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1 This study demonstrated aloe-emodin- and emodin-induced apoptosis in lung carcinoma cell
lines CH27 (human lung squamous carcinoma cell) and H460 (human lung non-small cell carcinoma
cell). Aloe-emodin- and emodin-induced apoptosis was characterized by nuclear morphological
changes and DNA fragmentation.

2 During apoptosis, an increase in cytochrome c of cytosolic fraction and activation of caspase-3,
identi®ed by the cleavage of its proform, were observed.

3 To elucidate whether the expression of protein kinase C (PKC) isozymes are involved in aloe-
emodin- and emodin-induced apoptosis, this study examined the changes of PKC isozymes by
Western blotting techniques during aloe-emodin- and emodin-induced apoptosis.

4 The expression of PKC isozymes involved in aloe-emodin- and emodin-induced apoptosis of
CH27 and H460 cells. In this study, aloe-emodin and emodin induced the changes of each of PKC
isozymes in CH27 and H460 cells.

5 The decrease in the expression of PKCd and e may play a critical role in aloe-emodin- and
emodin-induced apoptosis in CH27 and H460 cells.

6 The present study also demonstrated that PKC stimulation occurs at a site downstream of
caspase-3 in the emodin-mediated apoptotic pathway.
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Introduction

Aloe-emodin (1,8-dihydroxy-3-(hydroxymethyl)-anthraqui-
none) and emodin (1,3,8-trihydroxy-6-methylanthraquinone)
are the active components contained in the root and rhizome

of Rheum palmatum L. (Polygonaceae) (Tsai & Chen, 1992;
Liang et al., 1993; Yang et al., 1999). Pecere et al. (2000) have
reported that aloe-emodin has a speci®c anti-neuroectodermal

tumor activity. Emodin has also been reported to sensitize
HER-2/neu-overexpressing lung cancer cells to chemothera-
peutic drugs (Zhang & Hung, 1996) and repress transforma-

tion and metastasis-associated properties of HER-2/neu
overexpression breast cancer cells (Zhang et al., 1995;
1998). However, the reasons why the molecular mechanisms

of aloe-emodin and emodin produced their biological e�ects
remained unknown. The present study served to determine
whether aloe-emodin and emodin induced cytotoxicity on
lung carcinoma cell lines CH27 and H460. Furthemore, this

study investigated the mechanisms of the aloe-emodin- and
emodin-induced cytotoxicity on lung carcinoma cell lines
CH27 and H460. The present study demonstrates the

cytotoxicity of lung carcinoma cells by aloe-emodin and
emodin, and the anti-tumor activity is based on apoptotic cell
death.

Caspases, a family of cysteine proteases, play a critical
role in the apoptosis and are responsible for many of the
biochemical and morphological changes associated with

apoptosis (Cohen, 1997; Cryns & Yuan, 1998). Two major
pathways of apoptotic signalling have been identi®ed. The
®rst involves ligation of death receptors (e.g. Fas) by their

ligands, leading to recruitment of adaptor proteins and
activation of the initiator, caspase-8 (Ashkenazi & Dixit,
1998). In the second pathway, mitochondrial cytochrome c

is released into the cytosol and binds Apaf-1, which in turn
associates and activates the initiator, caspase-9 (Li et al.,
1997). However, caspases have been proposed that `in-
itiator' caspases, such as caspase-8 and caspase-9, either

directly or indirectly activate `e�ector' caspases, such as
caspase-3 (Fraser & Evan, 1996; Sun et al., 1999).
Therefore, the activation of caspase-3 is requisite for

apoptosis. This study investigated whether the activation
of caspase-3 is involved in aloe-emodin- and emodin-
induced the CH27 and H460 cell death.
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Protein kinase C represents a family of 11 isozymes that
have been categorized into three groups: calcium-dependent
or `classical' (PKCa, bI, bII and g), calcium-independent

or `novel' (PKCd, e, Z and y) and `atypical' (PKCz and i/
l) (Stabel & Parker, 1991; Basu, 1993). The protein kinase
C family has been implicated in the regulation of
apoptosis (Bialik et al., 1999; Koriyama et al., 1999;

Gomez-Angelats et al., 2000). However, the contribution of
individual PKC isozymes to this process is not well
understood. This study investigated the role of PKC

isozymes in apoptotic signalling induced by aloe-emodin
and emodin. The relationship between the activation of the
caspase and the activation of PKC was investigated in

many reports. It is generally believed that PKCd lie
downstream of caspase-3 and proteolytic activation of
PKCd is responsible for apoptotic execution (Tsujio et al.,

2000; Tanaka et al., 2000). However, some investigators
have found that caspase-3 inhibitors did not prevent down-
regulation of PKCd (Jun et al., 1999; Basu & Akkaraju,
1999). It seems to suggest that PKC activation act

upstream of caspase-3. This study examined the speci®city
of the PKC-caspase-3 relationship on aloe-emodin- and
emodin-induced apoptosis.

Methods

Materials

N-Acetyl-Asp-Glu-Val-Asp-al (Ac-DEVD-CHO), Aloe-emo-
din (1,8-dihydroxy-3-(hydroxymethyl)-anthraquinone), emo-
din (1,3,8-trihydroxy-6-methylanthraquinone), antipain,
aprotinin, dithiothreitol, 4',6-diamidino-2-phenylindole dihy-

drochloride (DAPI), ethylenediaminetetraacetic acid (EDTA),
ethyleneglycol-bis-(b-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA), leupeptin, pepstatin, phenylmethylsulphonyl

¯uoride, propidium iodide and tris (hydroxymethyl) amino-
methane (Tris) were purchased from Sigma Chemical
Company (St. Louis, MO, U.S.A.); anti-goat, anti-mouse

and anti-rabbit IgG peroxidase-conjugated secondary anti-
body were purchased from Amersham (Buckinghamshire,
U.K.). Antibodies to various proteins were obtained from the
following sources: caspase-3, PKCa, b, d, e, y, i and m were

obtained from Transduction Laboratory (Lexington, KY,
U.S.A.); PKCz and Z were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, U.S.A.); cytochrome c and

poly(ADP-ribose)polymerase (PARP) were purchased from
PharMingen (San Diego, CA, U.S.A.). Pierce Colorimetric
PKC Assay Kit was obtained from PIERCE (Rockford, IL,

U.S.A.). Enhanced chemiluminescent (Renaissance) detection
reagents was obtained from NEN Life Science Products
(Boston, MA, U.S.A.).

Cell culture

The human lung squamous carcinoma cell line CH27 and

human lung non-small carcinoma cell line H460 were kindly
provided by S.L. Hsu. CH27 and H460 cells were grown in
monolayer culture in Dulbecco's modi®ed Eagle's medium

containing 5% foetal bovine serum, antibiotics (100 u ml71

penicillin and 100 mg ml71 stretomycin) and 2 mM glutamine
at 378C in a humidi®ed atmosphere comprised of 95% air

and 5% CO2. When CH27 and H460 cells were treated with
aloe-emodin or emodin, the culture medium containing 1%
foetal bovine serum was used. All data presented in this

report are from at least three independent experiments
showing the same pattern of expression.

Cell viability assay

Cells were seeded at a density of 16105 cells per well onto
12-well plate 24 h before drugs treated. Drugs were added to

medium, at various indicated times and concentrations. The
control cultures were treated with 0.1% DMSO (dimethyl-
sulphoxide). After incubation, cells were washed with PBS

(phosphate-bu�ered saline). The number of viable cells was
determined by staining cell population with Trypan blue. One
part of 0.2% Trypan blue dissolved in PBS was added to one

part of the cell suspension, and the number of unstained
(viable) cells was counted.

4',6-Diamidino-2-phenylindole dihydrochloride
(DAPI) staining

DAPI staining was performed by a modi®cation of the

method of Hsu et al. (1999). Cells were seeded at a density of
16105 cells per well onto 12-well plate 24 h before drugs
were treated. Cells were cultured with vehicle alone

(0.1% DMSO), 40 mM aloe-emodin or 50 mM emodin for
16 h in 1% serum medium. After treatment, cells were ®xed
with 3.7% formaldehyde for 15 min, permeabilized with

0.1% Triton X-100 and stained with 1 mg ml71 DAPI for
5 min at 378C. The cells were then washed with PBS and
examined by ¯uorescence microscopy (Olympus IX 70).

DNA fragmentation assay

DNA fragmentation was assayed as previously described

(Hsu et al., 1999). Adherent and ¯oating cells were collected
and lysed in 400 ml of ice-cold lysis bu�er (containing 50 mM

Tris-HCl, pH 7.5, 10 mM EDTA, 0.3% Triton X-100),

incubated on ice for 30 min and then centrifuged. RNase A
(100 mg ml71) was added to the supernatant, which was then
incubated at 508C for 30 min, followed by the addition of
200 mg ml71 proteinase K and further incubation at 378C for

1 h. Fragmented DNA was extracted with phenol/chloroform
and precipitated at 7208C with ethanol/sodium acetate. The
DNA fragments were electrophoresed on a 1.5% agarose gel

containing 0.1 mg ml71 ethidium bromide.

Flow cytometry analysis

The percentage of hypodiploid cells was determined as
described previously (Hsu et al., 1999). Brie¯y, 26106 cells

were trypsinized, washed twice with PBS and ®xed in 80%
ethanol. Fixed cells were washed with PBS, incubated with
100 mg ml71 RNase for 30 min at 378C, stained with
propidium iodide (50 mg ml71) and analysed on a FACScan

¯ow cytometer (Becton Dickinson Instruments). The percen-
tage of cells that had undergone apoptosis was assessed to be
the ratio of the ¯uorescent area smaller than the G0 ±G1 peak

to the total area of ¯uorescence. The average of the results
from at least three samples of cells for each experimental
condition is presented.
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Protein preparation

Preparation of total protein Protein was extracted by a

modi®cation of the method of Hsu et al. (1999). Adherent
and ¯oating cells were collected at the indicated times and
washed twice in ice-cold PBS. Cell pellets were resuspended in
modi®ed RIPA bu�er (mM: Tris-HCl 50, pH 7.5, NaCl 150,

EGTA 1, dithiothreitol 1, phenylmethylsulphonyl ¯uoride 1,
sodium orthovanadate 1, sodium ¯uoride 1, aprotinin
5 mg ml71, leupeptin 5 mg ml71, antipain 5 mg ml71, Nonidet

P-40 1%, sodium deoxycholate 0.25%) for 30 min at 48C.
Lysates were clari®ed by centrifugation at 100,0006g for
30 min at 48C and the resulting supernatant was collected,

aliquoted (50 mg per tube) and stored at 7808C until assay.
The protein concentrations were estimated with the Bradford
method (Bradford, 1976).

Preparation of cytosolic fractions Cell fractionation was
performed as described previously (Jun et al., 1999) with
some modi®cations. Brie¯y, adherent and ¯oating cells were

collected at the indicated times and washed twice in ice-cold
PBS. Cell pellets were frozen at 7808C, thawed at 48C and
resuspended in cytosol extraction bu�er (mM: Tris-HCl 50,

pH 7.5, EDTA 5, EGTA 10, phenylmethylsulphonyl ¯uoride
0.2, sodium ¯uoride 1, sodium orthovanadate 1, aprotinin
1 mg ml71, leupeptin 5 mg ml71, antipain 5 mg ml71, b-
mercaptoethanol 0.3%) for 20 min at 48C until 495% of
the cells were Trypan blue positive. Lysates were clari®ed by
centrifugation at 100,0006g for 30 min at 48C and the

resulting supernatant was collected as the `cytosolic' fraction,
aliquoted (10 mg per tube for cytochrome c) and stored at
7808C until assay.

Western blot analysis

Samples were separated by various appropriate concentra-

tions (8, 10, 12 and 15%) of sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS ±PAGE). The SDS-
separated proteins were equilibrated in transfer bu�er

(50 mM Tris, pH 9.0 ± 9.4, 40 mM glycine, 0.375% SDS,
20% methanol) and electro-transferred to Immobilon-P
Transfer Membranes. The blot was blocked with a solution
containing 5% non-fat dry milk in Tris-bu�ered saline

(10 mM Tris, 150 mM NaCl) with 0.05% Tween 20 (TBST)
for 1 h, washed and incubated with antibodies to PARP
(1 : 2000), PKCa (1 : 5000), PKCb (1 : 2500), PKCd (1 : 500),

PKCe (1 : 500), PKCz (1 : 500), PKCZ (1 : 500), PKCy
(1 : 250), PKCi (1 : 250), PKCm (1 : 1000) and cytochrome c
(1 : 500). Secondary antibody consisted of a 1 : 20,000 dilution

of horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG (for PKCZ and cytochrome c) or HRP-conjugated goat
anti-mouse IgG (for caspase-3, PARP, PKCa, b, d, e, y, i and
m) or HRP-conjugated anti-goat IgG (for PKCz). The
enhanced chemiluminescent (Renaissance) detection system
was used for immunoblot protein detection.

Measurement of protein kinase C activity

Protein kinase C activity was determined as described

previously (Lee & Wu, 2000) with some modi®cation. After
treatment, cells were washed twice with PBS and scraped, on
ice, into ice-cold lysis bu�er containing 20 mM Tris-HCl,

pH 8.0, 0.5 mM EDTA, 0.5 mM EGTA, 2.5 mM phenyl-
methylsulphonyl ¯uoride, 5 mg ml71 leupeptin and 5 mg ml71

antipain. The cells were collected and sonicated for 10 pulses.

The sonicated samples were centrifuged at 14,0006g for
30 min at 48C and the resulting supernatant was collected,
aliquoted (200 mg per tube) and measured PKC activity
immediately. PKC activity in the supernatant was determined

by Pierce Colorimetric PKC Assay Kit. The PKC-dependent
phosphorylated peptide was quanti®ed by 570 nm.

Results

Aloe-emodin- and emodin-induced lung carcinoma cell
death in a dose- and time-dependent manner

Since aloe-emodin and emodin were found to have anti-
tumor e�ects on neuroectodermal and breast cancer cells,
respectively, the present study served to determine whether
aloe-emodin and emodin-induced cytotoxicity on lung

carcinoma cell lines CH27 and H460. This study determined
the e�ect of aloe-emodin or emodin on CH27 and H460 cell
viability by Trypan blue dye exclusion. The number of viable

cells was counted by Trypan blue dye exclusion. As shown in
Figure 1A, 72 h of continuous exposure to various concen-
trations of aloe-emodin (1, 10 and 40 mM) or emodin (1, 10

and 50 mM) on CH27 resulted in time- and dose-dependent
decreases in cell number relative to control cultures. The
similar results of the e�ect of various concentrations of aloe-

emodin or emodin for various indicated times (2, 4, 8, 16, 24,
48 and 72 h) on H460 cell viability were obtained (Figure
1B). The concentration of aloe-emodin- and emodin-induced
cell death was signi®cant at 40 and 50 mM, respectively.

Therefore, 40 mM aloe-emodin and 50 mM emodin were
chosen for further experiments. These results suggested that
aloe-emodin and emodin induced CH27 and H460 cell death.

Aloe-emodin- and emodin-induced apoptosis of
CH27 and H460 cells

To further investigate whether the induction of cell death by
aloe-emodin and emodin could be linked to apoptosis in lung
carcinoma cells, both nuclear morphological changes and

DNA fragmentation were performed. Treatment of CH27
with 40 mM aloe-emodin or 50 mM emodin for 16 h resulted in
changes in nuclear morphology, evidenced by the DAPI

staining, a DNA binding dye (Figure 2A). There was an
increase in the number of irregular nuclear, fragmented
nucleus, convoluted nucleus and giant nucleus after treatment

with aloe-emodin (Figure 2A). Treatment with emodin also
resulted in changes in nuclear morphology (Figure 2A). There
was a gradual increase in the number of nuclear condensation

after treatment with emodin in CH27 cells (Figure 2A). H460
cells also showed an increase in the number of irregular
nuclear, fragmented nucleus, convoluted nucleus and giant
nucleus after treatment with aloe-emodin and emodin (Figure

2B). Treatment with 40 mM aloe-emodin or 50 mM emodin for
24 h resulted in internucleosomal DNA fragmentation,
evidenced by the formation of a DNA ladder on agarose

gels (Figure 3A,B), a hallmark of cells undergoing apoptosis.
No DNA ladders were detected in the sampled isolation from
control cells. Apoptosis was also con®rmed on the appear-
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ance of a sub-G1 peak of DNA content by ¯ow cytometry,
suggesting that the presence of cells with fragmented DNA.
According to the DNA histogram shown in Figure 4A,B, a

sub-G1 peak was detected following 24 h of 40 mM aloe-
emodin or 50 mM emodin exposure. In this study, the aloe-
emodin- and emodin-induced lung carcinoma cells nuclear
morphological change, DNA fragmentation and cell death

were observed. Based on the above results, aloe-emodin- and
emodin-induced CH27 and H460 cell death were indicative of
a typical apoptosis.

Effect of aloe-emodin and emodin on the release of
cytochrome c and activation of caspase-3 in lung
carcinoma cells

This study characterized the e�ect of aloe-emodin (40 mM)

and emodin (50 mM) on the release of cytochrome c in CH27
and H460 cells. Western blotting analysis of the cytosolic
fraction of aloe-emodin- and emodin-treated CH27 and H460
cells revealed increases in the relative abundance of

cytochrome c for the indicated time intervals (Figure 5A,B).
This study has also demonstrated that the activation of
caspase-3 is involved in aloe-emodin- and emodin-induced the

CH27 and H460 cell death. The proform of caspase-3
(32 kDa) was signi®cantly decreased during aloe-emodin
(40 mM) and emodin (50 mM) treated for 24 h by Western

blotting analysis (Figure 5A,B). Caspase-3 was present in
control cells primarily as 32 kDa protein. Treatment with
40 mM aloe-emodin or 50 mM emodin resulted in a time-

dependent processing of caspase-3 accompanied by the
formation of two major products, 22 and 17 kDa fragments
(Figure 5A,B). It is worthy of note that the amount of these
fragments of caspase-3 was signi®cantly increased after

treatment with aloe-emodin or emodin. In control cells, a
low level of processing of caspase-3 (22 and 17 kDa) was
observed; this may re¯ect basal caspase activity. Proteolysis

of caspase-3 substrate provides a marker for apoptosis and
caspase activity. To further determine whether caspase-3 was
activated in aloe-emodin- or emodin-treated lung carcinoma

cells, Western blot analysis of caspase-3 substrate PARP was
performed. PARP (116 kDa) was processed to its predicted
caspase cleavage product of 85 kDa during aloe-emodin or

emodin treatment (Figure 5A,B). Furthermore, the cleavage
product of 85 kDa appeared to be further processed in the
aloe-emodin- and emodin-induced the cleavage of PARP in
CH27 cells (Figure 5A). In emodin-induced caspase-3

activation and PARP cleavage, the caspase-3 had signi®cantly
processed at 2 and 4 h but the cleavage of PARP was not
signi®cantly increased (Figure 5A). When the time of

immunoblot protein detection lengthened, the cleavage of
PARP was observed at 2 and 4 h (data not shown). These
above data (DNA fragmentation, cytochrome c release and

Figure 1 E�ects of aloe-emodin and emodin on cell death in CH27 and H460 cells. Cells were cultured 24 h before drug treatment
in 12-well plates. CH27 (A) and H460 (B) cells were treated with 0.1% DMSO, aloe-emodin or emodin in the presence of 1% serum
at 378C for di�erent times (2, 4, 8, 16, 24, 48 and 72 h), and cells were washed and counted by Trypan blue exclusion with
hemocytometer. All determinations are expressed as the mean percentage of control+s.d.mean of triplicate from three independent
experiments.
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the activation of caspase-3) suggested that the aloe-emodin
and emodin induced apoptotic cell death in CH27 and H460
cells.

Effect of aloe-emodin and emodin on the protein kinase C
isozymes in lung carcinoma cells

To investigate the role of PKC isozymes in apoptotic
signalling induced by aloe-emodin and emodin, this study
detected the expression of various PKC isozymes by Western

blot analysis using isozyme-speci®c anti-PKC antibodies. In
this study, PKCb, g and y were not found in CH27 cell
extracts even when various dilutions of primary and

secondary antibodies were used. The very faint immuno-
reactive bands of PKCz were observed in CH27 cells (data
not shown). In H460 cells, PKCb, g, z and m were not
observed. Isozymes a, d, e, z, Z, y and i had apparent

molecular masses of 82, 78, 90, 72, 82, 79 and 74 kDa,
respectively. The expression of PKCa showed a time-
dependent decrease in aloe-emodin-treated CH27 cell extracts

during 24 h (data not shown). In contrast to aloe-emodin-
treated CH27, the expression of PKCa was signi®cantly
increased in aloe-emodin-treated H460, emodin-treated CH27

Figure 2 Aloe-emodin and emodin-induced phenotypic changes in CH27 and H460 cell nucleus. CH27 (A) and H460 (B) cells were
cultured for 16 h in 1% serum medium with 0.1% DMSO, 40 mM aloe-emodin or 50 mM emodin. After treatment, cells were ®xed
with 3.7% formaldehyde for 15 min, permeabilized with 0.1% Triton X-100 and stained with 1 mg ml71 DAPI for 5 min at 378C.
The cells were then washed with PBS and examined by ¯uorescence microscopy. Results are representative of three independent
experiments. Bar=50 mm.

Figure 3 Aloe-emodin and emodin-induced internucleosomal DNA
fragmentation in CH27 and H460 cell nucleus. CH27 (A) and H460
(B) cells were incubated with 0.1% DMSO (lane 1), 40 mM aloe-
emodin (lane 2), or 50 mM emodin (lane 3) for 24 h in 1% serum
medium. Total DNA was extracted from cells and separated by
electrophoresis on 1.5% agarose gel. The molecular weight marker
lane (lane M) represents DNA base pairs. Results are representative
of three independent experiments.
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and emodin-treated H460 (data not shown). The changes of

PKCZ and i were not the same manner, i.e. some treatments
were increased and some decreased, in four conditions (data
not shown). It is worthy of note that the expression of PKCd
and e was consistently decreased in aloe-emodin or emodin-
treated CH27 and H460 cells (Figure 6). Proteolytic cleavage
of PKCd by caspase-3 at the V3 (hinge) domain of the

enzyme releases a catalytically active fragment of approxi-
mately 40 kDa. However, this study could not detect the
presence of PKCd catalytic fragment after aloe-emodin and

emodin treatment. These above data suggest that the changes
of PKCd and e play a critical role during apoptosis but the
PKCd catalytic fragment may be rapidly degraded to smaller
fragment, which cannot be detected in this study.

Effects of aloe-emodin and emodin on protein kinase C
activity in lung carcinoma cells

The e�ects of aloe-emodin and emodin on PKC activity were
investigated in CH27 and H460 cells. As shown in Table 1,

treatment of CH27 cells with 40 mM aloe-emodin for 2, 8 and

24 h resulted in increased of PKC activity. However, emodin
(50 mM)-induced a decrease of PKC activity was observed at
2, 8 and 16 h (Table 1). In H460 cells, aloe-emodin also

increased the PKC activity at 2, 8 and 16 h and emodin
induced the decrease of PKC activity as well as emodin in
CH27 cells (Table 1). These results indicated that treatment

of CH27 and H460 cells with 40 mM aloe-emodin resulted in
increase in PKC activity; however, the PKC activity was
suppressed by treatment with 50 mM emodin.

Effects of caspase-3 inhibitor on aloe-emodin- and
emodin-induced the expression of protein kinase C
in lung carcinoma cells

To further investigate whether the changes of PKC activity
by aloe-emodin or emodin could be linked to activation of

the caspase-3, the caspase-3 inhibitor, Ac-DEVD-CHO, was
used in this study. Cells treated with Ac-DEVD-CHO
(100 mM, 3 h) and then 40 mM aloe-emodin or 50 mM emodin

Figure 4 Aloe-emodin- and emodin-induced the appearance of a sub-G1 peak in CH27 and H460 cells by ¯ow cytometry assay. CH27 (A) and
H460 (B) cells were treated with vehicle alone (0.1% DMSO), 40 mM aloe-emodin, or 50 mM emodin in the presence of 1% serum for 24 h. After
treatment, cells were harvested and subjected to cytometric analysis. Apoptosis was measured by cell cycle analysis with propidium iodide staining
and the percentage of hypodiploid cells (apoptotic population of cells) was calculated. Results are representative of three independent experiments.
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in CH27 and H460 cells for the indicated times (CH27, aloe-

emodin, 24 h; H460, aloe-emodin, 16 h; CH27, emodin, 8 h;
H460, emodin, 2 h). The response to pretreatment with Ac-
DEVD-CHO and then emodin compared with the response

to emodin alone showed that Ac-DEVD-CHO signi®cantly
reversed the emodin e�ect on PKC activity in CH27 and
H460 cells (Table 1). The results indicated that caspase-3

inhibitor, Ac-DEVD-CHO, reversed the activity of PKC after
being inhibited by emodin. It was also noted that aloe-
emodin-induced increase in PKC activity was not signi®cantly

less in the presence of Ac-DEVD-CHO than that in the
absence of Ac-DEVD-CHO in CH27 and H460 cells (Table
1). This result indicated that caspase-3 inhibitor, Ac-DEVD-
CHO, had no e�ect on the aloe-emodin-induced increase in

PKC activity in CH27 and H460 cells. This study also
investigated the e�ect of caspase-3 inhibitor on aloe-emodin-
or emodin-induced the decrease of PKCd by Western blot

analysis. As shown in Figure 7A, pretreatment with Ac-
DEVD-CHO (100 mM, 3 h) and then aloe-emodin (40 mM, 2,
8 and 16 h) had no e�ect on the aloe-emodin (40 mM)-

induced decrease in PKCd in CH27 and H460 cells. However,

Ac-DEVD-CHO (100 mM, 3 h) reversed the emodin (50 mM,
2, 8 and 16 h) -induced decrease in PKCd in CH27 and H460
cells (Figure 7B).

Discussions

Aloe-emodin and emodin are the active components contained
in the root and rhizome of Rheum palmatum L. (Polygona-

ceae) (Tsai & Chen, 1992; Liang et al., 1993; Yang et al.,
1999). Aloe-emodin and emodin were found to have anti-
tumor e�ects on neuroectodermal and breast cancer cells,
respectively (Zhang et al., 1995; 1998; Pecere et al., 2000).

However, the reasons why the molecular mechanisms of aloe-
emodin and emodin produced their biological e�ects remained
unknown. The present study served to determine whether

aloe-emodin and emodin induced cytotoxicity on lung
carcinoma cell lines CH27 and H460. Furthermore, this study
investigated the mechanisms of the aloe-emodin- and emodin-

Figure 5 E�ects of aloe-emodin and emodin on the release of cytochrome c and the expression of caspase-3 and PARP in CH27
and H460 cells. The e�ect of aloe-emodin and emodin on cytochrome c (Cyt. c), caspase-3 (Cas-3) and PARP was detected by
Western blot analysis in CH27 (A) and H460 (B) cells. Cells were incubated with 40 mM aloe-emodin or 50 mM emodin in the
presence of 1% serum for 2, 4, 8, 16 and 24 h. Cell lysates were analysed by 8% (PARP), 12% (caspase-3) and 15% (cytochrome c)
SDS ±PAGE, and then probed with primary antibody as described in Materials and methods. Results are representative of three
independent experiments.
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induced cytotoxicity on lung carcinoma cell lines CH27 and
H460. The present study demonstrates the cytotoxicity of lung
carcinoma cells by aloe-emodin and emodin, and the anti-

tumor activity is based on apoptotic cell death.
Apoptosis is a major form of cell death and essential for

normal development and for the maintenance of homeostasis.

In addition, current anti-neoplastic therapies, chemotherapy
and radiation-therapy, are likely to be a�ected by the
apoptotic tendencies of cells; thus this process has obvious

therapeutic implications (Green et al., 1994). During
apoptosis, certain characteristic morphologic events, such as
nuclear condensation, nuclear fragmentation and cell shrink-

Figure 6 E�ects of aloe-emodin and emodin on the PKCd and e in CH27 and H460 Cells. The e�ect of aloe-emodin and emodin
on PKCd and e was detected by Western blot analysis in CH27 (A) and H460 (B) cells. Cells were incubated with 40 mM aloe-
emodin or 50 mM emodin in the presence of 1% serum for 2, 4, 8, 16 and 24 h. Cell lysates were analysed by 10% SDS±PAGE, and
then probed with antibodies against peptides speci®c for PKCd and e. Western blot analysis with a mAb to detect PKCd and e was
performed as described in Materials and methods. Results are representative of three independent experiments.

Table 1 E�ects of aloe-emodin and emodin on PKC activity and caspase-3 inhibitor on aloe-emodin- and emodin-induced the
expression of PKC in CH27 and H460 cells

Protein kinase C activity (% of control)
CH27 H460

Treatment 2 h 8 h 24 h 2 h 8 h 16 h

Control 100 100 100 100 100 100
Aloe-emodin 106+8 125+5* 158+10** 106+4 120+8* 169+7**
Ac-DEVD-CHO+Aloe-emodin ± ± 170+6 ± ± 160+5

Treatment 2 h 8 h 16 h 2 h 8 h 16 h

Control 100 100 100 100 100 100
Emodin 104+10 55+7** 85+6** 68+5** 85+4** 98+9
Ac-DEVD-CHO+Emodin ± 107+4{ ± 106+8{ ± ±

CH27 cells were incubated with aloe-emodin (40 mM; 2, 8 and 24 h) or emodin (50 mM; 2, 8 and 16 h). H460 cells were incubated with
aloe-emodin (40 mM) or emodin (50 mM) for 2, 8 and 16 h. In Ac-DEVD-CHO treatment, cells treated with Ac-DEVD-CHO (100 mM,
3 h) and then 40 mM aloe-emodin or 50 mM emodin for the indicated times (CH27, aloe-emodin, 24 h; H460, aloe-emodin, 16 h, CH27,
emodin, 8 h; H460, emodin, 2 h) in CH27 and H460 cells. Protein kinase C activity was determined by measuring the dye-labelled
phosphorylated substrate using Pierce Colorimetric PKC Assay Kit. Data are expressed as the mean percentage of control+s.d.mean
(n=3). *(P50.05), **(P50.01): Statistically di�erent from control. {(P50.01): Statistically di�erent from emodin alone.
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age, and biochemical events such as DNA fragmentation
occur (Hsu et al., 1999; Shinoura et al., 1999). Aloe-emodin-
and emodin-induced apoptosis was characterized by nuclear

morphological changes and DNA fragmentation. Many
investigators have suggested that the apoptotic e�ect of cells
is mediated by a well-characterized transduction process of
apoptotic signals, such as mitochondria cytochrome c e�ux

and the activation of caspase-3 in the cytosol (Kluck et al.,
1997; Bossy-Wetzel & Green, 1999; Dong et al., 2000).
Cytochrome c, which is usually present in the mitochondrial

intermembrane space, is released into the cytosol following
the induction of apoptosis by many di�erent stimuli including
Fas (CD95), tumor necrosis factor (TNF) and chemo-

therapeutic and DNA-damaging agents (Liu et al., 1996;
Reed, 1997). In this study, Western blotting analysis of the
cytosolic fraction of aloe-emodin- and emodin-treated CH27

and H460 cells revealed increases in the relative abundance of
cytochrome c.
Caspases, a family of cysteine proteases, play a critical role

in the apoptosis and are responsible for many of the

biochemical and morphological changes associated with
apoptosis (Cohen, 1997; Cryns & Yuan, 1998). Caspases
have been proposed that `initiator' caspases, such as caspase-

8 and caspase-9, either directly or indirectly activate `e�ector'
caspases, such as caspase-3 (Fraser & Evan, 1996; Sun et al.,
1999). During apoptosis, the cleavage and activation of

caspase-3 is requisite. This study has demonstrated that the
activation of caspase-3 is involved in aloe-emodin- and
emodin-induced the CH27 and H460 cell death. The cleavage

of caspase-3 substrate PARP, as an indicator of caspase-3
activation, was signi®cantly observed after treatment with
aloe-emodin and emodin. These above data (DNA fragmen-
tation, cytochrome c release and the activation of caspase-3)

suggested that the aloe-emodin and emodin induced
apoptotic cell death in CH27 and H460 cells.
Protein kinase C is an attractive target for modulation of

apoptosis as there is mounting evidence implicated PKC as a
multifaceted regulator of cellular sensitivity to chemother-
apeutic agents. Many other cellular models of apoptosis have

been used to demonstrate that, during the transduction of cell
death signals, there is selective inhibition/activation of PKC
isoforms, depending on cell type and apoptotic stimuli

considered (Jun et al., 1999; Koriyama et al., 1999; Pae et
al., 2000; Jao et al., 2001). Pae et al. (2000) have
demonstrated that TPA, a PKC activator, mediated protec-
tion from taxol-induced apoptosis of HL-60 cells. It has also

reported that inactivation of PKCa may play an important
role in modulating hepatic apoptosis (Jao et al., 2001).
Overexpression of PKCbII, d and Z prevents NO-induced cell

death in RAW 264.7 macrophage (Jun et al., 1999). In
addition, recent report demonstrates proteolytic activation of
PKCd and e in U937 cells during chemotherapeutic agent-

induced apoptosis (Koriyama et al., 1999). Therefore, the
contribution of individual PKC isozymes to this process is
not well understood. The present study investigated the role
of PKC isozymes in apoptotic signalling induced by aloe-

emodin and emodin using Western blot analysis. Each of
PKC isozymes has di�erent expressions in CH27 and H460
after treatment with aloe-emodin or emodin in this study.

These results suggest that PKC signalling pathways, in which
the expression of the PKC isozymes is increased or decreased,
play an important role in aloe-emodin- and emodin-induced

CH27 and H460 apoptosis. However, it is worthy of note
that the expression of PKCd and e was consistently decreased
in aloe-emodin or emodin-treated CH27 and H460 cells. This

result is consistent with previous observations in which the
proteolysis of PKCd and e plays a critical role during
apoptosis (Bialik et al., 1999; Koriyama et al., 1999; Gomez-
Angelats et al., 2000). The present study also investigated

aloe-emodin- and emodin-induced the change of PKC
activity in CH27 and H460 by PKC activity assay kit. This
study demonstrated that treatment of CH27 and H460 cells

with 40 mM aloe-emodin resulted in increase in PKC activity;
however, the PKC activity was suppressed by treatment with
50 mM emodin. These results are consistent with other

Figure 7 E�ects of Ac-DEVD-CHO on aloe-emodin- and emodin-
induced the expression of PKCd in CH27 and H460 Cells. Cells were
cultured for 3 h in medium that contained Ac-DEVD-CHO (100 mM,
DEVD). Then, the cells were treated with 40 mM aloe-emodin (A) or
50 mM emodin (B) for 2, 8 and 16 h. Cell lysates were analysed by
10% SDS±PAGE, and then probed with antibody against PKCd.
Western blot analysis with a mAb to detect PKCd was performed as
described in Materials and methods. Results are representative of
three independent experiments.
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observations that PKC-dependent signalling processes may
depend on the diverse stimuli and speci®c cell types, such as
the activation of PKC is su�cient for initiation of a

apoptotic program (Fujii et al., 2000; Tanaka et al., 2000)
and the inhibition of PKC activity may promote cells
sensitive to drug-mediated apoptosis (Frutos et al., 1999;
Pae et al., 2000).

The relationship between the activation of the caspase and
the activation of PKC was investigated in many reports. It is
generally believed that PKCd lie downstream of caspase-3

and proteolytic activation of PKCd is responsible for
apoptotic execution (Tanaka et al., 2000; Tsujio et al.,
2000). However, some investigators have found that caspase-

3 inhibitors did not prevent down-regulation of PKCd (Basu
& Akkaraju, 1999; Jun et al., 1999). Fujii et al. (2000) have
suggested that PKCd-mediated apoptosis does not involve its

proteolytic cleavage by caspase-3. It was also shown that
PKCd-mediated apoptosis in keratinocytes involves the
alteration of mitochondria function (Li et al., 1999). It seems
to suggest that PKC activation occurs at a site upstream of

caspase-3 or involves di�erent signalling pathway. Since
caspase-3 has been implicated in the execution of cell death
by aloe-emodin and emodin, this study examined the

speci®city of the PKC-caspase-3 relationship on aloe-emodin-
and emodin-induced apoptosis. In this study, caspase-3
inhibitor Ac-DEVD-CHO reversed the activity of PKC after

being inhibited by emodin. However, aloe-emodin-induced
increase in PKC activity was not signi®cantly e�ect by
pretreatment of caspase-3 inhibitor. This study also demon-

strated that caspase-3 inhibitor had no e�ect on the aloe-
emodin-induced decrease in PKCd, but could reverse emodin-
induced decrease in PKCd by Western blot analysis in CH27
and H460. Taken together, these ®ndings are consistent with

other observations that the speci®city of the PKC-caspase
relationship on apoptotic cell death may depend on the
diverse stimuli and speci®c cell types (Jun et al., 1999;

Koriyama et al., 1999; Pae et al., 2000; Jao et al., 2001). In
this study, PKC lies downstream of caspase-3 in the emodin-
induced apoptosis. However, the PKC-caspase-3 relationship

can be proposed two di�erent assumptions in the aloe-

emodin-induced apoptosis. The ®rst assumption may be
involved the alteration of mitochondria function by PKCd.
Mitochondrial cytochrome c is released into the cytosol and

binds Apaf-1, which in turn associates and activates the
initiator caspase-9. This results in activation of caspase-9,
which then processes caspase-3. In the second assumption,
the activation of caspase-3 and PKC may proceed through

two distinct mechanisms in the aloe-emodin-induced apopto-
sis. The PKCd activity could be regulated by diacylglycerol,
tyrosine phosphorylation, or tyrosine kinase (Denning et al.,

1993; Li et al., 1994; Shanmugam et al., 1998; Song et al.,
1998). However, the activation of caspase-3 is associated with
two prototypical pathways for induction of apoptosis, such

as Fas and Bax pathway (Fraser & Evan, 1996; Sun et al.,
1999).

In summary, this study demonstrated aloe-emodin- and

emodin-induced apoptosis in CH27 and H460. During
apoptosis, an increase in cytochrome c of cytosolic fraction
and activation of caspase-3, identi®ed by the cleavage of its
proform, were observed. The expression of PKC isozymes

involved in aloe-emodin- and emodin-induced apoptosis of
CH27 and H460 cells. In this study, aloe-emodin and
emodin-induced the changes of each of PKC isozymes in

CH27 and H460 cells. Particularly, the types of change of
PKCd and e were decreased in the same manner in four
conditions (aloe-emodin-treated CH27, aloe-emodin-treated

H460, emodin-treated CH27 and emodin-treated H460).
Therefore, the decrease in the expression of PKCd and e
may play a critical role during apoptosis in CH27 and H460

cells. The present study also demonstrated that PKC
stimulation occurs at a site downstream of caspase-3 in the
emodin-mediated apoptotic pathway. However, the relation-
ship between PKC and caspase-3 in the aloe-emodin-induced

apoptosis would be investigated thoroughly in the future.
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