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Background: Germacrone, a natural product isolated from the traditional Chinese medicine

Rhizoma Curcuma, has been reported to exhibit antitumor activities in vitro. To further

understand the antitumor mechanism of germacrone, we investigated the growth inhibitory

effect of germacrone on the human prostate cancer cell lines PC-3 (androgen independent)

and 22RV1 (androgen dependent).

Materials and Methods: Prostate cancer cells were cultured with different concentrations

of germacrone, and cell viability was measured by MTT assay. The levels of proteins were

measured by Western blotting. Cell apoptosis was assessed by flow cytometry. Images of

autophagy-related protein staining were captured by fluorescence microscopy. Autophagic

flux was assessed by detecting the LC3B-II level.

Results: Our results indicated that germacrone treatment significantly inhibited cell proliferation

by inducing apoptosis in a dose-dependent manner, with IC50 values of 259 μM for PC-3 cells and

396.9 μM for 22RV1 cells. Germacrone-treated cells also exhibited induction of autophagy, as

evidenced by elevated LC3B-II protein expression levels and punctuate patterns. Additionally, an

autophagy inhibitor enhanced the growth inhibitory effect of germacrone.Moreover, the phosphor-

ylation of Akt and mTOR was inhibited in germacrone-treated prostate cancer cells.

Conclusion: Germacrone induced apoptosis and autophagy in prostate cancer cells by

inhibiting the Akt/mTOR signaling pathway. Germacrone treatment also led to the activation

of protective autophagy. These findings suggest that germacrone may potentially contribute

to the development of a new therapeutic agent for prostate cancer treatment.
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Introduction
Prostate cancer (PCa) has been reported as the most common cancer in men over 50

years old, and it is the second most frequent cause of cancer-related death in males

worldwide.1,2 PCa is initially dependent on androgen and is sensitive to androgen

deprivation therapy.3 However, tumors become insensitive to androgen deprivation

within two years. As a result, PCa can slowly progress to the high-risk aggressive

phase.4 Both surgical therapies and chemotherapy treatments may cause serious

side effects.5,6 Therefore, the identification and development of novel remedies

against prostate cancer are urgently needed. Recent studies have shown that tradi-

tional Chinese medicine is efficient in regulating tumor growth with low toxicity.7,8

Thus, finding new anti-prostate cancer agents derived from traditional Chinese

medicine has aroused our interest.

Rhizoma Curcuma (Ezhu in Chinese) is usually used in traditional Chinese med-

icine for cancer treatment.9 The underlyingmechanisms of Rhizoma Curcuma action in
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cancer treatment remain elusive and controversial.

Germacrone (Figure 1) is a major bioactive constituent

extracted from Rhizoma Curcuma.10 Recent studies have

determined that germacrone exerts significant anticancer

activity. Treatment of human hepatoma cells and breast can-

cer cells with germacrone results in cell cycle arrest and

apoptosis.11,12 Additionally, germacrone inhibits ERα-

mediated gene expression at the transcriptional level in breast

cancer cells.13 Moreover, germacrone reverses adriamycin

resistance in human chronic myelogenous leukemia cells.14

However, the effect of germacrone on prostate cancer cells

has never been investigated.

Autophagy involves providing energy by degrading long-

lived proteins and damaged organelles.15 Autophagic cells

are characterized by the formation of notable double-

membraned vesicles, known as autophagosomes.16 Since

autophagy is an important intracellular mechanism in main-

taining homeostasis maintenance and growth regulation, this

process participates in many physiological processes and

human diseases.17 The protective role of autophagy helps

cancer cells obtain energy sources for rapid proliferation and

to develop resistance against chemotherapy.18,19 Many

bioactive compounds from plants have been shown to trigger

autophagy in cancer cells. However, there are no reports on

the effect of germacrone on autophagy in cancer cells.

The present study aimed to investigate the inhibitory

effects and molecular mechanisms of germacrone in pros-

tate cancer cells.

Materials and Methods
Materials
Germacrone (purity >98%) was bought from Shanghai

YuanYe Biotechnology Co. 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyl-tetrazolium bromide (MTT) was bought from

Bio Basic. Antibody against GAPDH was bought from

Merck Millipore (Darmstadt, Germany). Antibodies against

LC3B, mTOR, p-mTOR, Akt, and p-Akt were bought from

Cell Signaling Technology (Danvers, MA). HRP-conjugated

anti-rabbit antibody was bought from Promega (Madison,

USA).An enhanced chemiluminescence (ECL) kitwas bought

from Biological Industries (Kibbutz Beit Haemek, Israel).

Chloroquine and 3-methyladenine were purchased from

Sigma Aldrich (St. Louis, MO). Goat anti-rabbit IgG H&L

was bought from Abcam (Cambridge, United Kingdom).

Cell Culture
Human prostate cancer cells (PC-3 and 22RV1 cells) were

obtained from Shanghai Institutes for Biological Sciences,

Chinese Academy of Sciences (Shanghai, China). The cells

were cultured in the RPMI-1640 culture medium, 10% fetal

bovine serum containing 100 U/mL penicillin and 10 U/mL

streptomycin at 37°C in an atmosphere of 5% CO2.

MTT Assay
The inhibitory effects of germacrone on the viability of

human prostate cancer cells were evaluated by MTT assay.

The cells (3x103) were seeded into 96-well plates and left to

adhere overnight. They were then treated with different

concentrations (30–480 μM) of germacrone for 48 h at

37°C. Then, 20 μL of MTT solution (5 mg/mL) was added

and incubated at 37°C for 4 h. After the MTT medium was

aspirated, 150 μL of DMSO was added to dissolve the

insoluble formation product. The absorbance was deter-

mined at 490 nm using a spectrometer (Elx800, BioTek,

Winooski, VT, USA).

Detection of Apoptosis
Cell apoptosis was assessed using an annexin V-FITC/PI

apoptosis kit (Vazyme Biotech Co.). A total of 10,000

cells/well were seeded in 6-well plates and treated with

germacrone for 48 h. Then, the cells were harvested and

washed twice in cold PBS and resuspended in 100 μL
binding buffer. The cell suspension was mixed with 5 μL
annexin V-FITC and 5 μL PI staining solution for 10 min

in the dark at room temperature. The cells were resus-

pended in 400 μL binding buffer and were analyzed by

flow cytometry (Becton Dickinson FACSCanto II, USA)

within 1 h.

Immunofluorescence Analysis
A total of 10,000 cells were seeded on glass bottom dishes and

treated with germacrone for 48 h. Then, the cells were fixed

with 4% paraformaldehyde and permeabilized with 0.1%

Triton X-100. Cells were incubated with a rabbit anti-LC3B

antibody at 4°C overnight. Fluorescent secondary antibody

was incubated for 1 h in the dark at room temperature. TheFigure 1 Chemical structure of germacrone.
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nuclei were stained with DAPI. Fluorescence images were

captured by using a fluorescence microscope (Olympus TH4-

200, Tokyo, Japan).

Western Blotting
Prostate cancer cells were treated with germacrone, 50 μM
chloroquine (CQ) or 5 mM 3-methyladeseven (3-MA) was

added to the culture medium for the last 6 h. After the cells

were collected, the total proteins were extracted with RIPA

buffer containing protease and phosphatase inhibitors on

ice. The proteins were separated by SDS-PAGE and trans-

ferred to PVDF membranes. Then, the membrane was

blocked with 5% BSA for 1 h. Subsequently, the PVDF

membrane was incubated with primary antibodies over-

night at 4°C and then incubated with an HRP-conjugated

secondary antibody for 1 h. Protein bands were visualized

using an enhanced chemiluminescence (ECL) kit. Images

of the protein bands were captured by chemiluminescent

detection (LASmini 4000, GE Healthcare).

Statistical Analysis
One-way ANOVA was used between multiple groups. All

data are expressed as the mean ± SD. *P < 0.05 and **P <

0.01 were considered statistically significant.

Results
Germacrone Decreased the Viability and

Induced the Apoptosis of Prostate

Cancer Cells
Germacrone concentrations from 40 to 400 μM exerted

significant anticancer activities in different cancer cell

lines in previous studies.11–14 Prostate cancer cells were

incubated with or without germacrone at doses of 30, 60,

120, 240 and 480 μM for 48 h and were harvested for

MTT assay to measure viability. As shown in Figure 2,

germacrone significantly inhibited the growth of prostate

cancer cells in a dose-dependent manner, with IC50 values

of 259 μM for PC-3 cells and 396.9 μM for 22RV1 cells.

To determine whether germacrone-induced cell death

was related to apoptosis, annexin-V and PI double staining

was performed to analyze the percentage of apoptotic cells

by flow cytometry. The results revealed that after treatment

with 240 μMgermacrone for 48 h, the proportion of early and

late apoptotic cells increased from 7.24% to 47.3% in PC-3

cells and from 5.27% to 47.48% in 22RV1 cells (Figure 3).

Germacrone Induced Autophagy in

Prostate Cancer Cells
Apoptosis and autophagy are highly interactive. We next

examined the effect of germacrone on autophagy. It is well

known that LC3-II is regarded as an important marker of

autophagy.20 Prostate cancer cells were treated with 120, 240

and 480 μM germacrone for 48 h. As shown in Figure 4A,

a marked upregulation of LC3B-II expression was observed

in a dose-dependent manner compared with the untreated

cells. The diffusely expressed LC3 protein becomes concen-

trated and presents as puncta in the cytoplasm during the

process of autophagy.21 In the present study, a significant

increase in LC3B-II puncta formation was found in prostate

cancer cells as soon as 48 h after treatment with 240 μM

germacrone (Figure 4B).

The accumulation of LC3-II protein is associated either

with the increasing generation of autophagosomes or with the

blockage of autophagosome and lysosome fusion processes.21

To determine whether germacrone induced autophagic flux,

two autophagy inhibitors, 3-MA and CQ, which inhibit early-

stage and late-stage autophagy, respectively, were used. As

shown in Figure 5, the combination treatment with

Figure 2 Effect of germacrone on the viability of human prostate cancer cells. PC-3 and 22RV1 cells were incubated with various concentrations (30–480 μM) of

germacrone for 48 h, after which the MTT assay was used to measure the cell proliferation rate. *P < 0.05, **P < 0.01.
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germacrone and 3-MA exhibited less LC3B-II expression

than that of germacrone treatment alone, and the combination

treatment with germacrone and CQ resulted in higher LC3B-II

expression than that with germacrone or CQ treatment alone,

indicating that germacrone induced autophagy in PC-3 and

22RV1 cells.

The Akt/mTOR Pathway Was Involved in

Germacrone-Induced Apoptosis and

Autophagy in Prostate Cancer Cells
Akt/mTOR is one of the most important signaling pathways

in regulating survival and metabolism and has been proven

to play a critical role in the regulation of apoptosis and

autophagy.22 Therefore, we speculated that germacrone

might induce apoptosis and autophagy in prostate cancer

cells via the Akt/mTOR signaling pathway. To verify this

hypothesis, we used Western blot analysis to determine

whether Akt/mTOR was inhibited in germacrone-treated

prostate cancer cells. Prostate cancer cells were treated

with 120, 240 and 480 μM germacrone for 48 h, and the

levels of p-Akt and p-mTOR decreased in a dose-dependent

manner (Figure 6). The results supported that germacrone

induced both apoptosis and autophagy by inhibiting the

Akt/mTOR pathway in prostate cancer cells.

Inhibiting Autophagy Promoted

Germacrone-Induced Apoptosis
The relationships between autophagy and apoptosis are com-

plicated. To clarify the role of germacrone-induced autophagy

in the antitumor process, the autophagy inhibitor CQwas used

in the following experiments. We found that the addition of

CQ enhanced germacrone inhibition of cell proliferation

(Figure 7). Furthermore, annexinV/PI double staining showed

that CQ promoted germacrone-induced apoptosis in prostate

cancer cells (Figure 3). Compared with germacrone treatment

alone, germacrone and CQ cotreatment increased the propor-

tion of early and late apoptotic cells from 47.3% to 70.3% in

PC-3 cells and from 47.48% to 77.6% in 22RV1 cells. Taken

together, the results indicate that autophagy can protect pros-

tate cancer cells from apoptosis in this case.

Figure 3 The apoptosis effect induced by germacrone alone or by germacrone cotreatment with an autophagy inhibitor. PC-3 and 22RV1 cells were treated with 240 μM
germacrone for 48 h, and 50 μM CQ was added to the culture medium for the last 6 h. Cell apoptosis was assessed by flow cytometry with annexin V/PI staining. **P < 0.01.
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Discussion
Natural herbal products are significant sources for the devel-

opment of novel chemotherapeutics and have been used

traditionally in various countries. Numerous studies indicate

that these herbs have the ability to suppress tumor progres-

sion by regulating the proliferation, invasion or apoptosis of

cancer cells.23 Germacrone, found in Rhizoma Curcuma

essential oils, has been previously demonstrated to be

a promising therapeutic agent against several types of cancer

cells.11–14 However, the anticancer activities of germacrone

against prostate cancer cells are not explicit.

In this study, we demonstrated that germacrone markedly

inhibited the proliferation of prostate cancer cells. Apoptosis,

also called programmed cell death, plays a vital role in

suppressing the growth of cancer cells. Amplified apoptosis

leads to damage or death of cells and tissues. Therefore, the

induction of apoptosis has been recognized as an efficient

strategy for cancer treatment.24 Our data indicated that the

percentages of early and late apoptotic cells were markedly

increased following treatment with germacrone. In accor-

dance with our findings, other researchers have reported

that germacrone inhibits the growth of cancer cells through

the induction of apoptosis.11,12

Autophagy is an essential intracellular degradation

mechanism to promote survival under stress conditions

of starvation or growth factor withdrawal. Autophagy gen-

erates autophagosomes in the cytosol and can be estimated

Figure 4 The effect of germacrone on the levels of LC3B in human prostate cancer

cells. (A) PC-3 and 22RV1 cells were treated with 120, 240 and 480 μM germacrone

for 48 h. The proteins of LC3B were detected by Western blotting. (B) PC-3 and

22RV1 cells were treated with 240 μM germacrone for 48 h. After staining

endogenous LC3 protein and nuclei with anti-LC3 antibody (FITC, green) and

DAPI (blue), respectively, images of LC3 distribution were captured under

a fluorescence microscope. *P < 0.05, **P < 0.01.

Figure 5 The effect of autophagy inhibitors on LC3B expression in germacrone-

treated human prostate cancer cells. PC-3 and 22RV1 cells were treated with 240

μM germacrone for 48 h, and 50 μM CQ or 5 mM 3-MA was added to the culture

medium for the last 6 h. The proteins of LC3B were detected by Western blotting.

*P < 0.05, **P < 0.01.
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by detecting the expression of LC3-II.20 Our results

showed that germacrone markedly elevated LC3B-II levels

in a dose-dependent manner. Based on these results, the

autophagy inhibitors 3-MA and CQ were used to check

whether germacrone induced autophagy. As a result, ger-

macrone-induced LC3B-II expression in prostate cancer

cells was decreased by the addition of the early-stage

autophagy inhibitor 3-MA and increased by the addition

of the late-stage autophagy inhibitor CQ. These results

demonstrated that germacrone induced autophagy in pros-

tate cancer cells. Autophagosomes observed by electron

microscopy are the morphological hallmark of autophagy,

and the lack of electron microscopy data is one of the

limitations of this study.

Apoptosis and autophagy can be induced by the same

stimulus, but there is complex crosstalk between them.

Autophagy has the ability to inhibit, delay or promote

apoptosis.25–27 In the process of our study, we found that

apoptosis was significantly increased with the inhibition of

autophagy by CQ. Compared with germacrone treatment

alone, the combination treatment with CQ and germacrone

resulted in decreased viability and increased apoptosis in

prostate cancer cells. We hypothesized that germacrone

induced apoptosis and autophagy simultaneously, whereas

Figure 6 The inhibitory effect of germacrone on the Akt/mTOR signaling pathway. PC-3 and 22RV1 cells were treated with 120, 240 and 480 μM germacrone for 48 h. The

mTOR, p-mTOR, Akt, and p-Akt protein levels were detected by Western blotting. *P < 0.05, **P < 0.01.

Figure 7 The inhibitory effect of germacrone on human prostate cancer cells was promoted by an autophagy inhibitor. PC-3 and 22RV1 cells were treated with 240 μM
germacrone for 48 h, and 50 μM CQ was added to the culture medium for the last 6 h. Cell viability was detected by MTT assay. *P < 0.05, **P < 0.01.
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autophagy decreased prostate cancer cell susceptibility to

germacrone-induced apoptosis. Autophagy functions as

a cytoprotective factor in response to germacrone-

induced apoptosis.

Increasing evidence indicates that autophagy and apop-

tosis share many common regulatory molecules. The Akt/

mTOR pathway, a well-known major regulatory signaling

pathway in modulating cell proliferation, metabolism and

survival, is very frequently dysregulated in the pathogen-

esis of human cancers.28 Therefore, targeting the Akt/

mTOR pathway is an attractive strategy for cancer preven-

tion and treatment. Inhibition of the Akt/mTOR signaling

pathway, which causes cell death, is associated with apop-

tosis and autophagy.29 Our data showed that germacrone

inhibited the phosphorylation of both Akt and mTOR. The

inhibitory effects of germacrone on prostate cancer cells

may be correlated with the decrease in the phosphorylation

of Akt and mTOR. These findings indicated that germa-

crone induced apoptosis and autophagy in prostate cancer

cells by inhibiting the Akt/mTOR signaling pathway.

Taken together, this study demonstrated that germa-

crone inhibited the proliferation of human prostate cancer

cells by inducing apoptosis. Germacrone treatment also led

to the activation of protective autophagy. Inhibition of

autophagy significantly enhanced the apoptosis-inducing

ability. More importantly, the Akt/mTOR signaling path-

way was inhibited by germacrone, suggesting that germa-

crone may serve as a promising active antitumor drug by

direct regulation of the Akt/mTOR pathway in prostate

cancer cells. Due to the complicated metabolism of ger-

macrone in vivo, further research will be necessary to

explore its molecular mechanisms and to evaluate its antic-

ancer activities in animal experiments. In addition, germa-

crone, as an Akt/mTOR inhibitor, needs to be exploited in

combination with targeted therapies to improve prostate

cancer clinical outcomes.
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