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Abstract 

In this study, we investigated the anti-cancer effect of protoapigenone on human 

prostate cancer cells. Protoapigenone inhibited cell growth through arresting cancer 

cells at S and G2/M phases as well as inducing apoptosis. Blockade of cell cycle by 

protoapigenone was associated with an increase in the levels of inactivated p-Cdc25C 

(Ser216), and a decrease in the levels of activated p-Cyclin B1 (Ser147), Cyclin B1 and 

Cdk2. Protoapigenone triggered apoptosis by increasing the levels of cleaved PARP 

and caspase-3. In addition, activation of p38 MAPK and JNK1/2 was a critical 

mediator in protoapigenone-induced cell death. Inhibition of the expression of p38 

MAPK and JNK1/2 by pharmacological inhibitors or specific siRNA reversed the 

protoapigenone-induced apoptosis through decreasing the level of cleaved caspase-3. 

On the other hand, p38 MAPK, but not JNK1/2, was involved in the 

protoapigenone-mediated S and G2/M arrest by modulating the levels of Cdk2 and 

p-Cdc25C (Ser216). Moreover, in vivo xenograft study showed that protoapigenone 

had a significant inhibition of prostate tumor growth without major side effects on the 

mice we tested. This inhibition was associated with induction of apoptosis and 

activation of p38 MAPK and JNK1/2 in protoapigenone-treated tumor tissues. In 

conclusion, our results demonstrated protoapigenone suppressed prostate cancer cell 

growth through the activation of p38 MAPK and JNK1/2, with the potential to be 
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developed as a chemotherapeutic agent for prostate cancer.  
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Introduction 

Prostate cancer (PCA) is the most common malignancy and the third leading cause 

of cancer-related deaths among men in the United States (Jemal et al., 2006). Surgery 

and radiotherapy are the major curative ways for low to moderately differentiated 

PCA (Kish et al., 2001). Once the cancer spreads beyond the pelvis, there is no 

effective cure for PCA (Jemal et al., 2006) and relies heavily on chemotherapy to 

control cancer growth. However, the clinically used chemotherapeutic agents remain 

highly toxic to normal tissues and prompt scientists continue to search for novel 

agents, which are more effective and less toxic in PCA treatment (Moss and Petrylak, 

2006).  

The use of plant-derived products has shown a great promise in cancer therapy by 

some pre-clinical and clinical observations (Cragg and Newman, 2005). Flavonoids 

are polyphenolic compounds that are ubiquitously present in plants and have been 

shown to possess several biological activities at nontoxic concentrations (Ren et al., 

2003). Flavonoids have the potential on cancer chemoprevention and chemotherapy 

for their variety of anticancer activities, including anti-proliferation, cell cycle arrest 

and induction of apoptosis (Li et al., 2007; Kandaswami et al., 2005). These 

biological activities are believed to occur through the regulation of signal transduction 

pathways such as nuclear factor-kB (NF-kB), activator protein-1 (AP-1) or 
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mitogen-activated protein kinases (MAPK) (Kong et al., 2001; Sarkar and Li, 2004;  

Fresco et al., 2006).  

MAPKs are proline-directed Ser/Thr protein kinases and regulate many cellular 

processes including cell proliferation, migration, differentiation, and death (Ray et al., 

2006; Pearson et al., 2001.). Three subfamilies of MAPKs, including c-Jun N-terminal 

protein kinase (JNK), extracellular signal regulating kinase (ERK) and p38 MAPK, 

have been identified and are activated by their upstream MAPK kinase (MKK) 

(Johnson and Lapadat, 2002; Widmann et al., 1999). MAPK pathway has been 

implicated in the response of tumor cells to chemotherapeutic drugs, such as taxol, 

etoposide and cisplatin (Bacus et al., 2001; Brantley-Finley et al., 2003; Brozovic et 

al., 2004), suggesting that the modulation of MAPK pathway may be a promising 

target for anticancer drug.  

Thelypteris torresiana (Gaud) is a kind of ferns grown in Taiwan and used as 

vegetable or folk medicine. Protoapigenone (Fig. 1A), a new flavonoid compound, is 

isolated from the whole plant of T. torresiana, and has anti-cancer activity against 

breast and hepatocellular cancer cells (Lin et al., 2005). In our pilot study, we 

observed a significant growth inhibition activity of protoapigenone on prostate cancer 

cells. Prostate cancer is a major malignancy in men of Western world and its 

incidence is growing rapidly in this country. Therefore in this study, we determined 
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the biological activity and the underlying mechanisms of protoapigenone on prostate  

cancer cells by using in vitro and in vivo experimental models. 
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Methods 

Chemicals and reagents 

Protoapigenone was isolated from the whole plant Thelypteris torresiana (Gaud) as 

described previously (Lin et al., 2005). The p38 MAPK inhibitor SB203580 and JNK 

inhibitor SP600125 were purchased from Sigma (St. Louis, MO). Rabbit polyclonal 

antibodies against cleaved poly(ADP)ribose polymerase (PARP), cleaved caspase-3, 

p-Cdc25C (Ser216), Cdc25C, p-Cyclin B1 (Ser147), Cyclin B1, Cdk2, p-p38 

(Thr180/Tyr182), p-MKK3/6 (Ser189/207), MKK3, MKK6, p-SEK1/MKK4 (Ser257/Thr216) 

and SEK1/MKK4 were purchased from Cell Signaling Technology (Beverly, MA). 

Mouse monoclonal antibodies against p-ERK (Thr202/Tyr204), p-SAPK/JNK 

(Thr183/Tyr185) and SAPK/JNK, and rabbit polyclonal antibodies against ERK and p38 

MAPK were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 

Mouse monoclonal antibody for β-actin was obtained from Abcam (Cambridge, MA). 

 

Cell line and cell culture 

Human prostate cancer cell line LNCap was obtained from the American Type 

Culture Collection (Manassas, VA) and cultured in RPMI 1640 (Gibco, Invitrogen 

Carlsbad, CA) supplemented with 10% (v/v) FBS and penicillin/streptomycin/ 

amphotericin B (Biological Industries, Haemek, Israel). LNCap cells were treated 
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with indicated concentrations of protoapigenone (2.5, 5 and 10 µM) for specified time 

period and then prepared for analysis. In some experiments, cells were preincubated 

with SB203580 and SP600125 for 1 h before protoapigenone treatment.  

 

XTT cell proliferation assay 

Cells were plated on 96-well culture dishes and grown for 24 h before treatment 

with 2.5, 5 and 10 µM of protoapigenone. After treatment for 12, 24 or 48 h, the 

cytotoxicity of protoapigenone was determined by using XTT cell proliferation assay 

(Sigma, St. Louis, MO). The concentration of 50% cellular cytotoxicity (IC50) of 

protoapigenone was calculated, as previously described (Chang et al, 2006).  

 

Cellular morphology analysis 

Cells were grown on the 6-cm culture dishes and treated with indicated 

concentrations of protoapigenone (2.5, 5 and 10 µM) for 12 or 24 h. A Nikon TC100 

microscope was used to study the morphological change of protoapigenone-treated 

cells (Minnesota, USA), as previously described (Yuan et al., 2006). 

 

Cell cycle analysis 

To determine the effect of protoapigenone on cell cycle distribution, cells were 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

11

plated on 6-cm culture dishes and treated with 2.5, 5 and 10 µM of protoapigenone for 

6 or 12 h. After treatment, cells were harvested by trypsin, fixed with 75% ethanol, 

washed twice with PBS, and resuspended in the propidium iodide (PI)/RNase A 

(Sigma, St. Louis, MO) solution for 30 minutes. The DNA content was detected by a 

FACScan flow cytometry (Becton Dickinson, San Jose, CA), and data analysis was 

done with CellQuest software (BD Biosciences).  

 

Annexin V apoptosis assay  

After treatment with 10 µM protoapigenone for 3 h, cells were washed twice 

with cold PBS and stained with binding buffer containing fluorescein-labeled annexin 

V (Annexin V-FITC, 1 µg/mL; Strong Biotech, Taipei, Taiwan) and DAPI (Sigma, St. 

Louis, MO) at 25 °C for 15 min. The stained cells were observed under fluorescent 

microscope (Zeiss Axiovert100M, Carl Zeiss, Germany). Annexin V-positivity in one 

thousand cancer cells were counted, and the apoptosis index at the early stage was 

calculated.  

 

TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay    

 Cells were treated with indicated concentrations of protoapigenone (2.5, 5 and 10 

µM) for 12 or 24 h, and then stained with TUNEL using the DeadEndTM Colorimetric 
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TUNEL system (Promega Corporation, Madison, WI). Briefly, cells were fixed in 4% 

paraformaldehyde for 30 min after protoapigenone treatment. The fixed cells were 

incubated with digoxigenin-conjugated dUTP and nucleotide mixture in a 

recombinant terminal deoxynucleotide transferase (rTdT)-catalyzed reaction in a 

humidified atmosphere for 60 min at 37℃ and then immersed in stop buffer for 15 

min at room temperature. Cells were washed with PBS and incubated in DAB 

solution for 15 min in dark. The stained cells were observed with Optical Microscope 

(Zeiss Axiovert100M, Carl Zeiss, Germany). The percentages of TUNEL-positive 

cells were counted in 1000 cells and the apoptosis index in the later period was 

calculated.  

 

Immunoblotting analysis 

The detailed procedures for immunoblotting analysis were followed accordingly 

(Chang et al., 2006). LNCap cells were treated, harvested, and lysed. Cell lysates were 

separated by SDS-PAGE and transferred to a nitrocellulose membrane. The 

membranes were incubated with specific primary antibodies and appropriate 

secondary antibodies, followed by visualization using the enhanced 

chemiluminescence kit (ECL; Amersham, NJ). 
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siRNA knockdown 

  Knockdown of p38 MAPK and JNK1/2 expression in LNCap cells was achieved by 

specific siRNAs (Santa Cruz Biotechnology). Transfection was performed using 

LipofectAMINE 2000 (Invitrogen) according to the manufacturer’s protocol. After 48 

h incubation, the cells were treated with or without protoapigenone and harvested for 

indicted analyses.  

 

In vivo tumor xenograft study 

Six-week-old male nude mice (Foxnlnu/Foxnlnu) were injected subcutaneously 

with 1 × 106 LNCap cells at one site of the right flank. When tumors reached an 

average diameter of 3 mm, the mice were randomly grouped and treated 

intraperitoneally with protoapigenone or vehicle (PBS) every other day. The high 

dose group and low dose group were given 3.7 µM/g of protoapigenone (a dose 

equivalent to the IC50 for LNCap cells) and 0.37 µM/g of protoapigenone (a dose 

equivalent to one-tenth of the IC50 for LNCap cells). Tumor size and body weight 

were measured twice a week and the tumor volumes were calculated according to a 

standard formula: width2 × length / 2. After treatment for five weeks, the mice were 

sacrificed by deep anesthesia and blood sampling by cardiac aspiration were done 

immediately after anesthesia. Complete blood counts were determined by Sysmex 
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XE-2100 (TOA Medical Electronics, Kobe, Japan), and the plasma blood urea 

nitrogen (BUN), Creatinine (Cr), aspartate aminotransferase (AST), and alanine 

aminotransferase (ALT) levels were determined by Beckman LX20 

(Beckman-Coulter, USA).  

 

Immunohistochemistry 

Immunohistochemical protocol was followed accordingly (Yeh et al., 2006). In 

brief, the tissues were fixed overnight in 4% paraformaldehyde, then dehydrated and 

coated with wax. Tissue sections were sliced to four-micrometer-thick, and then either 

dyed with hematoxylin–eosin or immunostained with the primary antibody (mouse 

monoclonal anti-p-p38, anti-p-JNK and anti-cleaved PARP), followed by Universal 

LAB + kit/HRP (DAKO), or counterstained with hematoxylin. The results were 

captured by the Nikon TS100 microscope, and then processed by Adobe Photoshop 

7.0. 
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Results 

Protoapigenone inhibited cell proliferation in LNCap cells 

We first investigated the anti-proliferative effect of protoapigenone on the human 

prostate cancer cell line, LNCap. As shown in Fig. 1B, protoapigenone inhibited cell 

growth of LNCap cells in a dose- and time-dependent manner. The maximal 

inhibitory effect was observed after protoapigenone treatment for 48 h and the IC50 

value was 3.7±0.2 µM. Morphological changes in LNCap cells were analyzed at 12 

and 24 h after treatment and protoapigenone-treated cells exhibited cellular shrinkage 

(Fig. 1C).  

 

Protoapigenone induced apoptotic death in LNCap cells 

We next evaluated the effect of protoapigenone on the induction of apoptosis by 

Annexin V-FITC (labeling phosphatidylserine) and TUNEL assay (detecting DNA 

fragmentation). After treatment with 10 µM protoapigenone for 3 h, the percentage of 

Annexin V-FITC positive cells was increased to 24.2±1.3 %, as compared with 

2.7±1.0 % in control (Fig. 2A). In addition, protoapigenone treatment increased the 

percentage of TUNEL-positive cells in a dose- and time-dependent manner (Fig. 2B). 

Moreover, immunoblotting results confirmed this apoptotic induction and the levels of 

cleaved caspase-3 and PARP were increased upon protoapigenone treatment (Fig. 
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2C).  

 

Protoapigenone induced cell cycle arrest at S and G2/M phases.  

To examine the underlying mechanism responsible for the growth inhibitory effect 

of protoapigenone, cell cycle distribution and related regulatory factors were assessed. 

As shown in Fig.3A, protoapigenone accumulated cells at S and G2/M phases and 

thus caused a significant inhibition of cell cycle progression in LNCap cells (Fig.3A). 

In addition, protoapigenone treatment for 6 and 12 h decreased the levels of Cdk2 

(Fig.3B). The levels of active p-Cyclin B1 (Ser147), but not Cyclin B1, were decreased 

after treatment for 6 h. While after 12 h treatment, the levels of both active p-Cyclin 

B1 (Ser147) and Cyclin B1 were decreased (Fig.3B). Furthermore, the levels of 

inactive p-Cdc25C (Ser216) were increased after treatment protoapigenone for 6 and 

12 h (Fig.3B).  

 

Protoapigenone induced the activation of p38 MAPK and JNK1/2  

The anti-cancer activity of several flavonoids, including (-)-epigallocatechin gallate 

(EGCG) and apigenin, are associated with the modulation of MAPK pathway (Kim et 

al., 2005; Van Dross et al, 2003). Thus, we determined the status of MAPK 

pathway-related proteins after protoapigenone treatment. Exposure of LNCap cells to 
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protoapigenone for 1h resulted in a dramatically increase in the phosphorylation of 

p38 MAPK and JNK1/2 (Fig.4A). The phosphorylation of MKK3/6 and MKK4, the 

upstream kinases of p38 MAPK and JNK1/2, were also increased (Fig.4B). On the 

other hand, expression of the total forms of MKK3/6, MKK4, p38 MAPK and 

JNK1/2 was not altered by protoapigenone treatment (Fig.4), neither was ERK 

phosphorylation (data not shown).  

To evaluate the role of p38 MAPK and JNK1/2 activation in 

protoapigenone-induced cell death, LNCap cells were pretreated for 1h with 

pharmacologic inhibitors of p38 MAPK (SB203580) and JNK1/2 (SP600125). The 

protoapigenone-induced phosphorylation (activation) of p38 MAPK and JNK1/2 was 

blocked in the presence of SB203580 and SP600125, respectively. (Fig.5A). 

Furthermore, inactivation of p38 MAPK and JNK1/2 reversed the 

protoapigenone-inhibited cell proliferation of LNCap cells (Fig. 5B). 

 

Differential roles of p38 MAPK and JNK1/2 in protoapigenone-mediated 

apoptosis and cell cycle arrest. 

We investigated whether the activation of p38 MAPK and JNK1/2 is involved in 

protoapigenone-induced apoptosis and cell cycle arrest. As shown in Fig. 6A (left 

panel), the protoapigenone-increased apoptotic cells was reversed by SB203580 and 
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SP600125, that blocked the activation of p38 MAPK and JNK1/2 respectively. In 

addition, the levels of cleaved caspase-3 were abrogated in the presence of SB203580 

and SP600125 (Fig. 6A, right panel). Interestingly, selective inhibition of p38 MAPK, 

but not JNK1/2, significantly attenuated protoapigenone-induced S and G2/M arrest 

(Fig. 6B, left panel). The protoapigenone-mediated increase of inactive p-Cdc25C 

(Ser216) and decrease of Cdk2 were blocked in the presence of SB203580 (Fig. 6B, 

right panel). Despite the ability to reverse protoapigenone-induced apoptosis, the 

inhibition of JNK1/2 had no significant effect on protoapigenone-induced cell cycle 

arrest (Fig. 6B).  

To further analyze the role of p38 MAPK and JNK1/2 on protoapigenone-induced 

cell death, the siRNAs specific for p38 MAPK and JNK1/2 were applied to 

knockdown the expression of p38 MAPK and JNK1/2, respectively (Fig. 7A). As 

compared with oligonucleotide-transfected control cells, transfection of cells with p38 

MAPK or JNK1/2 siRNAs reduced protoapigenone-induced apoptosis and the 

expression of cleaved caspase-3 (Fig. 7B and 7D). Selective inhibition of p38 MAPK, 

but not JNK1/2, released protoapigenone-induced S and G2/M phase arrest by 

modulating the levels of Cdk2 and inactive p-Cdc25C (Ser216) (Fig. 7C and 7D). All 

these results were in consistency with the observation from inhibitors of p38 MAPK 

and JNK1/2 (Fig. 6).  
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Protoapigenone suppressed the growth of human prostate cancer xenografts via 

activating p38 MAPK and JNK1/2 and inducing apoptosis  

To determine whether protoapigenone suppressed prostate cancer cell growth in 

vivo, LNCap cells were injected into right flank of nude mice and the inhibition of 

tumor growth by protoapigenone was analyzed. After protoapigenone treatment for 

five weeks, the average tumor size in high-dose (1153.0 ± 218.7 mm3) and low-dose 

(1876.9 ± 428.6 mm3) was significantly smaller than that in the control group (3409.8 

± 704.8 mm3) (Fig. 8A). No significant impairment of hematopoiesis, liver function or 

renal function were observed after intraperitoneal injection of protoapigenone and the 

body weight had no significant difference between control and protoapigenone-treated 

group (Table 1). In addition, the levels of cleaved PARP as well as the 

phosphorylation of p38 MAPK and JNK1/2 were increased in protoapigenone-treated 

tumor tissues as compared with control (Fig. 8B). The unphosphorylated form of p38 

MAPK and JNK1/2 were not altered by protoapigenone treatment (data not show). 

Immunohistochemistry results confirmed the levels of cleaved PARP correlated to the 

phosphorylation of p38 MAPK and JNK1/2 in protoapigenone-treated tumors (Fig. 

8C).  
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Discussion 

Flavonoid compounds are described to play an important role as chemotherapeutic 

agents (Li et al., 2007). In the present study, we demonstrated that a novel flavonoid 

compound, protoapigenone, effectively inhibited the prostate cancer cell growth in 

vitro and in vivo through activation of p38 MAPK and JNK1/2 pathways.  

The stress-activated protein kinases JNK1/2 and p38 MAPK are induced in many 

cell lines when treated with toxic agents and their activation are involved in the 

apoptosis (Xia et al., 1995; Boldt et al., 2002). It has been reported that activation of 

p38 MAPK and JNK1/2 is associated with the morphologic change, DNA 

fragmentation and caspases activation in response to apoptotic agents (MacFarlane et 

al., 2000; Deschesnes et al., 2001). Anti-cancer activity of certain flavonoids, such as 

naringenin and luteolin, induces apoptosis of cancer cells by activating p38 MAPK 

and/or JNK1/2 (Gopalakrishnan et al., 2006; Lee et al., 2005). Following the 

treatment of LNCap cells with protoapigenone, we observed that protoapigenone 

caused the activation of p38 MAPK and JNK1/2 pathways, the increased levels of 

cleaved PARP and caspase-3, and eventually the apoptosis of prostate cancer cells 

(Fig.1, 2, and 4). Caspase-3 is one of the effector caspases and a key protease 

responsible for PARP cleavage in apoptosis (Duriez and Shah., 1997). The apoptotic 

events induced by anti-cancer agent, such as berberine, is proved to correlate with the 
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activation of p38 MAPK, JNK1/2 and caspase-3 (Hsu et al., 2007). Blockade of p38 

MAPK and JNK1/2 with their pharmacological inhibitors or specific siRNAs are 

associated with a decrease in apoptosis (Lin et al, 2007; Kuo et al., 2007). In the 

present study, we showed that inactivation of p38 MAPK and JNK1/2 by 

pharmacological inhibitors or siRNAs for p38 MAPK and JNK1/2 reversed 

protoapigenone-induced apoptosis and decreased the levels of 

protoapigenone-induced cleaved caspase-3 (Fig. 5, 6 and 7). These results implied 

that p38 MAPK and JNK1/2 played a critical role in protoapigenone-induced 

apoptosis. Moreover, we observed an increase in the levels of cleaved PARP as well 

as the activation of p38 MAPK and JNK1/2 in protoapigenone-treated tumors (Fig. 8), 

suggesting that protoapigenone-induced suppression of prostate tumor growth was 

associated with activation of p38 MAPK and JNK1/2, and induction of apoptosis.  

The p38 MAPK and JNK1/2 pathways are also involved in the cell cycle arrest 

induced by various anticancer agents, such as flavonoids (Ujiki et al., 2006). 

Activated p38 MAPK and JNK1/2 regulate the expression of Chk1/2, Cdk2, Cdc25C, 

Cyclin B1 and Cdc2 proteins, and thereby cause G1/S or G2/M arrest (Deguchi et al., 

2002; Frey and Singletary, 2003; Zhang et al., 2002;). In this study, we found that 

protoapigenone-induced accumulation of prostate cancer cells at S and G2/M phases 

was associated with an increase in the levels of inactive p-Cdc25C (ser216) and a 
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decrease in the levels of p-Cyclin B1 (Ser147) and Cdk2 (Fig. 3). Intriguingly, 

inactivation of p38 MAPK, but not JNK1/2, by inhibitor or siRNA approaches 

abolished protoapigenone-induced S and G2/M phases arrest in LNCap cells (Fig. 6 

and Fig. 7). Further studies are required to understand the detailed mechanism how 

p38 MAPK regulates protoapigenone-induced cell cycle arrest.   

 In conclusion, our study demonstrated that protoapigenone significantly inhibited 

the growth of LNCap human prostate cancer cells both in vitro and in vivo, and 

provided the underling mechanism for the anti-prostate cancer activity of 

protoapigenone. Protoapigenone suppressed the growth of prostate cancer cells 

without significant hepatotoxicity, nephrotoxicity and hematological toxicity renders 

it a promising chemotherapeutic agent for prostate cancer in the future.  

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

23

Acknowledgments 

We thank Dr Shao-Hung Wang (E-Da Hospital, I-Shou University, Taiwan) for 

critical comments on the manuscript.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

24

References 

Bacus SS, Gudkov AV, Lowe M, Lyass L, Yung Y, Komarov AP, Keyomarsi K, 

Yarden Y and Seger R (2001) Taxol-induced apoptosis depends on MAP kinase 

pathways (ERK and p38) and is independent of p53. Oncogene 20:147-155. 

 

Boldt S, Weidle UH and Kolch W (2002) The role of MAPK pathways in the action of 

chemotherapeutic drugs. Carcinogenesis 23:1831-1838. 

 

Brantley-Finley C, Lyle CS, Du L, Goodwin ME, Hall T, Szwedo D, Kaushal GP and 

Chambers TC (2003) The JNK, ERK and p53 pathways play distinct roles in 

apoptosis mediated by the antitumor agents vinblastine, doxorubicin, and etoposide. 

Biochem Pharmaco 66:459-469. 

 

Brozovic A, Fritz G, Christmann M, Zisowsky J, Jaehde U, Osmak M and Kaina B 

(2004) Long-term activation of SAPK/JNK, p38 kinase and fas-L expression by 

cisplatin is attenuated in human carcinoma cells that acquired drug resistance. Int J 

Cancer 112:974-985. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

25

Chang HL, Hsu HK, Su JH, Wang PH, Chung YF, Chia YC, Tsai LY, Wu YC and 

Yuan SS (2006) The fractionated Toona sinensis leaf extract induces apoptosis of 

human ovarian cancer cells and inhibits tumor growth in a murine xenograft model. 

Gynecol Oncol 102:309-314. 

 

Cragg GM and Newman DJ (2005) Plants as a source of anti-cancer agents. J 

Ethnopharmacol 100:72-79. 

 

Deguchi H, Fujii T, Nakagawa S, Koga T and Shirouzu K (2002) Analysis of cell 

growth inhibitory effects of catechin through MAPK in human breast cancer cell line 

T47D. Int J Oncol 21:1301-1305. 

 

Deschesnes RG, Huot J, Valerie K and Landry J (2001) Involvement of p38 in 

apoptosis-associated membrane blebbing and nuclear condensation. Mol Biol Cell 

12:1569-1582 

 

Duriez, PJ and Shah, GM (1997) Cleavage of poly(ADP-ribose) polymerase: a 

sensitive parameter to study cell death. Biochem Cell Biol 75: 337–349. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

26

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL and Henson PM (1992) 

Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers 

specific recognition and removal by macrophages. J Immunol 148:2207-2216 

 

Fresco P, Borges F, Diniz C and Marques MP (2006) New insights on the anticancer 

properties of dietary polyphenols. Med Res Rev 26:747-766. 

 

Frey RS and Singletary KW (2003) Genistein activates p38 mitogen-activated protein 

kinase, inactivates ERK1/ERK2 and decreases Cdc25C expression in immortalized 

human mammary epithelial cells. J Nutr 133:226-231. 

 

Gopalakrishnan A, Xu CJ, Nair SS, Chen C, Hebbar V and Kong AN (2006) 

Modulation of activator protein-1 (AP-1) and MAPK pathway by flavonoids in human 

prostate cancer PC3 cells. Arch Pharm Res 29:633-644. 

 

Hsu WH, Hsieh YS, Kuo HC, Teng CY, Huang HI, Wang CJ, Yang SF, Liou YS and 

Kuo WH (2007) Berberine induces apoptosis in SW620 human colonic carcinoma 

cells through generation of reactive oxygen species and activation of JNK/p38 MAPK 

and FasL. Arch Toxicol 81:719-728.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

27

Jemal A, Siegel R, Ward E, Murray T, Xu J, Smigal C and Thun MJ (2006) Cancer 

statistics, 2006. CA Cancer J Clin 56:106-130 

 

Johnson GL and Lapadat R (2002) Mitogen-activated protein kinase pathways 

mediated by ERK, JNK, and p38 protein kinases. Science 298:1911-1912. 

 

Kandaswami C, Lee LT, Lee PP, Hwang JJ, Ke FC, Huang YT and Lee MT (2005) 

The antitumor activities of flavonoids. In Vivo 19:895-909. 

 

Kim M, Murakami A, Kawabata K and Ohigashi H (2005) (-)-Epigallocatechin-3- 

gallate promotes pro-matrix metalloproteinase-7 production via activation of the 

JNK1/2 pathway in HT-29 human colorectal cancer cells. Carcinogenesis 

26:1553-1562. 

 

Kish JA, Bukkapatnam R and Palazzo F (2001) The treatment challenge of 

hormone-refractory prostate cancer. Cancer Control 8:487-495.  

 

Kong AN, Yu R, Hebbar V, Chen C, Owuor E, Hu R, Ee R and Mandlekar S (2001) 

Signal transduction events elicited by cancer prevention compounds. Mutat Res 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

28

480:231-241. 

 

Kuo PL, Chen CY and Hsu YL (2007) Isoobtusilactone A induces cell cycle arrest and 

apoptosis through reactive oxygen species/apoptosis signal-regulating kinase 1 

signaling pathway in human breast cancer cells. Cancer Res 67:7406-7420.  

 

Lee HJ, Wang CJ, Kuo HC, Chou FP, Jean LF and Tseng TH (2005) Induction 

apoptosis of luteolin in human hepatoma HepG2 cells involving mitochondria 

translocation of Bax/Bak and activation of JNK. Toxicol Appl Pharmacol 

203:124-131 

 

Li Y, Fang H and Xu W (2007) Recent advance in the research of flavonoids as 

anticancer agents. Mini Rev Med Chem 7:663-678. 

 

Lin AS, Chang FR, Wu CC, Liaw CC and Wu YC (2005) New cytotoxic flavonoids 

from Thelypteris torresiana. Planta Med 71:867-870. 

 

Lin HH, Chen JH, Huang CC and Wang CJ (2007) Apoptotic effect of 

3,4-dihydroxybenzoic acid on human gastric carcinoma cells involving JNK/p38 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

29

MAPK signaling activation. Int J Cancer 120:2306-2316.  

 

MacFarlane M, Cohen GM and Dickens M (2000) JNK (c-Jun N-terminal kinase) and 

p38 activation in receptor-mediated and chemically-induced apoptosis of T-cells: 

differential requirements for caspase activation. Biochem J 1:93-101. 

 

Moss RA and Petrylak DP (2006) Cytotoxic chemotherapy for prostate cancer: Who 

and when? Curr Treat Options Oncol 7:370-377.  

 

Nicholson DW and Thornberry NA (1997) Caspases: killer proteases. Trends Biochem 

Sci 22:299-306.  

 

Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K and Cobb 

MH (2001) Mitogen-activated protein (MAP) kinase pathways: regulation and 

physiological functions. Endocr Rev 22:153-183. 

 

Ray, G. Dhar, P.J. Van Veldhuizen, S. Banerjee, N.K. Saxena, K. Sengupta and S.K. 

Banerjee (2006) Modulation of cell-cycle regulatory signaling network by 

2-methoxyestradiol in prostate cancer cells is mediated through multiple signal 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

30

transduction pathways. Biochemistry 45:3703–3713. 

 

Ren W, Qiao Z, Wang H, Zhu L and Zhang L (2003) Flavonoids: promising anticancer 

agents. Med Res Rev 23:519-534.  

 

Sarkar FH and Li Y (2004) Cell signaling pathways altered by natural 

chemopreventive agents. Mutat Res 555:53-64. 

 

Sen S (1992) Programmed cell death: concept, mechanism and control. Biol Rev 

Camb Philos Soc 67:287-319. 

 

Ujiki MB, Ding XZ, Salabat MR, Bentrem DJ, Golkar L, Milam B, Talamonti MS, 

Bell RH Jr, Iwamura T and Adrian TE (2006) Apigenin inhibits pancreatic cancer cell 

proliferation through G2/M cell cycle arrest. Mol Cancer 5:76-83. 

 

Van Dross R, Xue Y, Knudson A and Pelling JC (2003) The chemopreventive 

bioflavonoid apigenin modulates signal transduction pathways in keratinocyte and 

colon carcinoma cell lines. J Nutr 133:3800S-3804S. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

31

Widmann C, Gibson S, Jarpe MB and Johnson GL (1999) Mitogen-activated protein 

kinase: conservation of a three-kinase module from yeast to human. Physiol Rev 

79:143-180. 

 

Xia Z, Dickens M, Raingeaud J, Davis RJ and Greenberg ME (1995) Opposing effects 

of ERK and JNK-p38 MAP kinases on apoptosis. Science 270:1326-1331. 

 

Yeh YT, Ou-Yang F, Chen IF, Yang SF, Wang YY, Chuang HY, Su JH, Hou MF and 

Yuan SS (2006) STAT3 ser727 phosphorylation and its association with negative 

estrogen receptor status in breast infiltrating ductal carcinoma. Int J Cancer 

118:2943-1947. 

 

Yuan SS, Chang HL, Chen HW, Kuo FC, Liaw CC, Su JH and Wu YC (2006) 

Selective cytotoxicity of squamocin on T24 bladder cancer cells at the S-phase via a 

Bax-, Bad-, and caspase-3-related pathways. Life Sci 78:869-874.  

 

Zhang Z, He H, Chen F, Huang C and Shi X (2002) MAPKs mediate S phase arrest 

induced by vanadate through a p53-dependent pathway in mouse epidermal C141 

cells. Chem Res Toxicol 15:950-956. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

32

Footnotes 

This work was supported by grants from National Science Council, Taiwan, ROC 

to JHS (NSC96-2628-B-037-002-MY3) and YCW (NSC96-2323-B-037-002), and 

from National Health Research Institutes, Taiwan, ROC to SSFY 

(NHRI-EX96-9306B1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 12, 2008 as DOI: 10.1124/jpet.107.135442

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #135442 

 
 

33

Legends for Figures 

Figure 1. Effect of protoapigenone on inhibiting the growth of LNCap cells. A, 

chemical structure of protoapigenone (Lin et al., 2005). B, cells were treated with 2.5, 

5 and 10 µM of protoapigenone for 12, 24 or 48 h. The cell proliferation rate were 

determined by XTT assay and presented as mean ± SD. * P < 0.01; ** P < 0.001. C, 

the morphologic changes of cells was photographed under an inverted microscope 

after treatment with indicated concentrations of protoapigenone (2.5, 5 and 10 µM) 

for 12 or 24 h. 

 

Figure 2.  Induction of apoptosis by protoapigenone in LNCap cells. A, cells were 

treated with 10 µM protoapigenone for 3 h and then stained with annexin V-FITC (e 

and f) and DAPI (c and d). B and C, LNCap cells were treated with 2.5, 5 and 10 µM 

of protoapigenone for 12 or 24 h, and then analyzed by TUNEL assay (B) and 

immunoblotting (C). The ratio of annexin V-FITC (A) and TUNEL staining cells (B) 

were calculated and presented as mean ± SD. * P < 0.01; ** P < 0.001. 

 

Figure 3.  Effect of protoapigenone on cell cycle distribution of LNCap cells. Cells 

were treated with 2.5, 5 and 10 µM of protoapigenone for 6 or 12 h and then prepared 

for FACS analysis (A) and immunoblotting (B). The flow data were presented as 
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mean ± SD. * P < 0.01; ** P < 0.001. 

 

Figure 4. Protoapigenone enhanced the activation of p38 MAPK and JNK1/2 in 

LNCap cells. The dose- and time-dependent effects of protoapigenone on the 

phosphorylation (activation) of p38 MAPK and JNK1/2 (A) as well as their upstream 

kinases MKK3/6 and MKK4 (B) were analyzed by immunoblotting.  

 

Figure 5. SB203580 and SP600125 reversed the protoapigenone-induced activation of 

p38 MAPK and JNK1/2 and growth inhibition in LNCap cells. Cells were 

preincubated with SB203580 or SP600125 for 1 h and then treated with 10 µM 

protoapigenone for indicated time. A, after 1 h treatment, cell lysates were prepared 

and analyzed by immunoblotting. B, after 12 h treatment, the surviving cells were 

determined by XTT assay. The data were presented as mean ± SD. * p < 0.01; ** P < 

0.001. 

 

Figure 6. Effect of p38 MAPK inhibitor SB203580 and JNK1/2 inhibitor SP600125 

on protoapigenone-induced apoptosis and cell cycle arrest. LNCap cells were 

preincubated with SB203580 or SP600125 for 1 h and then treated with 10 µM 

protoapigenone for 12 h. After treatment, cells were analyzed by TUNEL assay (A, 
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left panel), flow analysis (B, left panel) and immunoblotting (A and B, right panel). 

 

Figure 7. Effect of specific siRNAs for p38 MAPK and JNK1/2 on 

protoapigenone-induced apoptosis and cell cycle arrest. LNCap cells were transfected 

with control siRNA or siRNAs for p38 MAPK or JNK1/2 for 48 h, and analyzed by 

immunoblotting (A). After transfection, the cells were treated with protoapigenone for 

12 h and then analyzed by TUNEL assay (B), flow analysis (C) and immunoblotting 

(D). The data were presented as mean ± SD. * p < 0.01; ** P < 0.001. 

 

Figure 8. Protoapigenone suppressed the xenograft tumor growth by increasing p38 

MAPK and JNK1/2 activation. Male nude mice bearing LNCap prostate tumors were 

treated with the control solvent or protoapigenone at low-dose and high-dose for 5 

weeks. A, the tumor volumes were measured weekly for each group and the data were 

presented as mean ± SD. B and C, tumor samples were analyzed by immunoblotting 

(B) and immunohistochemistry analysis (C). (C1~C3: control group; L1~L3: 

low-dose group; H1~H3: high-dose group).  
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Table 1. (A) Body weight (BW) profile, (B) complete blood count and biochemical 

profile for the nude mice after treatment with protoapigenone for 5 weeks. Complete 

blood count was determined by Sysmex X1-2100, and the plasma BUN, Cr, GOT, and 

GPT levels were determined by Beckman LX20. The data were presented as mean ± 

SD. 
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