lM

of compound 1 or 2, and mitochondrial membrane potential (A; 24 h) or ROS production (C; 36 h) was investigated by flow cytometry. The results

from representative histograms are presented (vertical line represents the mean fluorescence value of the control sample). The values of FL1/FL2

mean fluorescence ratio (B) and mean fluorescence intensity (D), reflecting mitochondrial depolarization and ROS production, respectively, are

mean ± SD values from three different experiments (*p < 0.05 refers to both control and compound 2 treatment). (E) C6 cells were incubated for 48 h

with different concentrations of 1 or 2, in the presence or absence of N-acetylcysteine (NAC; 2 mM), and the cell number (mean ± SD from three

experiments; *p < 0.05 refers to corresponding treatment without NAC) was assessed by crystal violet staining. (F) Caspase activation (mean ± SD

from three experiments; *p < 0.05 refers to treatment with compound 1 alone) in C6 cells exposed to compound 1 and/or N-acetylcysteine was

determined after 36 h by flow cytometry.
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apoptosis. However, since xanthones possess mainly
antioxidant properties, it does not seem likely that com-
pound 1 itself was a source of ROS. A more plausible
situation is that ROS were generated by mitochondria
following the interaction with compound 1 and subse-
quent loss of mitochondrial membrane potential. This
is consistent with the fact that taxol acts directly on iso-
lated mitochondria to release cytochrome c,26 presum-
ably through interaction with mitochondrial tubulin
that could play a role in apoptosis via interaction with
the permeability transition pore.27 On the other hand,
xanthones that induce G0/G1 cell cycle block, such as
a-mangostin15 and compound 2, share the ability of
compound 1 to cause mitochondrial depolarization, sug-
gesting that compound 1 could also exert its effects on
mitochondria independently of tubulin stabilization.
The apparent structural similarity between xanthone
derivatives and mitochondria-binding dye dihydrorhod-
amine 12328 supports such an assumption. Accordingly,
it has been demonstrated that mangiferin, a naturally



Figure 8. The effects of 1 and 2 on rat primary astrocytes and macrophages. (A and B) Rat primary astrocytes were exposed for 48 h to different

doses of 1 or 2. The cell numbers or mitochondrial respiration was measured by crystal violet or MTT assay, respectively, while the astrocyte

morphology was examined by inverted bright-field microscopy. (C) Rat peritoneal macrophages were incubated with different concentrations of 1 or

2 and the crystal violet or MTT assay was performed after 48 h. (A and C) The results are means ± SD values from three-independent experiments

(A) or from triplicate observations obtained in one of two experiments with similar results (C).
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occurring xanthone, can induce permeability transition
in isolated rat liver mitochondria.29,30 However, the ex-
act mechanisms of xanthone-induced mitochondrial
dysfunction are still to be revealed.

The importance of hydroxylation of xanthonic nucleus
in acquiring growth inhibitory activity was previously
established by findings that parental non-derivatized
xanthone as well as monohydroxy derivatives were inac-
tive, while dihydroxylation at various positions of
xanthonic nucleus led to a strong increase in antiprolif-
erative capacity.12 Interestingly, dihydroxyxanthones
with juxtaposed OH groups (1–2, 2–3, 3–4) were more
active than their counterparts with non-adjacent OH
moieties (1–3, 3–5),12 which might explain the low activ-
ity of 1,3,5-trihydroxy-3-methoxy (compound 7) and
1,3,5,8-tetrahydroxy (compound 8) derivatives in our
study. Therefore, the juxtaposition of OH groups at



Figure 9. Mechanisms underlying the antiglioma action of xanthones

from G. kochiana (on the photograph). The ROS induction by

gentiacaulein (dashed line) is too weak to induce mitochondrial

dysfunction and apoptosis.
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positions 7 and 8 might be accountable for the highest
activity of compound 1, which correlated with its ability
to induce apoptosis. Accordingly, the substitution of the
OH group at position 8 with a methoxy moiety, as the
only structural difference between compounds 1 and 2,
was associated with the loss of the pro-apoptotic capac-
ity and decrease in antiglioma activity of the latter. This
is consistent with the results showing that 3,4-dihydroxy
xanthone is toxic toward various cell types, but that
methoxylation at position 4 leads to a complete loss of
the activity.12 Similarly, the anticancer activity of the
prenylated xanthone c-mangostin with juxtaposed OH
groups at positions 6 and 7 was markedly higher than
that of a-mangostin, which has methoxy instead of a
hydroxy group at position 6.14 The fact that dimethoxy-
lation at 7, 8 in compound 3 led to a further decrease in
the activity in our study is consistent with the fact that
dimethoxy xanthones, in contrast with their dihydroxy
counterparts, are completely devoid of antiproliferative
capacity.12 A mechanistic explanation for the observed
correlation might lie in the fact that the replacement
of hydroxy groups with methoxy groups remarkably
reduced the potency of polyhydroxylated xanthones to
decrease the mitochondrial membrane potential.15 Inter-
estingly, the methoxylation at position 8 in compound 2
in our study did not only led to a loss of pro-apoptotic
capacity, but also caused a shift in xanthone ability to
affect microtubule dynamics and cell cycle progres-
sion—instead of a microtubule stabilization-related G2/
M block observed with compound 1, the antiprolifera-
tive action of 2 was associated with G0/G1 cell cycle ar-
rest and the loss of microtubule-stabilizing activity.
However, it still remains to be revealed what mecha-
nisms are responsible for translating these subtle modi-
fications in xanthone structure into such dramatic
changes in their ability to influence microtubule dynam-
ics and cell cycle progression. Our finding that glycosyl-
ation at position 1 completely inactivated compounds 1
and 2 also deserves further exploration.
4. Conclusion

In conclusion, the present study for the first time describes
the antiglioma action of the two xanthones from G. kochi-
ana, providing some insights into the mechanisms and
structure–activity relationship of the observed effects.
The relative selectivity of xanthone antiproliferative/cyto-
toxic action toward transformed glial cells makes them
worthy of further investigation as potential candidates
for glioma therapy. Particularly interesting in that respect
is compound 1, gentiakochianin, which displayed a very
efficient dual antiglioma effect involving both tubulin sta-
bilization-mediated G2/M cell cycle arrest and mitochon-
dria-dependent apoptotic cell death.
5. Experimental

5.1. Plant material

Plant material (G. kochiana) was collected at mountain
Komovi in Montenegro (at ca. 2000 m) during the time
of flowering. Air-dried aerial parts were extracted with
MeOH for 48 h at room temperature. The extract was
evaporated in vacuo to yield brown residue, which was
suspended in water and re-extracted with solvents of
increasing polarity: Et2O, ethyl acetate, and n-butanol.
The LC-DAD analysis of the methanolic extract indi-
cated the presence of the xanthone aglycones and glyco-
sides, along with secoiridoid swertiamarin. The ether
extract was subjected to dry column flash chromatogra-
phy on silica gel using toluene with increasing amounts
of ethyl acetate (10–100%) to give 30 fractions. Fractions
5 and 12 were chromatographed on Sephadex LH-20,
eluting with CH2Cl2/MeOH (1:1), to yield gentiakochia-
nin (1), gentiacaulein (2),4 and decussatin (3).31 Butanol-
ic extract was subjected to CC on polyamide SC6 using
water with increasing amounts of MeOH (0–90%), and
xanthone glycosides isogentiakochianoside (4),31 gentia-
caulein-1-O-glucoside (5),32 and gentiabavaroside (6)31

were isolated. Compounds bellidifolin (7) and demethyl-
bellidifolin (8)33 were isolated from G. austriaca (Gen-
tianaceae) according to the previously published
procedure.34 The plant extracts and xanthones were dis-
solved in dimethyl sulfoxide (DMSO) at 10 mg/ml and
50 mM, respectively.
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5.2. Cell culture

All chemicals were from Sigma (St. Louis, MO) unless
specifically stated. The rat glioma cell line C6 and the
human glioma cell line U251 were kindly donated by
Dr. Pedro Tranque (Universidad de Castilla-La Man-
cha, Albacete, Spain). Primary astrocytes were isolated
from the brains of newborn Albino Oxford rats, while
primary macrophages were obtained from peritoneal
cavity of Albino Oxford rats as previously described.35

The cells were incubated at 37 �C in a humidified atmo-
sphere with 5% CO2, in a Hepes (20 mM)-buffered
RPMI 1640 cell culture medium supplemented with
5% fetal calf serum, 2 mM LL-glutamine, 10 mM sodium
pyruvate, and penicillin/streptomycin. For the measure-
ment of cell viability or flow cytometric analysis, glioma
cells were incubated in 96-well flat-bottom plates
(1 · 104 cells per well) or 24-well flat-bottom plates
(1 · 105 cells/well), respectively. Astrocytes and macro-
phages were seeded in 96-well flat-bottom plates
(3 · 104 cells/well). After being rested for 24 h, cells were
treated with plant extracts or xanthones as described in
Section 2 and figure legends. Control cultures were ex-
posed to the corresponding amount of vehicle (DMSO).
However, we observed no influence of DMSO on any of
the parameters tested (data not shown).

5.3. Determination of cell number and mitochondrial
dehydrogenase activity

The number of adherent, viable cells was assessed using
a crystal violet assay, while mitochondrial dehydroge-
nase activity, as another indicator of cell viability, was
determined by mitochondria-dependent reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) to formazan.36 For the crystal violet stain-
ing, at the end of incubation cells were washed with PBS
to remove non-adherent cells, and adherent cells were
then fixed with methanol and stained with 1% crystal
violet solution at room temperature for 10 min. Plates
were washed and crystal violet dye was dissolved in
33% acetic acid. The absorbance of the dissolved dye,
corresponding to the number of adherent (viable) cells,
was measured in an automated microplate reader at
570 nm. In the MTT assay, MTT solution was added
to cell cultures in a final concentration of 0.5 mg/ml
and the cells were incubated for an additional 1 h.
Thereafter, the solution was removed and the cells were
lysed in dimethyl sulfoxide. The conversion of MTT to
formazan by metabolically viable cells was monitored
by an automated microplate reader at 570 nm. The val-
ues obtained in both the assays were presented as % of
the control, or as fold increase in comparison to the con-
trol value that was arbitrarily set to 1.

5.4. Cell cycle and apoptosis analysis

The cell cycle was analyzed by measuring the amount of
propidium iodide (PI)-labeled DNA in ethanol-fixed cells,
exactly as previously described.37 Apoptotic and necrotic
cell death were analyzed by double staining with fluores-
ceinisothiocyanate (FITC)-conjugated annexin V and
PI, in which annexin V bound to the apoptotic cells with
exposed phosphatidylserine, while PI labeled the necrotic
cells with membrane damage. Staining was performed
according to the manufacturer’s instructions (BD Pharm-
ingen, San Diego, CA). The green (FL1) and red (FL2)
fluorescence of annexin/PI-stained live cells and PI-
stained fixed cells was analyzed with FACSCalibur flow
cytometer (BD, Heidelberg, Germany), using a peak fluo-
rescence gate to exclude cell aggregates during cell cycle
analysis. The numbers of viable (annexin�/PI�), apopto-
tic (annexin+/PI�), and necrotic (annexin+/PI+) cells, as
well as the proportion of cells in different cell cycle phases,
were determined with a Cell Quest Pro software (BD). Ten
thousand cells (gated to exclude cell debris) have been
analyzed in each sample.

5.5. Caspase activation

Activation of caspases was measured by flow cytometry
after labeling the cells with a cell-permeable, FITC-con-
jugated pan-caspase inhibitor (ApoStat; R&D Systems,
Minneapolis, MN) according to the manufacturer’s
instructions. The increase in green fluorescence (FL1)
is a measure of caspase activity within the individual
cells of the treated population. The results are expressed
as % of cells containing active caspases.

5.6. ROS measurement

Intracellular production of ROS was determined by
measuring the intensity of green fluorescence emitted
by redox-sensitive dye dihydrorhodamine 123 (DHR;
Invitrogen, Paisley, UK), which was added to cell cul-
tures (2.5 lM) at the beginning of treatment. At the
end of incubation, cells were detached by trypsinization,
washed in PBS, and the green fluorescence (FL1) of
DHR-stained cells was analyzed using a FACSCalibur
flow cytometer. The results are expressed as mean inten-
sity of DHR fluorescence.

5.7. Mitochondrial depolarization assessment

The mitochondrial depolarization was assessed using
DePsipher (R&D Systems), a lipophilic cation susceptible
to the changes in mitochondrial membrane potential. It
has the property of aggregating upon membrane polariza-
tion forming an orange-red fluorescent compound. If the
potential is disturbed, the dye cannot access the trans-
membrane space and remains or reverts to its green mono-
meric form. The cells were stained with DePsipher as
described by the manufacturer, and the green monomer
and the red aggregates were detected by flow cytometry.
The results were presented as a green/red fluorescence
ratio (geomean FL1/FL2), the increase of which reflects
mitochondrial depolarization.

5.8. Microtubule depolymerization assay

Bovine brain tubulin was isolated by the procedure
described previously.38 Microtubule disassembly was
followed turbidimetrically as previously described,39

and selected compounds (concentrations: 5, 10, 25,
and 50 lM) were evaluated for the inhibition of micro-
tubule depolymerization in vitro.
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5.9. Mathematical analysis of cytotoxic interactions
and IC50 calculation

To analyze the type (additive, synergistic, or antagonistic)
of cytotoxic interactions of different xanthones, glioma
cells were treated with different doses of each agent alone,
as well as with their appropriate combinations. The cell
number was assessed using a crystal violet assay and the
% cytotoxicity was calculated using the following for-
mula: (C � T)/C · 100, where C is the cell number in con-
trol (untreated) cultures and T is the cell number in
xanthone-treated cultures. The values of combination in-
dex, reflecting additive (=1), synergistic (<1), or antago-
nistic interactions (>1), were calculated according to the
median-effect principle-based method of Chou and Tala-
lay,40 which includes the calculation of the IC50 values.

5.10. Statistical analysis

The statistical significance of the differences was
analyzed by t-test or ANOVA followed by the
Student–Newman–Keuls test. The value of p < 0.05
was considered significant.
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