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Abstract: Prostate cancer is the most commonly diagnosed cancer in men and accounts for significant morbidity and  

mortality in the western world. While traditional therapies are effective at clearing early stage cancer, they often fail to 

treat late stage metastatic disease. Thus, an effective therapy that targets prostate tumor growth and metastasis is desired 

for alleviating the disease and improving patient outcomes. Natural extracts have been the focus of recent investigation, 

particularly those with reduced cellular toxicity to healthy tissue. In this review, we discuss one potential candidate, gano-

deric acid, an extract from the Ganoderma lucidum mushroom that has been tested in multiple cancer models. Interest-

ingly, ganoderic acid DM (GA-DM) has shown toxicity to both androgen-dependent and independent prostate cancer cells 

with reduced osteoclastogenesis in late stage metastatic disease. This review will discuss the current knowledge on this 

GA-DM extract and the potential benefit in treating advanced prostate cancer. We will also provide an overview on the 

targeted delivery of GA-DM through nanoparticles that would reduce bystander toxicity and improve the drug’s effective-

ness. An improved understanding of this drug and its uses will advance the field of natural chemotherapeutics, particularly 

in treating advanced prostate cancer.  
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INTRODUCTION 

 Prostate cancer is the most commonly diagnosed cancer 
in men, and is the second most common cause of cancer-
related deaths in the western world [1-3]. Factors such as 
age, race, and geographic location all affect the likelihood of 
a person developing prostate cancer [4]. There are also ge-
netic factors that make certain people more likely to develop 
prostate cancer. Research shows that mutations in the 
BRCA-2 gene, which belongs to the family of tumor-
suppressor genes, may be implicated in prostate cancer [5]. 
Also, dietary habits may play a role in prostate cancer devel-
opment. Diets rich in red meat and calcium are thought to 
increase the development of prostate cancer while diets in-
corporating vitamins E and K may decrease an individual’s 
cancer risk [6-8]. Study also suggests that older men who 
exercise regularly have a much lower risk of dying from 
prostate cancer [9]. 

 The prevalence and mortality associated with prostate 
cancer have led to a growing interest in finding more effec-
tive treatment options for the disease. Currently, when a pa-
tient is diagnosed with prostate cancer, the most common 
treatment options include prostatectomy, radiation, and che-
motherapy [10]. Although these therapies are effective in 
treating most local forms of prostate cancer, many cases pro-
gress to castrate-resistant disease where alternative therapies  
 

*Address correspondence to this author at the Department of Microbiology 

and Immunology, Medical University of South Carolina, 173 Ashley  

Avenue, BSB-201, Charleston, SC 29425, USA; Tel: 843-792-9466; 

Fax: 843-792-2464; E-mail: haque@musc.edu 

are required. One of the most significant problems associated 
with prostate cancer is its ability to metastasize, particularly 
to bone [11]. Certain types of prostate cancer exploit a nor-
mal cellular process called osteoclastogenesis which leads to 
the formation of osteoclasts, large multinucleated cells that 
cause bone resorption [12]. Metastatic prostate cancer in-
vades and colonizes this mineralized bone. Immunotherapies 
to combat these issues, such as vaccines and dendritic cell 
therapies, have been the subject of recent study and devel-
opment [13-16]. 

 While certain immunotherapeutics have shown promise 

in clinical trials, the search for an effective long-term treat-
ment of later-stage prostate cancer continues, particularly 

one with apoptosis-inducing properties in cancer cells. One 

potential candidate with such therapeutic properties is gano-
deric acid, a triterpene extract from the Ganoderma lucidum 

mushroom [17]. While the mushroom itself has long been  

an element of Eastern herbal medicine thought to increase 
vitality and life expectancy, recent studies have shown anti-

tumor and anti-metastatic properties in a range of cancer cell 

types [17]. Likewise, purified extract from the G. lucidum 
mushroom, ganoderic acid DM (GA-DM), has been shown 

to be a potential candidate for reducing prostate cancer  

metastasis [12]. This review will focus on the factors that 
influence the progression of prostate cancer to its metastatic 

form, discuss current trends in chemo- and immunotherapeutics, 

and summarize the anti-tumor and anti-metastatic properties 
of various ganoderic acids, with a particular emphasis on 

current knowledge of GA-DM in treating metastatic prostate 

cancer. 
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METASTATIC PROSTATE CANCER AND OSTEO-
CLASTOGENESIS 

 While the majority of prostate cancer cases are treatable 
through conventional means, a small percentage of men who 
develop metastatic disease, progress to castrate-resistant 
prostate cancer (CRPC) [18]. This form, as the name implies, 
is resistant to chemical and physical castration therapies and 
is the cause of the vast majority of prostate cancer related 
deaths [18]. Another aspect of prostate cancer that leads to a 
significant percentage of prostate cancer-related mortality is 
metastasis to bone [19]. The ability of tumor cells to metas-
tasize is a result of a variety of factors that must occur in 
sequence. First, the tumor cells must lose their ability to ad-
here to one another and also lose their cell-matrix adhesion 
characteristics [20]. This process coincides with the devel-
opment of motility, which entails the loss of the integrity of 
the cadherin-catenin complex. Abnormally low levels of 
transmembrane proteins called cadherins and downregula-
tion of catenins are found in a significant percentage of ad-
vanced, metastatic prostate cancer cases [20]. The most im-
portant of these is E-cadherin, and its absence leads to cell 
detachment and the facilitation of bone metastasis [20]. 
Other cadherins, like N-cadherin and cadherin-11, have also 
been found in prostate cancer cells (e.g., PC-3), and are im-
plicated in cancer cell development and metastasis [21, 22]. 
A study also found that the knockdown of cadherin-11 sig-
nificantly reduced prostate tumor growth and bone metasta-
sis [21]. Matrix metalloproteinases (MMPs) are also impor-
tant in metastatic prostate cancer development, as they are 
able to degrade the extracellular matrix allowing for cancer 
cell invasion [20]. MMP-2 and MMP-9 are of particular im-
portance; these have been cited as important biomarkers in 
prostate cancer [23]. Studies have shown higher levels of 
MMPs in cancer patient sera than in patients with a non-
cancerous condition such as benign prostatic hyperplasia 
(BPH) [23]. Cancer cell motility is also mediated through 
upregulation of Ras and Rho synthesis [20]. Ras is a vital 
component in regulation of cellular proliferation and inva-
sion, whereas Rho is Ras-dependent and is a key promoter of 
cell motility [20]. Once the cells become motile, they are 
often cleared by the immune system. However, some cells 
are able to attach to distant sites such as bone through this 
migratory process. While the vast majority of prostate cancer 
metastases are found in bone, the activities of those metasta-
ses vary widely.  

 The factors responsible for the differential activity of 
prostate cancer metastases in bone have been the subject of 
recent investigation [24, 25]. It is thought that the tumor mi-
croenvironment plays a significant role in determining os-
teoclastic versus osteoblastic activity [24, 25]. Osteoblast-
inducing prostate tumors lead to excessive bone formation in 
a distinctive, woven pattern that results from disorganized 
arrangement of bone layering; this process often leads to a 
higher risk of bone fractures [24]. Osteoblastic responses 
lead to the production of type I collagen [24]. One marker of 
osteoblastic activity is the overexpression of procollagen (I) 
carboxyterminal peptide or PICP [24]. Other growth factors 
implicated in the development of osteoblastic responses to 
prostate cancer metastasis include endothelin-1, fibroblast-
growth factor 8, bone morphogenic proteins, and VEGF 
[24]. In addition, prostate-specific antigen (PSA), an impor-

tant marker in a high percentage of prostate cancers and the 
basis for one of the more common prostate cancer screening 
techniques, has been shown to stimulate an osteoblastic re-
sponse [24]. While many forms of prostate cancer induce an 
osteoblastic response, osteolytic prostate cancer cells exploit 
the natural process of bone resorption to invade mineralized 
bone and proliferate and expand within bone tissue [12].  

 The presence of an osteolytic component in prostate can-
cer skeletal metastases suggests that osteoclastogenesis may 
play a role in the establishment of these lesions [12, 26]. 

Osteoclastogenesis is primarily mediated through the 
Receptor Activator for Nuclear Factor  B Ligand (RANKL)/ 
RANK/osteoprotegerin (OPG) system [26]. RANKL binds 
to RANK which is expressed on progenitor cells, and this 

binding causes differentiation of these cells into osteoclasts 
[24]. Previous studies have shown that PC-3 prostate cancer 
cells (notable for displaying osteolytic activity) upregulate 
DKK1, a Wnt antagonist that blocks proliferative effects of 

osteoblastic cells [27]. Studies show that PC-3 cells develop 
a downregulation in Smpd3, a gene with an undefined role in 
osteoblast development [27]. An upregulation has also been 
shown in expression of chemokines, such as CXCL12 and 

CXCL5 that have been implicated in the progression of me-
tastatic prostate tumors. [27]. PC-3 cells also activate Rankl, 
which is the gene that encodes RANKL [27]. Several other 
factors appear to stimulate an osteoclastic response; these 

include IL-1, IL-6, TNF- , and CCL-2/MCP-1, the latter of 
which is a downstream chemokine activated by RANKL 
binding [24]. Metastasis to bone is one factor that indicates 
progression of prostate cancer; another involves the chang-

ing influence of androgens on prostate cancer development. 

ANDROGENS AND PROSTATE CANCER 

 The normal development and maintenance of the prostate 
is dependent on androgens acting through the androgen re-
ceptor (AR) [28]. Perhaps the most important marker of 

prostate cancer progression is the development of androgen 
resistance, a process that usually occurs between fourteen 
and thirty months after initial androgen ablation treatment 
[29]. In prostate cancer cells, 5- -reductase plays a major 

role in androgen development, as it reduces testosterone to 
its active form, dihydrotestosterone (DHT) [30]. There are 
two forms of 5- -reductase, each encoded by different genes 
[31]. 5- -reductase 1 is found in prostatic epithelium as well 

as in the liver and skin while 5- -reductase 2 is implicated in 
prostate cancer and BPH [31]. DHT may bind to the AR and 
then translocate into the nucleus, causing an upregulation of 
anti-apoptotic components in prostate cancer cells [12]. One 

interesting component of AR activity is its impact on PSA 
expression [2]. PSA is an important marker for prostate can-
cer and a PSA screening test is one of the most common 
forms of early prostate cancer detection. The expression of 

PSA is thought to be dependent on AR activity [2]. Due to 
the importance of androgens in prostate cancer development, 
androgen ablation has been a consistent therapeutic option. 
However, the progression of many forms of prostate cancer 

to an androgen-independent form leads to the ineffectiveness 
of such treatments [32]. Study has shown that cadherin-11 
expression is upregulated as a result of androgen ablation 
therapy, suggesting that androgen deprivation therapy pro-

motes a switch to androgen-independence [33]. Another in-
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teresting result from the same study was that PC-3 cells, 

which naturally do not express AR, downregulated cadherin-
11 expression when AR was re-expressed [33]. The potent 
steroidal inhibitor finasteride has been used to block 5- -
reductase activity, but side effects such as gynecomastia and 

myopathy as well as adverse sexual side effects have been 
reported with finasteride [12, 30]. More recent studies have 
questioned the significance and frequency of side effects 
associated with finasteride, so therapeutics targeting 5- -

reductase activity with limited toxicity to normal cells are 
currently under development [30, 34]. Another problem as-
sociated with using 5- -reductase inhibitors is that in the 
absence of DHT, metastatic prostate cancer upregulates tes-

tosterone expression to mirror the effects of DHT on the AR 
[35]. In an anorchid environment, prostate cancer cells 
upregulate AR expression and also increase expression of 
enzymes involved in the conversion of androgen precursors 

to testosterone [35]. Concentrations of testosterone are sig-
nificantly higher in metastatic prostate cancer than in early-
stage prostate cancer as DHT levels decrease [35]. In addi-
tion, different prostate cancer cell types, even isolated from 

the same patient, can react differently to an anorchid envi-
ronment, suggesting that alternatives to androgen deprivation 
therapy are needed [36]. Thus, novel chemotherapy, immu-
notherapy or a combination of chemoimmunotherapy have 

become popular areas of investigation. 

PROSTATE CANCER THERAPEUTICS 

 While many different treatment options are available for 
patients with prostate cancer, study recommends four types 

of initial treatments: (a) watchful waiting, (b) surgery, (c) 

radiation therapy, and (d) hormone therapy [37]. As prostate 
cancer progresses, chemotherapy and palliative care are the 

most common forms of treatment [38]. In addition, patients 

can take part in a clinical trial if newer options become 
available. Prostate cancer patients may also enter clinical 

trials before, during, or after starting their cancer treatment. 

But in cases of clinical trials, better coordination with the 
trial investigators and follow-up tests are required. Due to 

the often indolent nature of prostate cancer, and because cer-

tain types of prostate cancer may be exacerbated by over-
treatment, active surveillance is often used with prostate 

cancer patients [10, 39]. The one obvious advantage of ac-

tive surveillance over more aggressive treatment options is 
the avoidance of serious side effects that accompany treat-

ments like chemotherapy, radiation, or prostatectomy [10, 

37]. However, one problem observed in patients under active 
surveillance is increased psychological distress [10]. Radical 

prostatectomy is effective in a significant number of prostate 

cancer cases, but the significant adverse effects on sexual 
and urinary function cause a decrease in overall quality of 

life in these patients [10, 40]. Radiotherapy and brachyther-

apy, two common forms of prostate cancer treatment, both 
lead to significant adverse side effects, including irritative  

voiding symptoms and incontinence that may linger years 

after treatment [10, 41]. With the problems associated with 
traditional therapies, alternative strategies such as chemo-

therapy, immunotherapy, and a combination of chemo-

immunotherapy have been explored. 

 In recent years, docetaxel has emerged as the primary 

chemotherapeutic agent for use in CRPC treatment [38]. 

Clinical trials using docetaxel showed a marginal increase in 

survival benefit over existing chemotherapeutics, leading to 

the FDA approval of docetaxel with prednisone as a first-line 
therapeutic [38]. However, docetaxel remains the only 

widely used chemotherapeutic for metastatic prostate cancer 

and the failure of docetaxel treatment in late-stage patients 
leaves few other viable treatment options [15]. Thus, com-

bined docetaxel treatment with other therapeutics has been 

the subject of recent study [15]. Among the most notable 
treatments to be successful in clinical trials is PROVENGE

®
 

(sipuleucel-T). PROVENGE
® 

consists of dendritic cells co-

cultured with a fusion protein of prostatic acid phosphatase 
(PAP) and GM-CSF known as PA2024 [29]. This treatment 

showed a 4.5 month survival improvement versus placebo in 

a phase III clinical trial [16]. After a second phase III trial, 
PROVENGE

®
 showed success, and was approved by the 

FDA [42]. It is thought that this new drug may be used in 

combination with chemotherapy, but the combined effect of 
docetaxel and PROVENGE® requires further study [43]. 

While all these treatments show potential benefits, the use of 

a natural compound with anti-tumor properties would mini-
mize the treatment-associated risks and side effects even 

further. Several recent studies involving the potential antitu-

mor effects of a methanol extract from the Ganoderma  
lucidum mushroom shows significant promise and a possible 

new direction in the field of prostate cancer therapy. 

GANODERIC ACIDS AS ANTICANCER THERA-
PEUTICS 

 The Ganoderma lucidum mushroom, also called Lingzhi 

in Chinese culture, has been used for thousands of years as a 

form of herbal medicine [17]. While this mushroom was 
initially thought to maintain vitality and increase life expec-

tancy, recent research suggests that the ganoderic acid ex-

tracts from the Lingzhi mushroom may have tangible and 
wide-ranging medicinal benefits, most notably its toxicity to 

tumor cells with comparatively limited toxicity to bystander 

cells. Ganoderic acid extracts obtained by submerged culture 
showed significant dose-dependent cytotoxicity in the human 

BEL7402 hepatoma cell line while showing no significant 

cytotoxicity to a normal human cell line L02
 
[44]. In addi-

tion, the study showed that ganoderic acid caused cell cycle 

arrest at G1-S phase in the BEL7420 line, preventing the 

cells from moving forward toward mitosis [44]. 

 Another study showed the effect of ganoderic acid Me 

(GA-Me), purified from the methanol extract of G. lucidum 
mycelia, on Lewis lung carcinoma (LLC) development in a 

C57BL/6 mouse model [45]. Following subcutaneous injec-

tion, it was found that the drug-treated mice had a significant 
reduction in tumor growth as well as lung metastasis, meas-

ured by the presence of nodes in lung tissue harvested after 

ten days [45]. Furthermore, this study showed that GA-Me 
treatment upregulated the activity of NK cells [45]. The drug 

also increased serum concentrations and mRNA expression 

of cytokines IL-2 and IFN-  along with increased NF- B 
protein expression [45]. This suggested that NF- B upregu-

lation may act as a trigger for cytokine expansion, leading to 

the Th1 response characterized by the upregulation of IL-2 
and IFN-  seen in the LLC model treated with GA-Me [45]. 

A further study expanded on the 95-D human lung cancer 

cell line, supporting the former study’s findings by showing 
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an increase in Th1-mediated cytokine production [46]. GA-

Me-treated cells also downregulated MMP-2 and MMP-9 

expression, suggesting its role in decreasing tumor invasion 
and metastasis [46]. This study also showed that GA-Me can 

increase tumor cell aggregation and diminish tumor cell mi-

gration and extracellular matrix adhesion [46]. However, 
GA-Me showed no significant cytotoxicity to 95-D cells 

[46]. Even at 20 M concentrations, the apoptosis induction 

rate was just 2.3%
 
[46]. 

 Another study examined the use of a different subtype of 
ganoderic acid, ganoderic acid T (GA-T), which was shown 
to exhibit better cytotoxic effects on 95-D and other tumor 
cell types. The IC50, or the half maximal cytotoxicity concen-
tration, to 95-D cells was 27.9 g/ml whereas GA-T was 
significantly less toxic to normal cell types [47]. The study 
also indicated that the GA-T treatment blocked cell cycle 
progression at the G1-S checkpoint similarly to the study on 
hepatoma cells [47]. Treatment with GA-T also increased 
cytochrome c release, increased p53 and Bax expression, and 
decreased mitochondrial membrane potential [47]. Gano-
deric acid X (GA-X) was also tested in HuH-7 hepatoma 
cells, where it was shown to cause apoptosis and inhibition 
of topoisomerase production, with the latter result leading to 
inhibition of DNA synthesis in GA-X-treated cells [48]. In 
addition, the study showed that cytochrome c, ERK and JNK 
kinase levels increased while the anti-apoptotic protein Bcl-2 
was decreased with GA-X treatment [48]. 

 Three more subtypes of ganoderic acid, ganoderic acids 
A, F, and H (GA-A, GA-F, and GA-H), were tested in 
MDA-MB-231 breast cancer cells, where a significant reduc-
tion of tumor growth was observed [49]. Breast cancer is 
similar to prostate cancer in terms of its developmental pat-
tern. Like prostate cancer, breast cancer develops from a 
local, therapy-responsive form to a highly invasive and me-
tastatic form that is resistant to traditional therapeutics [49]. 
Two factors often found to be upregulated in breast cancer 
are AP-1 and NF- B [49]. NF- B plays a significant role in 
osteoclast development which is exploited by osteolytic 
prostate tumors. AP-1 and NF- B also act in breast cancer 
by upregulating urokinase-type plasminogen activator (uPA), 
which promotes conversion of plasminogen to active plas-
min, leading to cleavage of extracellular matrix components 
and promotion of cell adhesion and migration [49]. GA-A 
and GA-H showed dose-dependent cytotoxicity with an in-
hibition of colony formation and reduced invasiveness in the 

highly invasive MDA-MB-231 breast cancer cell line [49]. 
Table 1 summarizes the known activities of various gano-
deric acid subtypes, including both anti-proliferative and 
anti-metastatic effects. GA-A, GA-F and GA-DM possess 
C3-carbonyl, GA-H and GA-X possess C3- hydroxyl, and 
GA-T and GA-Me possess C3-acetyl groups [49]. GA-A 
possesses 2 hydroxyl groups, and GA-T possesses one acetyl 
group in the molecule bay region [47]. GA-DM has the most 
hydrophobic structure and is devoid of interfering hydroxyl 
or acetyl side chain groups. While the effects of ganoderic 
acids on breast and lung cancer cell lines have been well-
established, much less is known about its potential role as a 
therapeutic agent in prostate cancer. However, ganoderic 
acid DM is one subtype that has shown promise in attenuat-
ing advanced prostate cancer. 

GA-DM AS AN ALTERNATIVE CANDIDATE FOR 
PROSTATE CANCER THERAPY 

 GA-DM is a lanostane-type triterpene isolated from the 
G. lucidum mushroom that induces cytotoxicity in both an-
drogen dependent and independent prostate cancer cells [12]. 
Prostate cancer cell lines (PC-3 and LnCaP) were shown to 
be inhibited by GA-DM treatment in a dose-dependent man-
ner [12]. LnCaP cells have been shown to retain androgen 
dependence and maintain the presence of AR, thus resem-
bling early-stage prostate cancer [12]. PC-3 cells are andro-
gen-independent and express little to no PSA, two common 
features of metastatic, later-stage prostate cancer [12]. Al-
though no data exists at this time involving the use of GA-
DM in primary prostate tumor cells, the effectiveness of the 
drug in these cell lines suggests that GA-DM might work in 
attenuating the growth of primary tumors. It has also been 
shown that GA-DM treatment inhibits both the activity of 5-

-reductase and the conversion of testosterone to DHT [12]. 
The inhibition of DHT activity possibly occurs due to the 
conformational similarity in the four-ringed steroidal struc-
tures of DHT and GA-DM. GA-DM competitively blocks 
the AR, preventing DHT binding and obstructing the normal 
DHT-mediated signaling pathway [12]. 

 While the effect of GA-DM on both 5- -reductase  
and the AR mirrors that of other steroidal inhibitors, an  
even more promising effect of GA-DM is its inhibition of 
osteoclastogenesis (Fig. 1). Osteoclastogenesis is a signifi-
cant factor in prostate cancer metastasis, and GA-DM has 
been shown to limit this process in a pre-osteoclastic cell line 

Table 1. Ganoderic Acids Attenuate Malignant Growth of Various Tumor Cells 

Ganoderic Acid Subtypes Anti-Proliferative Effects Anti-Metastatic Effects Cancer Cell Types Sources 

GA-A +  + MDA-MDB-231 (breast) [49] 

GA-F - - MDA-MDB-231 (breast) [49] 

GA-H + + MDA-MDB-231 (breast) [49] 

GA-Me + + 95-D (lung) [46] 

GA-T + - 95-D (lung) [47] 

GA-X + - HuH-7 (hepatoma) [48] 

GA-DM + + PC-3 and LnCap (prostate) [12,50] 
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[12]. GA-DM treatment limited osteoclastogenesis entirely 
at a concentration of 25 M, a concentration that left 72%  
of the cells viable [12]. The osteoclastogenesis-inhibiting 
effects of GA-DM have also been studied in the ovariec-
tomized rat (Ovx) model as a mechanism for treating  
osteoporosis. This study indicated that GA-DM treatment 
increased bone density and decreased osteoclastogenesis, 
suggesting GA-DM could be a potential therapeutic alterna-
tive in prostate cancer [50]. GA-DM can act through down-
regulation of C-Fos and NFATc1, which also regulate osteo-
clastogenesis as a result of stimulation through RANKL 
[50]. 

 However, a recent study showed that treatment with the 
G. lucidum mushroom did not affect PSA levels and only 
showed a slight increase in PSA doubling time [51]. It has 
also been shown that PSA is less effective as a marker of 
late-stage prostate cancer than earlier stages because of het-
erogeneity in prostate tumors that causes differential levels 
of PSA expression [52]. In addition, a study measuring sur-
vival following chemotherapy in CRPC indicated that in-
creased median overall survival did not correlate with de-
clines in PSA levels [52]. Furthermore, studies involving the 
Ganoderma lucidum mushroom did not use the purified ex-
tract but rather the entire mushroom, which could have influ-
enced the outcome. 

 The proposed functions of GA-DM in various malignan-
cies are depicted in Fig. 1. GA-DM has been shown to block 
5- -reductase activity, which prevents conversion of testos-
terone to the more active DHT. The similarity of GA-DM’s 
structure to that of DHT allows for competitive binding of 
AR by GA-DM, blocking the normal signaling pathway of 
prostate cancer cells mediated through DHT binding to the 
AR. Metastasis to bone, aided by RANKL binding to the 
RANK receptor on osteoclast progenitor cells, is also inhib-
ited by GA-DM. The potential use of GA-DM as an anti-
proliferative/metastatic agent outlined in this review imply 
its use in future prostate cancer disease management. How-
ever, like other chemotherapeutics, GA-DM has a downside. 
Direct cytotoxicity to prostate cancer cells without bystander 
cytotoxicity remains unattainable in GA-DM’s current form. 
Thus, a novel prostate cancer-targeting vehicle, like a 
nanoparticle-conjugated delivery system, could be employed 
to further GA-DM’s use. 

GA-DM AND NANOPARTICLE CONJUGATES  
AS FUTURE THERAPEUTICS FOR ADVANCED  

PROSTATE CANCER 

 While GA-DM treatment reduces malignant growth and 

osteoclastogenesis in prostate cancer, the residual cytotoxic-

ity to non-tumor cells remains a concern. A successful me-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Proposed mechanisms by which GA-DM may inhibit prostate cancer cell proliferation and metastasis. GA-DM (top center) inhibits 

5- -reductase activity, which prevents the normal conversion of testosterone to DHT (right). DHT is a potent activator of the AR, but com-

petitive binding of GA-DM/DHT blocks DHT interaction with AR, preventing translocation to the nucleus and pro-survival signaling. GA-

DM can also inhibit RANKL-mediated osteoclastogenesis, which reduces bone resorption, and limits bone metastasis of prostate cancer. A 

nanoparticle-delivered GA-DM targeted to folate receptors on the prostate cancer cell surface (bottom right) is hypothesized to facilitate 

cancer cell death with negligible toxicity to surrounding cells. 
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dicinal use of GA-DM will require targeted delivery in order 

to maximize effectiveness. Nanoparticle approaches to tar-

geted drug delivery for malignant tumors offer new opportu-

nity to improve patient care and quality of life by reducing 

off-target toxicities. Recent studies suggest that a combinato-

rial approach using the co-encapsulation of a lipophilic near 

infrared (NIR) dye and an anticancer drug within hydropho-

bic pockets in the polymeric matrix of poly(acrylic acid) 

(PAA)-coated IONPs (PAA-IONPs) could be employed for 

combined optical imaging, magnetic resonance imaging 

(MRI) detection, and targeted cancer therapy [53-58]. These 

studies used water-based and green chemistry approaches to 

synthesize nanoparticles that had five key components: (a) 

an encapsulated chemotherapeutic agent (Taxol) for cancer 

therapy, (b) surface functionality (folic acid ligand) for can-

cer targeting, (c) click-chemistry-based conjugation of tar-

geting ligands, (d) an encapsulated NIR dye for fluorescent 

imaging capabilities, and (e) a superparamagnetic iron oxide 

core for MRI. The taxol-carrying nanoparticles have also 

been modified so that they could carry the drug only to the 

cancer cells, allowing targeted cancer treatment without 

harming healthy cells [56]. This was achieved by attaching a 

vitamin (folic acid) derivative that cancer cells preferentially 

consume in high amounts. Because the nanoparticles also 

carry a fluorescent dye and an iron oxide magnetic core, 

their locations within the cells and the body can be seen by 

optical imaging and MRI, which would allow a physician to 

see how the tumor is responding to the treatment. The 

nanoparticles can also be engineered without the drug and 

used as imaging (contrast) agents for cancer. If there is no 

cancer, the biodegradable nanoparticles will not bind to the 

tissue and will be eliminated by the liver. Studies suggest 

that folate receptors are overexpressed in a variety of cancers 

including prostate cancer, but not in normal cells [59]. Util-

izing a combinatorial approach, future study may synthesize 

GA-DM-nanoparticle conjugates to investigate the applica-

tion that this treatment could have in advanced prostate  

cancer. 

CONCLUSIONS 

 Prostate cancer is a major cause of death among men in 

the western world. Current treatment and therapeutic options 

are beneficial to early stage patients but lack significant 

benefit to metastatic, late-stage patients. Prostate cancer 

preferentially metastasizes to bone, exploiting the normal 

cellular processes of bone formation and resorption to invade 

and colonize bone cells. Another point of emphasis in pros-

tate cancer therapy is the targeting of androgens. Both 5- -

reductase and the AR play crucial roles in prostate cancer 

development. 5- -reductase catalyzes testosterone to DHT, 

and then binds to the AR, promoting cell survival and prolif-

eration. Based on these factors, research involving immuno-

therapy, chemoimmunotherapy, and even herbal therapeutics 

is of great importance and interest. While many immuno-

therapeutic and chemotherapeutic agents have been studied 

in clinical trials, finding an agent with significant toxicity to 

tumor cells and limited toxicity to bystander cells remains  

a challenge. G. lucidum mushroom extracts are cytotoxic  

to tumor cells with some GA subtypes having anti-metastatic 

properties. While extensive work has been performed  

using GA subtypes in breast and lung cancers, the effects  

of GA subtypes on prostate cancer are less clear. Studies 

involving GA-DM are of particular interest because GA-DM 

treatment has shown cytotoxicity in prostate cancer cells 

regardless of their dependence on androgens. GA-DM has 

been shown to limit the conversion of testosterone to DHT 

and prevent DHT binding to the androgen receptor through 

competitive inhibition. GA-DM has also been implicated in 

the inhibition of osteoclastogenesis, a process exploited by 

certain prostate cancer cells to promote bone metastasis. 

While GA-DM remains promising, introduction of GA-DM-

infused-nanoparticles with targeted delivery to malignant 

cells could be an alternative approach to combat advanced 

prostate cancer. Taken together, this review suggests the 

potential benefits of GA-DM in treating advanced metastatic 

prostate cancer. 

ABBREVIATIONS 

GA = Ganoderic acid 

MMP = Matrix metallonproteinase 

CRPC = Castrate resistant prostate cancer 

BPH = Benign prostatic hyperplasia 

RANK = Receptor factor for nuclear factor  B 

VEGF = Vascular endothelial growth factor 

PSA = Prostate Specific Antigen 

DHT = Dihydrotestosterone 

AR = Androgen receptor 

IONP = Ion oxide nanoparticle 
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