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Abstract 

The growth-inhibitory effect of saw palmetto supplements (SPS) with high long-chain fatty 

acids (FA)-low phytosterols (HLLP), high long-chain FA-high phytosterols (HLHP), and high 

medium-chain FA-low phytosterols (HMLP) was determined using androgen-sensitive LNCaP 

prostate cancer (PCa) cells and Syrian hamster flank organs. In vitro, all three SPS at high 

concentrations significantly decreased dihydrotestosterone-stimulated LNCaP cell number. HMLP 

and HLLP at high concentrations significantly decreased, but HLHP which significantly increased 

testosterone-stimulated LNCaP cell number. In Syrian hamsters, all three SPS treatments caused 

notable, but nonsignificant reduction in the difference between the left and right flank organ 

growth in the testosterone-, but not dihydrotestosterone-treated SPS groups. Results suggest SPS 

might be a mild 5-alpha-reductase (5-alpha-R) inhibitor. 

The pharmaceuticals finasteride inhibits 5-alpha-R2, and dutasteride inhibits 5-alpha-R1 

and 5-alpha-R2 isoenzymes. Because finasteride inhibits only 5-alpha-R2, we hypothesized that it 

would not be as efficacious in preventing PCa development and/or progression in TRAMP mice 

as dutasteride. Six-week-old C57BL/6 TRAMP x FVB male mice were randomized to control, 

pre- and post- finasteride and dutasteride diet groups that began at 6 and 12 weeks of age, 

respectively, and terminated at 20 weeks of age. Pre and post groups received drugs before and 

after mice were expected to develop PCa, respectively. Post-Dutasteride treatment was 

significantly more effective than Pre-Dutasteride; and dutasteride treatments significantly more 

effective than finasteride treatments in decreasing prostatic intraepithelial neoplasia progression 

and PCa development. The finasteride groups and the Pre-Dutasteride group had significantly 

increased incidence of poorly differentiated PCa versus control. Androgen receptor and Ki-67 

protein, DNA fragmentation from apoptosis, 5-alpha-R1 and 5-alpha-R2 mRNA levels were 



 

determined in mice with genitourinary weight less than 1 gram and greater than 1 gram to elucidate 

the discordant response in Pre-Dutasteride and finasteride groups, and Post-Dutasteride’s efficacy.  

Results suggest the difference in genitourinary weights is influenced more by proliferation, rather 

than androgen receptor and apoptosis in tumor. Mice age may not be significantly important in 

regulating proliferation, androgen receptor and apoptosis to promote tumor growth. In conclusion, 

the results with 5-alpha-reductase inhibitors may support the therapeutic use of dutasteride, but 

not finasteride, or saw palmetto supplements. 
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Abstract 

The growth-inhibitory effect of saw palmetto supplements (SPS) with high long-chain fatty 

acids (FA)-low phytosterols (HLLP), high long-chain FA-high phytosterols (HLHP), and high 

medium-chain FA-low phytosterols (HMLP) was determined using androgen-sensitive LNCaP 

prostate cancer (PCa) cells and Syrian hamster flank organs. In vitro, all three SPS at high 

concentrations significantly decreased dihydrotestosterone-stimulated LNCaP cell number. HMLP 

and HLLP at high concentrations significantly decreased, but HLHP which significantly increased 

testosterone-stimulated LNCaP cell number. In Syrian hamsters, all three SPS treatments caused 

notable, but nonsignificant reduction in the difference between the left and right flank organ 

growth in the testosterone-, but not dihydrotestosterone-treated SPS groups. Results suggest SPS 

might be a mild 5-alpha-reductase (5-alpha-R) inhibitor. 

The pharmaceuticals finasteride inhibits 5-alpha-R2, and dutasteride inhibits 5-alpha-R1 

and 5-alpha-R2 isoenzymes. Because finasteride inhibits only 5-alpha-R2, we hypothesized that it 

would not be as efficacious in preventing PCa development and/or progression in TRAMP mice 

as dutasteride. Six-week-old C57BL/6 TRAMP x FVB male mice were randomized to control, 

pre- and post- finasteride and dutasteride diet groups that began at 6 and 12 weeks of age, 

respectively, and terminated at 20 weeks of age. Pre and post groups received drugs before and 

after mice were expected to develop PCa, respectively. Post-Dutasteride treatment was 

significantly more effective than Pre-Dutasteride; and dutasteride treatments significantly more 

effective than finasteride treatments in decreasing prostatic intraepithelial neoplasia progression 

and PCa development. The finasteride groups and the Pre-Dutasteride group had significantly 

increased incidence of poorly differentiated PCa versus control. Androgen receptor and Ki-67 

protein, DNA fragmentation from apoptosis, 5-alpha-R1 and 5-alpha-R2 mRNA levels were 



 

determined in mice with genitourinary weight less than 1 gram and greater than 1 gram to elucidate 

the discordant response in Pre-Dutasteride and finasteride groups, and Post-Dutasteride’s efficacy.  

Results suggest the difference in genitourinary weights is influenced more by proliferation, rather 

than androgen receptor and apoptosis in tumor. Mice age may not be significantly important in 

regulating proliferation, androgen receptor and apoptosis to promote tumor growth. In conclusion, 

the results with 5-alpha-reductase inhibitors may support the therapeutic use of dutasteride, but 

not finasteride, or saw palmetto supplements.
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Preface 

Chapter 1 will review benign prostatic hyperplasia, prostatic intraepithelial neoplasia and 

prostate cancer development, clinical trials, animal and cell culture studies that have been carried 

out with 5α-reductase inhibitors (finasteride, dutasteride and saw palmetto supplements), major 

prostate cancer signaling pathways, key prostate cancer biomarkers, immunohistochemistry and 

in situ hybridization techniques for determining and quantifying biomarkers in prostate cancer. 

Chapters 2, 3 and 4 were written in a format intended to be submitted for publication. Chapter 2 is 

an investigation of the growth-inhibitory effect of saw palmetto supplements on LNCaP cell 

number and Syrian hamster androgen-sensitive flank organ growth. Chapter 3 is a published 

manuscript which investigated the preventive and therapeutic efficacy of finasteride and 

dutasteride in transgenic adenocarcinoma of the mouse prostate (TRAMP) mice. Chapter 4 is an 

investigation of the molecular changes due to finasteride and dutasteride treatment in TRAMP 

mice prostate cancer; and in 8, 12, 16 and 20-week-old AIN-93G-fed TRAMP mice prostate 

cancer. Chapter 5 is a summary of the major findings in all chapters and recommendations to 

improve the outcome of these research findings. 
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Chapter 1 - Literature Review 

 Introduction 

Prostate cancer is the most commonly diagnosed non-skin neoplasm in men, and is projected to 

account for 26% of US male cancer cases in 2015. It is estimated that 1 in 7 US men will develop prostate 

cancer in their lifetime [1]. In the prostate, the main circulating androgen, testosterone, is converted to 

dihydrotestosterone (DHT) by 5α-reductase 1, 5α-reductase 2 and 5α-reductase 3 isoenzymes. DHT is a 

more potent androgen because it binds with up to 2-5 times greater affinity to the androgen receptor than 

testosterone, and 10-fold higher potency of inducing androgen receptor signaling than testosterone [2-

4]. DHT also plays an important role in the development of normal prostate and prostate cancer [5,6]. 

5α-reductase 2 is predominantly expressed in benign/normal prostate [7], although others [8-12], but not 

all, [13,14] studies, have reported increased 5α-reductase 1 and/or decreased 5α-reductase 2 mRNA 

expression or activity in prostate cancer compared with nonmalignant prostate tissue. Recently, 5α-

reductase 3 has been identified as a new isoenzyme and found to be overexpressed in hormone-refractory 

prostate cancer cells and tissues [4].  

Most prostate cancers rely on androgens for growth at the initial stages of development, and are 

therefore described as androgen-dependent or sensitive. Thus, inhibiting androgen production or 

blocking its action can be useful in the early treatment or prevention of prostate cancer [13,15,16]. 

Finasteride (5α-reductase 2 inhibitor) and dutasteride (5α-reductase 1 and 5α-reductase 2 inhibitor) are 

two chemopreventive drugs commonly used to treat benign prostatic hyperplasia (BPH), a nonmalignant 

enlargement of the prostate. The potential of these inhibitors to decrease prostate cancer development 

and/or progression through their antiandrogen action has been examined in several clinical trials, 

however, the reduction in prostate cancer risk was coupled with an increased risk of more aggressive 

prostate cancer [17,18]. As a result of this increased aggressiveness of prostate cancer associated with 

the use of finasteride and dutasteride, non-pharmaceutical, mild inhibitors of 5α-reductase enzyme(s) 

might be alternatives to reduce prostate cancer risk without increasing aggressive prostate cancer risk. 
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These alternative options to decrease prostate cancer risk have increased consumer interest in dietary 

supplements such as saw palmetto supplements (SPS). While not well understood, it has been suggested 

that phytosterols and fatty acids, particularly saturated, medium-chain fatty acids laurate and myristate, 

are at least partially responsible for the supplements’ antiandrogenic activity [19].  

This chapter will review the development of benign prostatic hyperplasia, prostatic intraepithelial 

neoplasia and prostate cancer, clinical trials, animal and cell culture studies that have been performed 

with 5α-reductase inhibitors (finasteride, dutasteride and saw palmetto supplements), major prostate 

cancer signaling pathways, key prostate cancer biomarkers, immunohistochemistry and in situ 

hybridization techniques for determining and quantifying prostate cancer biomarkers. 

 Anatomy and histology of the human and mouse prostate 

The human prostate constitutes the largest accessory gland of the male reproductive system. It is 

located posterior to the symphysis pubis, anterior to the rectum, and inferior to the urinary bladder [20]. 

It is composed of 70% glandular tissue (secretory ducts and acini) and 30% stromal tissue (collagen and 

smooth muscle) [21]. The prostate secretes a thin, slightly alkaline fluid that provides approximately 

30% of the volume of seminal fluid [22]. The human prostate is divided into four regions, the central 

zone, transition zone, peripheral zone, and anterior fibromuscular stroma. The peripheral, central and 

transition zones comprise approximately 70%, 25% and 5% of the glandular tissue, respectively. The 

anterior fibromuscular stroma is composed of fibrous and smooth muscular elements [23,24]. The human 

prostate has two cell types: epithelial and stromal [25]. The epithelial cell layer is composed of four 

differentiated cell types known as basal, secretory luminal, neuroendocrine, and transit-amplifying cells 

[26]. The stromal cell layer consists of several types of cells that include smooth muscle cells, fibroblasts, 

and myofibroblasts [27]. The luminal cells are the major cell type of the prostate and constitute the 

gland’s exocrine component, secreting prostate specific antigen (PSA), and prostatic acid phosphatase 

(PAP) into the lumen. The luminal epithelial cells express high levels of androgen receptor [28,29]. PSA, 

a glycoprotein, is used as a biomarker for prostate cancer screening [30]. The expression of androgen 
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receptor is low or undetectable in the basal cells, thus the basal cells are independent of androgens for 

their survival [31,32].  

  The mice prostate has a lobular structure with four lobes-anterior, ventral, dorsal and lateral. The 

latter two are commonly referred to as dorsolateral lobe, which has been described as the most similar 

to the human prostate peripheral zone because of their histological similarities [33,34]. Histologically, 

the mouse prostate is similar to humans in that both types of prostate contain a pseudostratified 

epithelium with differentiated epithelial cell types: luminal, basal, and neuroendocrine [35-39]. 

 Diagnostic criteria for benign prostatic hyperplasia, prostatic intraepithelial 

neoplasia, and prostate cancer 

 Benign prostatic hyperplasia (BPH) is a nonmalignant growth of the prostate found in over 50% 

of men aged 60 or over [40,41]. The increase in prostate cell number may be due to epithelial and stromal 

proliferation or to impaired programmed cell death or apoptosis leading to cellular proliferation [42]. 

This cellular proliferation leads to increased prostate volume and increased stromal smooth muscle tone 

[43]. BPH mainly develops in the transition zone of the human prostate [44].    

Prostatic intraepithelial neoplasia (PIN) is characterized by cellular proliferation within the lining 

of the prostatic ducts and acini, loss of markers of secretory differentiation, progressive basal cell layer 

disruption, nuclear and nucleolar abnormalities, increasing proliferative potential, increasing 

microvessel density, variation in deoxyribonucleic acid (DNA) content, and allelic loss [45,46]. PIN 

usually involves an acinus or a small cluster of acini. The partial involvement of an acinus helps to 

distinguish PIN from adenocarcinoma [46]. PIN is an established precursor to prostate cancer. Prostate 

cancer is characterized by the abnormal proliferation of the glandular structure, invasion of the basement 

membrane, and progressive loss of basal cells (<1%) [47-49]. Androgen receptor positive luminal cells 

increase and contribute substantially to prostate mass (>99%) in prostate cancer [50]. In prostate cancer, 

there is a loss of constraints on cell proliferation along with dysregulation of apoptosis which leads to 

an imbalance between cell division and cell death [51]. PIN and most prostate cancers mainly develop 
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in the peripheral zone of the human prostate [52]. Fewer cancer lesions occur in the transition zone, and 

almost none arise in the central zone [53]. Cancer in the peripheral zone tends to be high-grade, and thus 

are poorly differentiated or undifferentiated, faster growing and metastasize rapidly. Cancer in the 

transition zone tends to be low-grade, and are therefore well differentiated and slow growing [52].  

In normal cells, the layers of epithelial cells are arranged in a uniform and ordered manner, but 

in cancer cells, the epithelial cells are arranged in an irregular manner. Normal cells reproduce at a 

normal rate to restore lost cells, but in cancer, a greater number of cells are produced than are needed to 

restore lost cells [54,55]. Actin fibers which constitute the cytoskeleton of normal cells are arranged in 

an orderly manner, but in cancer cells, the actin fibers are either lost or disorganized [56]. Cancer cells 

are either much larger than normal cells within the same tissue or smaller and less developed than normal 

cells. Cancer cells are characterized by large nucleus, and constitute a greater portion of the total volume 

of the cell. There is frequent cell division and greater number of mitoses in cancer cells compared with 

normal cells [57,58].  

 Androgens and androgen receptor in prostate cancer development 

Androgens are male steroid hormones that control the development and differentiation of the 

male reproductive system [59]. Testosterone, the main circulating androgen, is synthesized by the Leydig 

cells of the testes (90-95%) under the influence of the hypothalamus and anterior pituitary gland. The 

remaining 5-10% is produced from dehydroepiandrosterone (DHEA), which is synthesized by the zona 

reticularis of the adrenal cortex [60-62]. Approximately 97% of testosterone is bound to albumin and 

sex hormone-binding globulin (SHBG) and the remaining 3% is free and biologically active. 

Testosterone stimulates the differentiation of the Wolffian duct into male internal genitalia (epididymis, 

vas deferens, and seminal vesicles) in male fetuses. It is also involved in the development of libido, 

enlargement of the vocal cords, skeletal muscles, penis, and scrotum and the initiation of 

spermatogenesis at puberty [63,64]. Intracellular testosterone is converted by 5α-reductase isoenzymes 

to DHT, the preferred ligand for androgen receptor transactivation [65]. Twenty-percent of DHT comes 
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from the testes, while 80% comes from the conversion in the peripheral tissues facilitated by 5α-

reductase isoenzymes [66]. DHT is important for in utero differentiation and growth of the prostate 

gland, male external genitalia (penis and scrotum), and pubertal growth of facial and body hair. DHT 

plays an important role in several human diseases such as BPH and prostate cancer [67]. The prostate 

gland depends on androgen stimulation for its growth, development, and function [68].  

 The androgen receptor (AR) is a nuclear steroid receptor, composed of 919 amino acids, with a 

molecular weight of 98.8 kilodaltons (kDa). The AR gene is composed of 8 exons separated by large 

intron segments. It has four functional domains: the amino-terminal transcription activation 

(transactivation) domain (N-terminal domain), the DNA-binding domain (DBD), a hinge region, and the 

carboxy-terminal ligand-binding domain (LBD) [69]. The amino-terminal domain contains a 

transactivation domain, activation function 1 (AF1), which is the primary transcriptional regulatory 

region, and the LBD contains the secondary transcriptional regulatory region, activation function 2 

(AF2). The DBD is composed of two zinc fingers that are critical to DNA recognition and binding. The 

hinge domain contains the nuclear localization signal that regulates translocation of the AR into the 

nucleus, which indirectly affects transcriptional activity [70-72]. The androgen receptor is cytoplasmic 

in its unbound state, forming a circulating complex with heat-shock-protein (HSP)-90. Inactive AR binds 

DHT, causing a conformational change that frees it from its cytoplasmic chaperone proteins [73]. Upon 

ligand binding, the DHT-AR complex translocates from cytoplasm to nucleus, where it binds to a 

homodimer to canonical nuclear receptor inverted repeat DNA response elements to stimulate target 

gene transcription, which in turn leads to DNA synthesis and cellular proliferation in androgen-

dependent cancerous tissues. The androgen-AR complex homodimerizes, translocates to the nucleus to 

bind androgen response elements, and recruits co-activators and co-repressors, which then stimulates 

transcription of androgen-dependent proteins [3,74-77]. Androgen receptor expression is present in 

prostate stroma and tumors at all developmental stages of the disease [78,79]. 
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 5α-reductase enzyme structure and biochemical properties 

5α-reductase 1, 5α-reductase 2 and 5α-reductase 3 isoenzymes are nicotinamide adenine 

dinucleotide phosphate (NADPH)-dependent, microsomal membrane-associated enzymes, comprised of 

259, 254 and 318 amino acids (mainly hydrophobic), and have molecular weights of 29.5, 28.4 and 36.5 

kDa respectively. The enzymes are also encoded by 5α-R1, 5α-R2 and 5α-R3 genes respectively [7,80]. 

The isoenzymes 5α-reductase 1, 5α-reductase 2 and 5α-reductase 3 are potential targets because they 

convert testosterone to the more potent DHT for androgen receptor transactivation [3,4,81,82]. 5α-

reductase 1 has a broad pH optimum (6.0-8.5), while 5α-reductase 2 has a sharp pH optimum (5.0-5.5) 

[83], although evidence suggests that inside intact human cells, 5α-reductase 2 isoenzyme functions 

optimally at a more neutral pH (6.0-7.0) [7]. In humans, 5α-reductase 1 isoenzyme occurs in tissues such 

as liver and non-genital skin, while 5α-reductase 2 occurs in tissues such as liver, prostate, epididymis, 

seminal vesicle and genital skin. 5α-reductase 1 isoenzyme is present in the liver of the mouse [7]. 

Majority of published literature indicates that the expression of 5α-reductase 1 increases and 5α-

reductase 2 decreases in prostate cancer compared to benign prostate and BPH [8-11,84]. Also, 5α-

reductase 1 and 5α-reductase 2 expression is increased in recurrent and metastatic prostate cancers, and 

5α-reductase 3 isoenzyme is overexpressed in hormone-refractory prostate cancer cells and tissues 

suggesting that these enzymes may be important in the development and progression of prostate cancer 

[4,85]. 

 5α-reductase inhibitors and their mechanism of inhibition 

5α-reductase inhibitors function by inhibiting 5α-reductase isoenzymes, thereby blocking the 

enzymatic conversion of testosterone to the more potent androgen dihydrotestosterone (DHT). This leads 

to a reduction in the epithelial components of the prostate, and ultimately prostate size [86]. Finasteride 

and dutasteride are two pharmaceuticals commonly used to treat BPH [7]. Finasteride inhibits 5α-

reductase 2 isoenzyme, while dutasteride inhibits 5α-reductase 1 and 5α-reductase 2 isoenzymes. 

Dutasteride lowers serum DHT by 90% compared to a 70% reduction with finasteride [9,87]. A 
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structural modification in dutasteride increases its serum half-life and inhibition potency [88]. This dual 

inhibition may offer an advantage over finasteride and is approximately 60 times more potent than 

finasteride in reducing 5α-reductase activity [89,90]. The potential of these inhibitors to decrease 

prostate cancer development and/or progression through their antiandrogen action has been studied in 

several clinical trials [17,18]. Saw palmetto extracts are commonly used by men to combat BPH, a 

nonmalignant enlargement of the prostate. These supplements are also used by men with prostate cancer 

[91]. The antiandrogen action of SPS has been attributed to the phytosterols and fatty acids that they 

contain, particularly the medium-chain saturated fatty acids laurate (C12:0) and myristate (C14:0) [19]. 

5α-reductase inhibition involves a stereospecific, irreversible breakage of the double bond 

between carbon atoms 4 and 5 with the aid of cofactor (nicotinamide adenine dinucleotide phosphate) 

NADPH and the insertion of a hydride ion to the α face at carbon C-5 and a proton to the β face at 

position C-4, leading to the formation of DHT, ultimately leaving the enzyme-NADP+ complex. NADP+ 

departs last and the 5α-reductase enzyme becomes free for further catalytic cycles. The mechanism of 

inhibition of 5α-reductase isoenzymes is divided into three types: 

a. Competitive inhibition with NADPH and substrate: 5α-reductase inhibitor binds 5α-reductase 

enzyme. 

b. Competitive inhibition with testosterone: 5α-reductase inhibitor binds the enzyme-NADPH 

complex (e.g. finasteride, dutasteride). 

c. Uncompetitive inhibition with the enzyme-NADP+ complex: 5α-reductase inhibitor binds the 

enzyme-NADP+ complex after the product (DHT) leaves [92]. 

Finasteride and dutasteride in prostate cancer clinical trials 

 The Prostate Cancer Prevention Trial (PCPT) was a multicenter, randomized, double blind, 

placebo-controlled clinical trial designed to compare finasteride with placebo in the prevention of 

prostate cancer in men at low risk for the disease. A total of 18,882 men over the age of 55, with a PSA 

level of 3 ng/ml or lower and a normal digital rectal examination (DRE) were randomized to receive 7 
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years of finasteride (5 mg) or placebo daily. Of the 9,060 men included in the final statistical analysis, 

18.4% of men in the finasteride group were diagnosed with prostate cancer, compared with 24.4% in the 

placebo group; a 24.8% relative risk reduction [17]. In another study, a total of 28 untreated patients with 

asymptomatic, stage D prostate cancer were randomized in a double-blinded fashion to 

receive finasteride (10 mg/day), or placebo. Finasteride had no effect upon PAP, serum testosterone, 

prostatic volume or appearance of metastasis in bone scans. There was a decrease in serum PSA in 

the finasteride treatment group suggesting that finasteride was causing a minor effect in patients 

with prostate cancer [93].  

The Reduction by Dutasteride of Prostate Cancer Events (REDUCE) was a multicenter, 

randomized, double blind, placebo-controlled clinical trial designed to compare dutasteride with placebo 

in the prevention of prostate cancer in men at low risk for the disease. A total of 6,729 men between 50 

and 75 years, with a PSA level of 2.5 to 10 ng/ml, and had had one negative prostate biopsy within 6 

months before were randomized to receive 4 years of dutasteride (0.5 mg) or placebo daily. After the 

final statistical analysis, 19.9% of men in the dutasteride group were diagnosed with prostate cancer, 

compared with 25.1% in the placebo group; a 22.8% relative risk reduction [18].  

The Reduction by Dutasteride of Clinical Progression Events in Expectant Management 

(REDEEM) trial assessed the efficacy of dutasteride in preventing disease progression in men with low-

risk prostate cancer on active surveillance. Three hundred and two participants were randomized to 

receive dutasteride 0.5 mg once daily or placebo. The inclusion criteria were clinical stage T2a or lower 

PSA ≤11 ng/ml, and Gleason 6 cancer diagnosed in <4 cores of a minimum 10-core biopsy with <50% 

of any core positive. By the third year, 38% and 48% of the dutasteride and control participants, 

respectively, had progressed by pathologic or therapeutic criteria, a risk reduction of 38% for dutasteride. 

However, there were 14% of higher-grade cancers with dutasteride and 16% with placebo [94].  

In the ARIA series studies, four thousand three hundred and twenty five participants were 

randomized to receive dutasteride 0.5 mg once daily or placebo for 2 years. Analysis of pooled data from 

http://europepmc.org/abstract/med/1383574
http://europepmc.org/abstract/med/1383574/?whatizit_url=http://europepmc.org/search/?page=1&query=%22stage%20D%20prostate%20cancer%22
http://europepmc.org/abstract/med/1383574/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A5062
http://europepmc.org/abstract/med/1383574/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A5062
http://europepmc.org/abstract/med/1383574/?whatizit_url_gene_protein=http://www.uniprot.org/uniprot/?query=PAP&sort=score
http://europepmc.org/abstract/med/1383574/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A17347
http://europepmc.org/abstract/med/1383574/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A5062
http://europepmc.org/abstract/med/1383574/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A5062
http://europepmc.org/abstract/med/1383574/?whatizit_url=http://europepmc.org/search/?page=1&query=%22prostate%20cancer%22
http://www.europeanurology.com/article/S0302-2838%2813%2900385-0/fulltext/re-dutasteride-in-localised-prostate-cancer-management-the-redeem-randomised-double-blind-placebo-controlled-trial
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all three phase 3 BPH monotherapy studies (ARIA3001, ARIA3002, ARIB3003) found the incidence 

for detectable prostate cancer in the dutasteride group to be 50% less compared to the placebo group at 

27 months [95]. In the Combination of Avodart and Tamsulosin (CombAT) study, four thousand eight 

hundred and forty four participants were randomized to receive 0.5 mg dutasteride or 0.4 mg tamsulosin, 

or a combination (0.5 mg dutasteride and 0.4 mg tamsulosin) daily for 4 years. Dutasteride, alone or in 

combination with tamsulosin, caused a relative reduction of 40% in the risk of detectable prostate cancers 

compared to tamsulosin monotherapy, as well as a 40% reduction in biopsies. Fewer Gleason score 7–

10 and Gleason score 8–10 tumors were detected in the dutasteride groups combined, compared with 

the tamsulosin group. Low- and high-grade Gleason score cancers were reduced by 40% [96]. 

 Finasteride, dutasteride and saw palmetto extracts in prostate cancer animal 

studies 

Administration of finasteride (160 mg/kg/day) to male Sprague-Dawley rats for 15 days resulted 

in a significant reduction in circulating DHT levels, dorsolateral and ventral prostate DHT levels and 

weights [97]. Treatment of young adult male Sprague-Dawley rats with finasteride (5 and 20 mg/kg/day) 

for 28 days significantly reduced ventral prostate, epididymal, and seminal vesicle weights [98]. 

Similarly, finasteride (25 mg/kg/day) administered to young adult male rats for 7 days significantly 

reduced ventral prostate weight and prostatic concentrations of the mRNA for both 5α-reductase and 5α-

reductase activity [99]. Administration of finasteride (0.7, 7 or 72 mg/kg/day) to intact adult male 

Copenhagen rats for 55 days resulted in a significant reduction in normal ventral prostate weight and 

DHT content but did not inhibit R-3327H prostate cancer growth or DHT content [88]. Finasteride 

significantly reduced the weights of the androgen-sensitive tissues, seminal vesicles and prostate, but 

did not decrease Dunning R-3327H tumor areas or weights [100]. 

Administration of dutasteride (2 mg/kg every 2 days) to 6-7 week-old heterozygous male large 

probasin-large T antigen (LPB-Tag) mice for 4 weeks caused a significant reduction in ventral prostate, 

dorsolateral prostate, coagulating gland and seminal vesicle weights. Dutasteride at a lower dose (0.2 
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mg/kg every 2 days); or when treatment was extended to 8 weeks, dutasteride (1 mg/kg/day) significantly 

reduced all except ventral prostate weights [101]. Administration of dutasteride (1, 10 or 100 mg/kg/day) 

to intact adult male Copenhagen rats for 55 days reduced normal ventral prostate and R-3327H tumor 

DHT content and weight in intact mice [88]. Treatment of 4-week-old heterozygous male probasin-Tag 

transgene (TRAMP) mice with saw palmetto extracts (300 mg/kg/day) for 8 or 20 weeks significantly 

decreased the concentration of DHT in the prostate and resulted in a significant increase in apoptosis 

and significant decrease in pathological tumor grade and frank tumor incidence. Saw palmetto extracts 

at a lower dose (50 mg/kg/day) did not significantly change ventral prostate DHT levels [102].  

Finasteride, dutasteride and saw palmetto extracts in prostate cancer in vitro 

studies 

Treatment of LNCaP cells with finasteride (4 µM and 13 µM) significantly reduced cell viability. 

In RWPE-1 cells, growth was significantly inhibited at concentrations between 35 µM and 50 µM. In 

PC3 cells, cell viability was reduced noticeably at concentrations between 4 µM and 50 µM. Treatment 

of LNCaP cells with dutasteride (1 µM and 25 µM) significantly reduced cell viability. In RWPE-1 cells, 

dutasteride was effective in inhibiting cell growth at concentrations between 0.5 µM and 50 µM. PC3 

cell number was reduced at dutasteride concentration of 0.5 µM. No statistical differences were observed 

between the two 5α-reductase inhibitors in LNCaP-treated cells [103], although Lazier and colleagues 

found dutasteride to be more effective at inhibiting LNCaP cell growth compared with finasteride [104]. 

Dutasteride was also found to be significantly more effective in inhibiting PC3 and RWPE-1 cell growth 

than finasteride [103].  

Saw palmetto (Permixon) inhibited LNCaP and PC3 cell growth at concentrations of 44 µg/ml 

and 88 µg/ml [105]. Treatment of  DU-145 and PC-3 cells with 100 CH saw palmetto (Sabal serrulata) 

significantly decreased cell proliferation after 24 and 72 hour-recovery periods, respectively [106]. Saw 

palmetto extract (Prostasan) significantly induced suppression of growth in concentrations above 100 

µg/ml (MCF-7 and LNCaP), 200 µg/ml (MDA MB231, DU-145, HCT 116, J82, Caki-1) and 333 µg/ml 
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(A549) [107]. Saw palmetto (Permixon; 10 µg/ml) markedly inhibited 5α-reductase activity in the 

prostate, without suppressing PSA secretion [108].  

 In vitro culture systems 

 In vitro cell culture systems can be classified into two types: primary and immortalized cell 

cultures. Primary cell cultures are derived directly from tumors and are more representative of their 

original tissue. The disadvantages are the limited access, finite lifespan and specific culturing techniques 

for maintaining these cells. Immortalized cell lines are derived from normal or cancer tissues and have 

an unlimited proliferation capacity. They offer the advantage of having an unlimited lifespan. The 

disadvantage of these lines is that they are not as representative of the original tissues [109,110]. The 

three most widely used immortalized cancer cell lines are LNCaP, DU-145, and PC-3 cells, which are 

all derived from human metastasized prostate cancer [111]. LNCaP cells were derived from lymph node 

metastasis and are androgen-sensitive meaning androgens stimulate their growth [112-114]. DU-145 

cells were isolated from brain metastasis while PC-3 cells were derived from bone metastasis; both lines 

are androgen-insensitive [115,116]. RWPE-1 prostate epithelial cells are derived from the peripheral 

zone of a histologically normal adult human prostate and immortalized using human papilloma virus-18 

(HPV-18) [117]. To produce cancerous cells, RWPE-1 cells were transformed using the carcinogen N-

methyl-N-nitrosourea and subcutaneously injected into nude mice to form tumors. Second generation 

tumors were then cultured, progressively, to create WPE1-NA22, WPE1-NB14, WPE1-NB11 and 

WPE1-NB26 cell lines [118]. Another cell line, the PC-346C cells are human, androgen-sensitive cells 

derived from the transurethral resection of a primary prostate tumor [119]. Previously, we examined the 

effect of finasteride and dutasteride, pre- and post-tumor injection on the growth of WPE1-NA22 

xenografts in nude mice. There were no differences in final tumor areas or tumor weights between 

groups, likely due to poor tumor growth. We found proliferation of WPE1-NA22 and RWPE-1 cells 

were unaltered by treatment with testosterone, DHT or mibolerone, suggesting that these cell lines are 

not androgen-sensitive [120]. 
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 Prostate Cancer Animal Models 

 Xenograft models 

 Nude/athymic mice 

The nude or athymic mouse lacks mature T-cells due to the absence of a thymus, hence cannot 

initiate an immunologic response to foreign tissue. This enables them to readily accept subcutaneous 

xenografts of human tumor. Prostate cancer cells can be subcutaneously injected into flanks or shoulders, 

orthotopically injected into the prostate, or implanted into the sub-renal capsule of immunocompromised 

animal models [121]. The benefits of subcutaneous tumor models are their ease of tumor establishment, 

management and reproducibility. Currently, only 25-35% of human tumors have been successfully 

transplanted into athymic mice and their use is hampered by the high natural killer (NK) cell activity. 

There is no metastasis seen in conventional subcutaneous xenograft [122,123]. 

 SCID mice 

The severe combined immunodeficiency (SCID) mouse lacks B and T lymphocytes and is unable 

to initiate an immunologic response to foreign tissue [124-126]. The presence of NK cell and myeloid 

function is capable of promoting initial tumor growth and metastatic spread after xenograft implantation 

[127]. SCID mice readily accept xenografts of human tumor and develop spontaneous metastasis from 

human xenografts at an increased rate than do nude mice [128-132]. HER-2/neu overexpressing human 

LNCaP cells were subcutaneously injected into this model to demonstrate that HER-2/neu stimulates 

androgen-independent tumor growth via regulation of the androgen receptor signaling pathway [133]. 

 NOD-SCID mice 

The non-obese diabetic (NOD)-SCID mice is defined by a functional deficit in NK cells, an 

absence of circulating complement and defects in the differentiation and function of antigen-presenting 

cells [134]. This model can be used for subcutaneous and orthotopic implantation of human prostate 

cancer cells. The tumor take rate was 100% for subcutaneous implantation and 83% for orthotopic 

implantation when PC-3 and DU-145 cells, respectively were injected to animals. NOD/SCID mice have 

http://iv.iiarjournals.org/content/28/5/779.short
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been shown to have a better growth rate compared to the nude or SCID mice. There is an increased 

incidence of metastatic sites in comparison to other metastatic mouse models [135]. The disadvantages 

of SCID and NOD-SCID mice include the frequent occurrence of thymic lymphoma and the leakiness, 

in which T and B cells develop in aged mice [136,137].  

 NOG-NSG mice 

The NOG-NSG mouse is a cross between the NOD-SCID mouse and interleukin 2 

receptor γ (IL2Rγ) null mouse which completely lack B, T, and NK cells. This model readily accepts 

humanized tissue and human cell engraftment than the NOD/SCID mice [138-141], and are a more 

valuable model, particularly for long-term studies because they survive longer than NOD-SCID mice 

[141]. NOG-NSG mice readily accept subcutaneous cancer cells efficiently compared to nude mice. 

NOG-NSG mice were subcutaneously injected with E006AA prostate cancer cells to characterize the 

androgen responsiveness and phenotypic expression of these cells [142]. 

 RAG mice 

RAG mice lack the recombination activating gene, RAG1 and RAG2, which are responsible for 

activation of V(D)J recombination during the development of T cells [143,144]. The inactivation of these 

proteins causes mice to be deficient in both B and T cells, similar to SCID mice [145,146]. The RAG 

mice have an inflammatory response and NK cell activity [147]. RAG mice deficient in RAG 2 have 

been reported to have a higher tumor growth rate than SCID mice [148]. TRAMP-C2 prostate cancer 

cells were subcutaneously injected into RAG1 null mice to understand the effectiveness of an antitumor 

treatment [147]. 

 Transgenic models 

 TRAMP mice 

 In transgenic mouse models (TRAMP), the rat prostate-specific promoter probasin directs 

expression of the simian virus 40 (SV40) large and small T antigen to the prostate epithelium to cause 
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cell transformation. As a result, TRAMP mice develop progressive forms of prostate cancer with lesions 

ranging from mild PIN through well-differentiated (WD) adenocarcinoma, to invasive poorly 

differentiated (PD) adenocarcinoma with distant site metastasis to pelvic lymph nodes and lungs 

[149,150]. In TRAMP mice, the transgene is detected as early as 3 weeks of age [151], with pathological 

features similar to low-grade PIN developing as early as 4-6 weeks of age [152]. TRAMP mice develop 

high-grade PIN and well-differentiated adenocarcinoma at 12 weeks old with poorly differentiated and 

invasive carcinoma appearing between 18-30 weeks and metastasizing into lymph nodes and lungs and 

occasionally kidney, bone and adrenal glands [152,153]. By 30 weeks of age, TRAMP mice on an FVB 

background (TRAMP/FVB) display 100% metastasis to lungs and lymph nodes along with bone 

metastasis [150,154]. TRAMP mice develop neuroendocrine carcinoma, a rare occurrence in human 

prostate cancer. Majority of human prostate cancer are acinar adenocarcinoma, with neuroendocrine 

prostate cancers making up less than 2% of cancer cases. The limitation of using TRAMP mice for 

prostate cancer studies is that results are applicable to only a small subpopulation of prostate cancer 

patients [155-158]. 

 LADY mice 

The large probasin promoter directs the expression of the large-T antigen that results in the 

development of glandular hyperplasia and PIN by 10 weeks of age, followed by high-grade epithelial 

dysplasia and poorly undifferentiated adenocarcinoma by 20 weeks. There is accelerated rate of disease 

progression and frequency of neuroendocrine differentiation of tumor cells [159,160]. 

 Syrian hamster androgen-sensitive flank organs 

Syrian hamsters have a pair of flank organs, each located on either side of the costovertebral 

angle, and are sensitive to androgen stimulation [161]. The androgen-sensitive components of the flank 

organ include dermal melanocytes, sebaceous glands, and hair follicles [162].  The advantage of using 

this animal model is that a test compound can be applied topically to only one of the flank organs leaving 
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the other flank organ as a control. Flank organ growth is dependent on the local conversion of 

testosterone to DHT as is prostate growth in humans [163]. This animal model has been used widely for 

testing androgenic [161,162] and antiandrogenic compounds [164,165]. This serves as a good model for 

testing inhibitor of 5α-reductase that is topically active and inactive systemically for treatment of 

androgen-dependent flank organ growth [166]. 

 Other animal models that can be used for anti-androgenic studies 

The fuzzy rat expresses androgen-dependent hypersecretion of sebum and hyperplastic 

sebaceous glands [167]. The ear of Syrian hamsters is also useful for anti-androgenic studies [168]. 

 Grading of human prostate cancer and TRAMP mice prostatic lesions 

Gleason grading uses five basic grade patterns ranging from 1 to 5 to grade prostate cancer in 

humans. A histologic score is obtained by the summation of the primary grade pattern and the secondary 

grade pattern to give a range from 2 to 10, with 2 representing the most well-differentiated tumors and 

10 the least-differentiated tumors. Where there is only one grade pattern present, it is multiplied by 2 to 

give the histologic score [169]. The Gleason score was not used to evaluate TRAMP mice prostate 

pathology because it is based on clinical-pathological relationships in human samples. The mouse 

prostate has features which differ anatomically from human prostate. Also, prostate cancer in TRAMP 

mice differ clinically from humans because TRAMP mice will develop prostate cancer with a 100% 

incidence and progress to poorly differentiated carcinoma [153]. Additionally, the Gleason grading 

system evaluates only prostate cancer not PIN, and therefore cannot be used for grading in TRAMP mice 

where there is assessment and differentiation of PIN and prostate cancer. This grading scheme is also 

limited in determining the distribution of lesion in prostate lobes since it accounts for only the common 

lesion, and not the severity of the lesion. As a result, a refined grading system developed by Berman-

Booty and colleagues has several advantages for grading prostate cancer in TRAMP mice. First, it is 

able to distinguish low-, moderate-, and high-grade PIN, and thus makes it possible to establish whether 
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a drug changes the severity of PIN. Second, it is able to differentiate high-grade PIN, a preneoplastic 

lesion, from well-differentiated adenocarcinoma, a neoplastic lesion, which can determine if a drug 

treatment is able to prevent progression to neoplasia. Third, this is a numerical grading system that 

accounts for lesion type and its distribution to promote the evaluation of lesion severity and allow 

statistical assessment. The anterior, dorsal, lateral and ventral lobes of C57BL/6 TRAMP × FVB mice 

are assigned two grades each between 0-7. The first grade is the most severe lesion within the lobe 

[normal prostate as least severe (grade 0), and poorly differentiated as most severe (grade 7)]. The second 

grade is the most common lesion within the lobe [normal prostate as least common (grade 0), and poorly 

differentiated as most common (grade 7)] [170]. Evaluating both the severe and common lesions in 

TRAMP mice prostate cancer paints a better picture of the disease and represents closely the Gleason 

system used for grading prostate cancer in humans [171]. 

1. Grade 1, Low-grade PIN: There is focal hyperplasia of prostate epithelial cells resulting in 

stratification of cells. Hyperplastic cells have increased basophilia and increased nuclear to 

cytoplasmic ratios. Cytoplasmic and nuclear atypia are minimal. 

2. Grade 2, Moderate-grade PIN: Hyperplastic epithelial cells form increased numbers of short and 

tall papillary projections that extend into the glandular lumen. There may be mild hyperplasia of 

smooth muscle surrounding the glands. 

3. Grade 3, High-grade PIN: There is loss of prostate glandular lumina due to the presence of 

numerous hyperplastic prostate epithelial cells that project into the lumen and form cribiform 

pattern. Hyperplastic cells do not invade the connective tissue that separates the glands into 

distinct lobules. 

4. Grade 4. Phyllodes-like tumor: These lesions are commonly found in the dorsal or anterior lobes. 

The main component of a phyllodes-like tumor is stroma. They consist of papillary projections 

of loose stroma with loosely arranged stellate mesenchymal cells. 
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5. Grade 5, Well-differentiated adenocarcinoma: Well-differentiated neoplastic cells form tubular 

or glandular like structures that have obliterated lobular architecture by invasion of the basement 

membrane, which is a key feature for distinguishing PIN from carcinoma. Necrosis of neoplastic 

cells is absent.  

6. Grade 6, Moderately differentiated adenocarcinoma: Neoplastic prostate epithelial cells are 

attempting to form glandular structures. Glandular structures vary in size and shape. Cellular 

atypia is increased and necrosis is present. 

7. Grade 7, Poorly differentiated carcinoma: Neoplastic cells have marked nuclear and cytoplasmic 

atypia and arranged in polygonal or elongated sheets with no attempt at forming glandular or 

tubular structures [170,172]. 

 Molecular pathways in prostate cancer 

 Androgen receptor signaling pathway 

The androgen receptor (AR) signaling pathway is important for prostate cancer cell proliferation 

[173]. The AR signaling pathway begins with the translocation of testosterone to the cytoplasm, where 

it is converted to DHT by 5α-reductase isoenzymes. DHT binds to the androgen receptor as a 

homodimer, undergoes a conformational change which results in dissociation of cytoplasmic 

chaperones, AR dimerization, and translocation to the nucleus [174-177]. Inside the nucleus, AR binds 

to androgen response elements (ARE) on the promoter/enhancer regions, recruits coregulators, and 

forms the transcriptional machinery for AR-regulated gene expression. This is termed as genomic 

signaling pathway [173,178].  

Nongenomic steroid activity normally involves activated AR in the cytoplasm interacting with 

several signaling molecules including the phosphatidyl-inositol 3-kinase (PI3K)/Akt, Src, Ras-Raf-1, 

and protein kinase C (PKC), which then converge on mitogen activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK) activation, resulting in cell proliferation. The 
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MAPK/ERK signaling cascade is important in controlling diverse biological functions such as cell 

survival, motility, and proliferation which are important to prostate carcinogenesis [173].
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Figure 1.1 Summary of the androgen receptor signaling pathways in prostate cancer. Adapted from Lonergan et al, 2011 [179]. 

T = testosterone; DHT = dihydrotestosterone; AR = androgen receptor; HSP = heat shock protein; JAK-1 = Janus kinase 1; STAT3 = signal transducer and activator of 

transcription 3; PTEN = phosphatase and tensin homolog deleted on chromosome 10; PIP3= phosphatidylinositol 3,5-triphosphate; cAMP = cyclic adenosine monophosphate; 

ERK1/2 = extracellular-signal-regulated kinases 1/2; PKA = protein kinase A; Akt = serine/threonine protein kinase; Src = sarcoma-related kinase; P13K = 

phosphatidylinositol-3 kinase; MEK = MAPK extracellular kinase;  RTK = receptor tyrosine kinases; Ack = acetate kinase; Ras = membrane-associated guanine nucleotide-

binding protein; p300 = histone acetyltransferase; EGF = epidermal growth factor; IGF-1 = insulin-like growth factor 1; IL-6R = interleukin-6 receptor. 
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Figure 1.2. Summary of the apoptosis signaling pathways. Adapted from Elmore et al, 2007 [180]. The two main pathways of apoptosis are extrinsic and intrinsic pathway. 

Specific triggering signals trigger each pathway to begin an energy-dependent cascade of molecular events. Each pathway is activated by its own initiator caspase (8, 9) which 

then activate the executioner caspase-3. The execution pathway results in characteristic cytomorphological features such as cell shrinkage, chromatin condensation, formation 

of cytoplasmic blebs and apoptotic bodies and finally phagocytosis of the apoptotic bodies by adjacent parenchymal cells, neoplastic cells or macrophages. 
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 Apoptosis signaling pathway 

 Pathological and physiological triggers of apoptosis 

The apoptosis signaling pathway is involved in the genetically determined destruction of cells, a 

homeostatic mechanism to conserve cell populations in tissues [181-184]. Apoptosis can be triggered 

pathologically by stimuli such as heat, free radicals, ultra violet light, ionizing radiation, alkylating 

agents; and physiologically by stimuli such as steroid hormones, interleukins, and cytokines [185]. The 

most common described initiation pathways are the intrinsic (or mitochondrial) and extrinsic (or death 

receptor) pathways of apoptosis. Caspases are essential in the initiation and execution of apoptosis 

[186,187].  

 Extrinsic pathway of apoptosis 

The extrinsic pathway is initiated through ligation of transmembrane death receptors (FasL/FasR, 

TNF-α/TNFR1, Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5) [188-192]. Fas ligand binds to Fas 

receptor, and this results in the binding of the adapter protein FADD and the binding of TNF ligand to 

TNF receptor. This leads to the binding of the adapter protein TRADD with enrolment of FADD and 

RIP [193,194]. FADD binds with procaspase-8 to form a death-inducing signaling complex (DISC) 

which catalyzes the proteolytic cleavage and transactivation of procaspase-8 to produce caspase-8 [195]. 

Activated caspase-8 is released from DISC to cytoplasm to initiate downstream cleavage of caspase-3 

through direct or mitochondrial-dependent mechanisms, which activates the execution phase of 

apoptosis [196-198].  

 Intrinsic pathway of apoptosis 

The intrinsic pathway of caspase activation is caused by events such as irreparable genetic 

damage, growth factor withdrawal, loss of contact with the extracellular matrix, extremely high 

concentrations of cytosolic Ca2+ and hypoxia. These stimuli initiate changes in the inner mitochondrial 

membrane that leads to the opening of the mitochondrial permeability transition (MPT) pore, loss of the 
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mitochondrial transmembrane potential and release of two main groups of pro-apoptotic proteins from 

the intermembrane space into the cytosol [199]. The first group consists of cytochrome c, 

Smac/DIABLO, and the serine protease HtrA2/Omi [200-203]. These proteins activate the caspase-

dependent mitochondrial pathway. Cytochrome c binds and activates Apaf-1 and procaspase-9, leading 

to caspase-9 activation [204,205]. Smac/DIABLO and HtrA2/Omi promote apoptosis through the 

inhibition of inhibitors of apoptosis proteins (IAP) activity. The second group of pro-apoptotic proteins 

consists of AIF, endonuclease G and CAD. AIF translocates to the nucleus to initiate DNA fragmentation 

and condensation of peripheral nuclear chromatin [206]. Endonuclease G also translocates to the nucleus 

to cleave nuclear chromatin to produce oligonucleosomal DNA fragments [207]. CAD is released from 

the mitochondria and translocates to the nucleus, and cleaved by caspase-3, resulting in 

oligonucleosomal DNA fragmentation and chromatin condensation [208]. 

 Execution pathway of apoptosis 

Both intrinsic and extrinsic pathways eventually lead to the execution phase of apoptosis. 

Cytoplasmic endonuclease are activated by execution caspases, which degrade nuclear material, and 

proteases that degrade the cytoskeletal and nuclear and proteins [209]. Substrates such as PARP, 

cytokeratins, nuclear protein NuMA are cleaved by caspase-3, caspase-6 and caspase-7, resulting in 

DNA fragmentation, degeneration of cytoskeletal and nuclear proteins, cross-linking of proteins, 

generation of apoptotic bodies, expression of ligands for phagocytic cell receptors, and finally the 

phagocytic uptake of apoptotic cells [210]. Caspase-3 is the primary executioner caspase and is activated 

by caspases-8, caspases-9 or caspases-10 [211]. Caspase-3 stimulates endonuclease CAD to degrade 

DNA and proteases and initiates chromatin condensation [212,213]. Caspase-3 induces cytoskeletal 

reorganization and fragmentation of the cell into apoptotic bodies. Caspase-3 also cleaves gelsolin, 

followed by cleavage of actin filaments which results in disruption of the cytoskeleton, intracellular 

transport, cell division, and signal transduction [180,214]. 



 

 

23 

 

 The MAPK pathway 

Mitogen-activated protein kinases (MAPKs) regulate intracellular signaling involved in cellular 

activities such as cell proliferation, differentiation, survival, death, and transformation [215,216]. The 

three main members that integrate the MAPK family in mammalian cells are stress-activated protein 

kinase c-Jun NH2-terminal kinase (JNK), stress-activated protein kinase 2 (SAPK2, p38), and the 

extracellular signal-regulated protein kinases (ERK1/2, p44/p42). JNK and p38 normally mediate cell 

death and tumor suppression, while ERK mediates cell survival and tumor promotion in response to 

stimuli such as cytokines and growth factors [217]. The full activation of JNK requires dual 

phosphorylation of threonine and tyrosine residues [218-222]. JNKs phosphorylate different substrates, 

including transcription factors (ATF-2, c-Myc, p53) and members of the Bcl-2 family, in addition to 

those involved in proliferation, inflammation and apoptosis [223-225]. p38 is activated in cells in 

response to stress signals, proinflammatory or anti-inflammatory cytokines [226,227]. Activated p38 

phosphorylates and regulates many transcription factors including ATF-2, NF-κB, Elk-1, Max, MEF-2, 

Mac, p53, or Stat1 [227-229] and other cell cycle and apoptotic mediators (e.g., Cdc25A, Bcl-2) [230]. 

ERK is activated by cytokines and phosphorylates a series of transcription factors including Elk1, c-Fos, 

p53, Ets1/2, and c-Jun, each one involved in regulation of cell proliferation, differentiation, and 

morphogenesis [177]. ERK can stimulate the phosphorylation of apoptotic regulatory molecules 

including bcl-2 family members and caspase-9 [231].  

 The TGF-β/SMAD signaling pathway 

The TGF-β/SMAD signaling pathway regulates many cellular activities including cell growth, 

adhesion, migration, cell differentiation, embryonic development, and apoptosis [232]. TGF-β ligand 

binds to a specific set of type 1 and type 2 receptors which then results in signal transduction by SMAD 

proteins and formation of heterotetrameric receptor complex. The active type 2 receptor phosphorylates 

the type 1 receptor, which then promotes a signal by phosphorylating the receptor-specific SMADs (R-
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SMADs) [233,234]. When R-SMADs are activated, they form complexes with SMAD4, which are 

translocated to the nucleus where SMAD complexes interact with nuclear proteins to initiate or suppress 

target genes transcription. TGF-β can initiate androgen receptor (AR) translocation into the nucleus and 

AR-dependent gene transcription. Androgen receptor can combine with SMAD4 to stimulate TGF-β-

mediated apoptosis. In early stage-cancer cells, TGF-β functions as a tumor suppressor by inhibiting cell 

growth, invasiveness, and motility and promoting apoptosis. In advanced-stage cancer cells, TGF-β is 

involved in proliferation, invasion, motility of cells and inhibition of apoptosis [177]. 

 Prognostic molecular markers of prostate cancer 

 Cell-proliferation nuclear markers       

The Ki-67 antigen is a prototypic cell cycle-related protein expressed by proliferating cells. It is 

a reliable marker of cell proliferation in malignant tissues because it is expressed in all phases of the 

active cell cycle (G1, S, G2 and M) and absent in resting (G0) cells [235]. High Ki-67 index is associated 

with poor prognosis of prostate cancer [236]. Abnormal Ki-67 expression in prostate tumor is associated 

with higher Gleason scores and more aggressive cancers as well as higher rates of recurrence and 

metastases. An increase in Ki-67 expression indicates a rise of mitotic activity and cell proliferation. Ki-

67 is well recognized to be a useful factor to evaluate the proliferative activity of various neoplastic 

tissues, and considered the gold standard for cell proliferation [237]. Proliferating cell nuclear antigen 

(PCNA) is another useful marker of cells with proliferative potential and for identifying the status of 

proliferation in tumor tissue. PCNA is expressed in the nuclei of cells during the DNA-synthesis (S) 

phase only, and therefore not proliferative specific. Many studies have found a weak correlation between 

PCNA and other proliferation markers [238].  

 Apoptosis markers 

During apoptosis, cells reduce their volume, contract their reorganized cytoskeleton and 

disintegrate into many small apoptotic bodies in order to promote engulfment. This shrinkage results in 
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nuclear condensation and internucelosomal DNA-fragmentation [239]. Degraded DNA can be detected 

enzymatically and quantified using in situ nick translation (ISNT), in situ nick end labeling (ISNT), and 

terminal deoxynucleotidyl transferase end labelling (TUNEL) [240]. In situ nick end labelling is 10 times 

more specific and can detect cells undergoing DNA repair, therefore it is more specific than TUNEL 

[241]. During TUNEL assay, single and double stranded DNA strand breaks are detected by 

enzymatically labeling the free 3'-OH termini with modified nucleotides. These new DNA ends that are 

generated upon DNA fragmentation are typically localized in morphologically identifiable nuclei and 

apoptotic bodies [242,243]. The caspase-cascade system plays significant roles in the induction, 

transduction and amplification of intracellular apoptotic signals. To date, fourteen caspases have been 

identified. Caspase-3 is activated in apoptosis and is essential for DNA fragmentation and morphological 

changes of apoptosis. Cell death is enhanced in the presence of caspase-3, which is the primary 

executioner of apoptotic death [244]. Other apoptotic executioners include caspase-6 and caspase-7 

[245]. Caspase-3 is commonly used to measure apoptosis because it is the major activator of apoptotic 

DNA fragmentation [246], and provides greater sensitivity than TUNEL staining [213]. 

 Androgen receptor markers 

Androgen receptor plays a significant role in the development and progression of prostatic 

carcinoma and androgen receptor expression is maintained throughout prostate carcinoma progression 

[247,248]. Androgen receptor expression is a potential marker of prognosis and hormonal 

responsiveness in prostate cancer [249]. High levels of androgen receptor are associated with increased 

proliferation and markers of aggressive disease [250]. Androgen regulated genes such as CAMKK2, 

MiR-125b RNA, ARFGAP3 and APP could also be used as biomarkers of prostate cancer [251].  
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 5α-reductase enzyme assays 

Several methods have been developed for measuring 5α-reductase activities. In one method, 

tritiated testosterone is incubated with tissue homogenates and the radiolabeled steroid metabolites are 

separated by thin layer chromatography or reverse phase chromatography [252,253]. A nonradioactive 

assay for measuring 5α-reductase activities is performed by incubation of cell homogenates with tritiated 

testosterone, and then steroid metabolites separated by reverse phase chromatography [254]. 

Immunohistochemistry using 5α -reductase 1 and 5α -reductase 2 antibodies have also been employed 

to quantify the expression of the isoenzymes in hyperplastic and prostatic tissues [255,256].  

 Immunohistochemistry 

Immunohistochemistry is a method for localizing specific antigens in tissues based on the 

binding of antibodies (immunoglobulins) to specific antigens in tissue sections [257]. An antigen is any 

molecule that stimulates an immune response by stimulating the B-lymphocytes to produce antibodies 

(immunoglobulin) against it [258]. Immunoglobulins are glycoprotein molecules which are produced by 

plasma cells. There are five classes of immunoglobulins but the most frequently used immunoglobulin 

in immunohistochemistry is IgG; IgM is less commonly used [259]. All immunoglobulins have a four 

chain structure as their basic unit. Immunoglobulins are Y-shaped and are composed of two identical 

light chains (κ and λ) (23kDa) and two identical heavy chains (α, δ, ε, γ and μ) (50-75kDa) that are 

encoded by different segments of DNA, and held together by interchain disulfide bonds and by non-

covalent interactions [260]. The disulfide bonds are positioned within a flexible region called the hinge 

region, which separates the lobes of the antibody from one another and provides ample flexibility to bind 

antigens effectively [261]. Antibodies (Abs) are made by immunizing animals with purified antigen. The 

animal responds by producing antibodies that specifically recognize and bind to the antigen. Antibodies 

are referred to as polyclonal when they are secreted by different B cell lineages. Monoclonal antibodies 

come from a single cell lineage. Polyclonal antibodies have a higher affinity and wide reactivity but 
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lower specificity when compared with monoclonal antibodies [262]. Polyclonal antibodies have the 

advantage over monoclonal antibodies in that they are more likely to identify multiple isoforms 

(epitopes) of the target protein [263]. The bonds between antigen and antibody are weak (mostly 

hydrophobic and electrostatic) [264]. The paratope is the part of an antibody which recognizes an 

antigen. Antibodies recognize specific areas of antigens called epitopes [262]. Epitopes are normally 5-

21 amino acids long [265].  

Immunohistochemistry techniques 

Immunohistochemical techniques utilize antibodies to detect and visualize antigens in cells and 

tissue using chromogenic or fluorescent methods. The direct method uses an antibody labeled with an 

enzyme, which can be visualized by the addition of a chromogenic substrate at the site of antigen-

antibody interaction. Indirect methods increase the number of assay steps, but amplifies antibody-antigen 

signal for greater sensitivity [259]. 

  Direct method 

  The direct method is a one-step staining method, and involves only one labeled antibody reacting 

directly with the antigen in tissue sections [266]. The antibody against the target antigen is conjugated 

to an enzyme (biotin, horseradish peroxidase, alkaline phosphatase) [267-269], and then activated by 

adding a substrate (hydrogen peroxidase substrate) [270]. Addition of a chromogenic substrate [3,3'-

diaminobenzidine (DAB), nitro blue tetrazolium chloride (NBT), 5-bromo-4-chloro-3-indoyl-β-D-

galactopyranoside] to the enzyme allows for the immediate visualization of the antigen using a light 

microscope [271-273]. Direct methods are suitable when labeled primary antibodies are available or 

when the target molecule is present at levels that do not require amplification. This method is quick 

because only one antibody is utilized, and also nonspecific reactions are minimized. However, this 

technique is insensitive because only one antibody is used and no amplification occurs [259].  

http://www.kpl.com/catalog/index.cfm?pID=154
http://www.kpl.com/catalog/index.cfm?pID=154
http://www.kpl.com/catalog/index.cfm?pID=154
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 Indirect method 

The indirect method involves an unlabeled primary antibody (first layer) which reacts with tissue 

antigen, and a labeled secondary antibody (second layer) binds to the primary antibody to amplify the 

primary signal. The secondary antibody must be against the immunoglobulin of the animal species from 

which the primary antibody is raised [266,274]. The second layer antibody may be labeled with an 

enzyme such as biotin, horseradish peroxidase, alkaline phosphatase [267-269]. Increased signal 

amplification occurs due to the binding of secondary antibodies to multiple epitopes on the primary 

antibody. Chromogenic substrate is added to provide visualization of the antigen [275]. An advantage 

of this method is the capacity to use a variety of primary antibodies from the same species with the same 

labeled secondary antibody. Secondary antibody can cross-react with endogenous immunoglobulins in 

the specimen to yield undesired reactions. Using secondary antibodies which are preabsorbed with 

immunoglobulin from the species from which the specimen is obtained can eliminate this cross-

reactivity [276,277]. 

 Avidin-Biotin Complex (ABC) method 

  Avidin is a glycoprotein naturally found in egg whites, can be labelled with peroxidase or 

fluorescein, and binds with high affinity and specificity to biotin. Biotin, a low molecular weight vitamin, 

can be conjugated to antibodies. There are three layers involved in this method. The first layer is an 

unlabeled primary antibody. The second layer is a biotinylated secondary antibody. The third layer is a 

complex of avidin-biotin peroxidase. The enzyme is then visualized by application of the chromogenic 

substrate [259,275,278]. 

 Labeled Streptavidin Biotin (LSAB) method 

  This method is a buildup on the ABC method, and uses streptavidin, derived from streptococcus 

avidini, in place of avidin. There are three layers involved in this method. The first layer is 

unlabeled primary antibody. The second layer is biotinylated secondary antibody. The third layer is 
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enzyme-streptavidin conjugates (HRP-Streptavidin or AP-Streptavidin) to replace the avidin-biotin 

peroxidase complex. The enzyme is then visualized by application of the chromogenic substrate. LSAB 

can increase the sensitivity of detection 8-fold over ABC detection [259,278]. 

 Peroxidase anti-peroxidase (PAP) method 

An unconjugated secondary antibody is added to the primary antibody, leading to multiple 

secondary antibodies reacting with each primary antibody. A tertiary antibody complexed with 

peroxidase is then added to react with each secondary antibody to increase the level of amplification 

[275,278]. The tertiary antibody upon addition of chromogenic substrate is 100 to 1000 times greater 

than just secondary antibody amplification. Less primary antibody can be used for each sample staining, 

thus eliminating most unwanted antibodies and decreasing non-specific background staining 

[259,274,279,280]. 

 Polymer-based immunohistochemistry 

Significant background staining can result due to the presence of endogenous biotin in tissues. 

When using the heat-induced antigen retrieval method, the retrieval of biotin may appear as unwanted 

side effect. Residual activity is still found in tissues such as liver and kidney after formalin fixation and 

paraffin embedding. Also, frozen tissues have higher levels of endogenous biotin than those found in 

paraffin-embedded specimens. Although there are methods which can partially block endogenous biotin 

activity, they make the immunohistochemistry procedure cumbersome. The polymer-based 

immunohistochemical method does not rely on biotin, but rather relies on a technology based on a 

polymer backbone to which multiple antibodies and enzyme molecules are conjugated. The whole 

immunohistochemical staining procedure, from primary antibody to enzyme, can be done in a single 

step [281-283]. 



 

 

30 

 

 Antigen retrieval 

Fixation of tissues causes protein cross-linking, resulting in the inability of some protein epitopes 

to react with complementary antibodies. Pretreating the tissues with antigen retrieval reagent or 

procedures can significantly re-open the cross-linked epitopes for antibodies to easily bind to target 

antigens [284]. Heat-retrieval and enzyme-retrieval are the most commonly used antigen-retrieval 

methods [259]. Heating unmasks epitopes by hydrolysis of methylene cross-links, extraction of 

diffusible blocking proteins, precipitation of proteins, rehydration of the tissue section allowing greater 

penetration of antibody, and heat mobilization of trace paraffin. The enzyme-retrieval functions by 

digestion of proteins in the tissues [285,286]. The effect of enzyme retrieval depends on the 

concentration and type of enzyme, time, temperature, and pH, and the duration of fixation. Examples of 

enzymes used in this method are proteinase K, trypsin, chymotrypsin, and pepsin [287-289]. 

 In situ hybridization 

This technique allows for precise localization of a specific segment of nucleic acid within a 

histologic section [290]. A series of target probes are designed to hybridize to the target RNA molecule. 

Probes are complementary sequences of nucleotide bases to the specific mRNA sequence of interest. 

The probes can be as small as 20-40 bases or up to a 1000 base pairs. Each target probe contains an 18- 

to 25 base region complementary to the target RNA, a spacer, and a 14-base tail sequence. A pair of 

double probes, each possessing a different type of tail sequence, hybridizes contiguously to a target 

region (~50 bases). The two tail sequences together form a 28-base hybridization site for the 

preamplifier, which contains 20 binding sites for the preamplifier, which in turn contains 20 binding 

sites for the label probe. After hybridization, the tissue is washed to remove unbound probe or probe 

which has loosely bound to imperfectly matched sequences. The label probe can be conjugated to an 

alkaline phosphatase or horseradish peroxidase (HRP) molecule for chromogenic reactions [291]. 

Controls are used to ensure that the hybridization reaction is specific and that the probe is binding 
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selectively to the target mRNA sequence and not to other components or other closely related mRNA 

sequences. 
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Chapter 2 - Effect of Saw Palmetto Supplements on Androgen-Sensitive 

LNCaP Human Prostate Cancer Cell Number and Syrian Hamster 

Androgen-Sensitive Flank Organ Growth 

 Abstract 

Background: Saw palmetto supplements (SPS) are consumed by men with prostate cancer. SPS’ 

antiandrogen action may be related to their ability to inhibit 5α-reductase enzymes, which convert 

testosterone to the more potent dihydrotestosterone (DHT). SPS contain phytosterols and fatty acids, 

with the saturated medium-chain fatty acids laurate and myristate thought to be bioactive components. 

We investigated whether SPS fatty acid and phytosterol concentrations determine their growth-

inhibitory action in androgen-sensitive LNCaP human prostate cancer cells and androgen-sensitive 

Syrian hamster flank organs.  

Method/Principal findings: LNCaP cells were treated with high long-chain fatty acids (FA)-low 

phytosterols (HLLP), high long-chain FA-high phytosterols (HLHP) or high medium-chain FA-low 

phytosterols (HMLP) SPS with and without 10 nM testosterone or 1 nM DHT. HMLP SPS above 750 

nM or with androgens, and HLHP SPS above 500 nM with DHT significantly decreased LNCaP cell 

number. HLLP SPS above 750 nM with testosterone significantly increased or above 500 nM with DHT 

significantly decreased LNCaP cell number. In animal studies, five to six-week-old, castrated male 

Syrian hamsters treated with testosterone or DHT (0.5 µg each) were randomized to control, HLLP, 

HLHP and HMLP groups. Testosterone or DHT was applied topically daily for 21 days to the right flank 

organ; the control left flank organ was treated with ethanol. Thirty minutes later, SPS or ethanol was 

applied to each flank organ in treatment and control groups, respectively. SPS treatments caused notable, 

but nonsignificant reduction in the difference between the left and right flank organ growth in the 
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testosterone-treated SPS groups. The same level of inhibition was not seen in the DHT-treated SPS 

groups. 

Conclusion: The results suggest saw palmetto supplements may be better at inhibiting the conversion 

of testosterone to DHT to prevent Syrian hamster androgen-sensitive flank organ growth. SPS with 

longer-chain fatty acids were more effective in decreasing Syrian-hamster androgen-sensitive flank 

organ growth. 

 Contributors to study 

Conceived and designed the experiments: Alexander B. Opoku-Acheampong, Brian L. Lindshield. 

Performed the experiments: Alexander B. Opoku-Acheampong, Kavitha Penugonda. Analyzed the data: 

Alexander B. Opoku-Acheampong, Brian L. Lindshield. Contributed reagents/materials/analysis tools: 

Alexander B. Opoku-Acheampong. Wrote the manuscript: Alexander B. Opoku-Acheampong. 

 Introduction 

 Prostate cancer is the most common non-skin cancer in men and is projected to account for 26% 

of US male cancer cases in 2015 [1]. Androgens stimulate growth of most prostate cancers, thus 

inhibiting androgen metabolism or action is a common approach to combating this malignancy. 5α-

reductase 1, 5α-reductase 2 and 5α-reductase 3 isoenzymes are potential targets because they convert 

testosterone to the more potent androgen, dihydrotestosterone (DHT), which binds with up to 10-fold 

higher affinity to the androgen receptor than testosterone [2-5]. The 5α-reductase inhibitors finasteride 

(Proscar and Propecia) and dutasteride (Avodart) are commonly used by men diagnosed with benign 

prostatic hyperplasia (BPH) to help alleviate the nonmalignant enlargement of the prostate that occurs 

in this condition [6]. Both finasteride and dutasteride have been shown to reduce prostate cancer risk in 

large clinical trials, however, this reduction in risk was coupled with an increased risk of more aggressive 
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prostate cancer [7,8]. Non-pharmaceutical, mild inhibitors of 5α-reductase enzymes may therefore 

reduce prostate cancer risk without increasing aggressive prostate cancer risk. 

 Saw palmetto extract inhibited 5α-reductase and decreased growth of human prostatic cells in 

vitro [9-11], decreased prostate tumor progression and prostate DHT concentrations in transgenic 

adenocarcinoma of the mouse prostate (TRAMP) mice [12], and prostate growth and hyperplasia in 

castrated, DHT-implanted, and sulpiride-treated rats [13]. Saw palmetto extract decreased testosterone-

stimulated prostate growth to about the same size as in non-castrated rats [14]. SPS may have 

antiandrogen action as demonstrated by the ability of the lipidosterolic extract of these supplements to 

decrease testosterone-induced prostate hyperplasia [15] and decrease prostate specific antigen (PSA) 

levels in men with enlarged prostates [16]. PSA is an androgen-sensitive, prostate-specific gene that is 

commonly used for prostate cancer screening [17]. 

The antiandrogen action of SPS has been attributed to the fatty acids and phytosterols that they 

contain. In particular, what is relatively unique about SPS is that they are a rich source of the medium-

chain saturated fatty acids laurate (C12:0) and myristate (C14:0) [18]. Multiple studies [19-21] suggest 

that fatty acids in SPS are responsible for their ability to inhibit 5α-reductase enzymes. However, the 

specific fatty acid(s) purported to be responsible for this inhibition differs between publications. For 

example, Liang and colleagues found that γ-linolenic acid inhibited testosterone-treated but not DHT-

treated growth of hamster androgen-sensitive flank organs [22]. Oleate and laurate have also been found 

to be responsible for the pharmacological effects of SPS as shown by their inhibitory effect on 5α-

reductase in rats [23]. Laurate and myristate have been shown to inhibit epithelial and stromal 5α-

reductase activity in human BPH [24]. 

There are also multiple studies that suggest that SPS phytosterols (β-sitosterol, campesterol, and 

stigmasterol) inhibit 5α-reductase [25], prostate cancer cell/tumor growth [26-28], and/or BPH 

symptoms [29]. Most prostate cancers rely on androgens for growth at the initial stages of development, 



 

 

55 

 

thus inhibiting androgen production or blocking its action can be useful in the early treatment or 

prevention of prostate cancer [30-32]. There is growing evidence to suggest that single-agent 

interventions identified using a reductionist approach are not an effective strategy for decreasing cancer 

risk [33]. Rather than taking a reductionist approach to try to identify the bioactive compound(s) in SPS, 

we set out to determine the efficacy of supplements with different fatty acid and phytosterol profiles 

(high long-chain FA-low phytosterols, high long-chain FA-high phytosterols and high medium-chain 

FA-low phytosterols) in decreasing androgen-sensitive LNCaP human prostate cancer cell number and 

Syrian hamster androgen-sensitive flank organ growth. 

The cell culture studies tested which concentration of total fatty acids in SPS is capable of 

decreasing androgen-sensitive LNCaP human prostate cancer cell [34-36] number without inducing 

cytotoxicity with and without androgen stimulation. The Syrian hamster was selected for animal studies 

because their flank organs have sebaceous glands and hair follicles that are highly dependent on 

androgens [37,38]. Application of SPS to the flank organs of the Syrian hamsters is a way to topically 

determine whether SPS potentially have antiandrogenic activity. We hypothesized that SPS with high 

concentration of total fatty acids will significantly decrease LNCaP cell number and Syrian hamster 

flank organ growth. 

 Materials and Methods 

 Ethics statement 

The Institutional Animal Care and Use Committee (IACUC) at Kansas State University approved 

all animal procedures (protocol 3382).   

 Saw palmetto supplements fatty acids and phytosterols extraction and quantification 

 Fatty acid and phytosterol profiles of saw palmetto supplements (GNC Herbal Plus SPS, GNC 

Corporation, Pittsburgh, PA; Jarrow Formulas SPS, Superior Nutrition and Formulation, Los Angeles, 
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CA; Doctor’s Best SPS, All Star Health, Huntington Beach, CA) were analyzed  according to previously 

described method [39] and categorized into high long-chain fatty acids-low phytosterols (HLLP), high 

long-chain fatty acids-high phytosterols (HLHP), and high medium-chain fatty acids-low phytosterols 

(HMLP) groups, respectively. 

 Cell culture and reagents 

 LNCaP cells [androgen-dependent, prostate adenocarcinoma cells derived from lymph node 

metastasis (CRL-1740); American Type Culture Collection, Manassas, VA] were grown in Roswell Park 

Memorial Institute (RPMI)-1640 medium (GIBCO Invitrogen, Carlsband, CA) containing 2 g/L glucose 

supplemented with 10% fetal bovine serum (Atlanta Biologicals, Inc., Flowery Branch, GA) at 37°C in 

a 5% CO2, 95% air-humidified atmosphere incubator. LNCaP cells were maintained in T-75 TPP tissue 

culture flasks (Midwest Scientific, Inc., Valley Park, MO) with media changed every 72 hours. 

 Saw palmetto supplements and treatment media for in vitro study 

Stock solutions of SPS [GNC Herbal Plus (HLLP), Doctor’s Best (HMLP), and Jarrow Formulas 

(HLHP)] were prepared by dissolving supplements to a total fatty acid concentration of 1 M in dimethyl 

sulfoxide (DMSO, Sigma-Aldrich, St Louis, MO), and serial dilutions were prepared to concentrations 

of 0.25 M, 0.5 M and 0.75 M. The SPS concentrations used were based on total fatty acid concentrations 

that did not cause LNCaP cell death. Fresh dilutions were prepared and stored at 4°C, and used for the 

3-day treatment duration of each experiment. SPS treatment media were prepared by dissolving 

respective saw palmetto stock solutions (0.25 M-1 M) in RPMI-1640 media (0.1% v/v) to concentrations 

of 250 nM, 500 nM, 750 nM and 1000 nM, and media used once at the beginning of the 72-hour 

treatment period. SPS with androgen treatment media were prepared daily by dissolving respective saw 

palmetto stock solutions (0.25 M-1 M) with either testosterone [(10,000 nM) or DHT (1000 nM); both 

from Steraloids, Inc., Newport, RI)] in media (0.1% v/v for both SPS and androgens) to concentrations 
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of 250 nM-1000 nM SPS + 10 nM testosterone or 1 nM DHT, respectively, during the 3-day treatment 

period. Both androgens were dissolved in absolute ethanol and the final ethanol concentration in media 

was 0.1%. These androgen concentrations maximally stimulate LNCaP cell proliferation [40,41]. 

 A negative control was prepared by dissolving DMSO (0.1% v/v) and/or ethanol (0.1% v/v) in 

media. Positive controls for SPS with androgen treatments were prepared by dissolving either 

testosterone or DHT (0.1% v/v) and DMSO (0.1% v/v) in media. In all cell culture treatments, the final 

DMSO concentration was 0.1%. LNCaP cells (passage number ≤18) were plated at a density of 20,000 

cells per well in 96-well plates (Fisher Scientific, Pittsburg, PA) in 6.3 mg/ml penicillin and 10.1 mg/ml 

streptomycin antibiotic (both from Sigma-Aldrich, St Louis, MO) RPMI-1640 media. Twenty-four 

hours after plating, LNCaP cells were treated separately with different SPS (250 nM-1000 nM) with and 

without testosterone (10 nM) or DHT (1 nM) for 72 hours. LNCaP cells were treated with androgens 

because they stimulate LNCaP cell proliferation [36]. 

 Cell number and cytotoxicity assays 

 Cell number and cytotoxicity were quantified using the CellTiter 96 AQueous One Solution 

Assay and Cytotox 96 Non-radioactive Cytotoxicity Assay, respectively (both from Promega 

Corporation, Madison, WI) with a BioTek Synergy HT Plate reader (BioTek, Winooski, VT) with a 

reference wavelength of 490 nm. Cell cytotoxicity was calculated as experimental lactate dehydrogenase 

(LDH) release of the treatment groups divided by control and expressed as a percentage. Cell culture 

experiments were repeated in three replicates.  

 Animal study 

Five to six-week-old, castrated male Syrian hamsters were purchased (Harlan Laboratories, Inc., 

Indianapolis, IN) and allowed to acclimate for one week before treatment was initiated. Hamsters were 

housed individually in plastic cages, had free access to Purina LabDiet 5001 (LabDiet, St Louis, MO) 
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and water, and were maintained on a 12-h light/12-h dark cycle. The day before treatment begun, the 

backs of the hamsters were shaved with electric clippers to expose flank organs, a procedure that was 

repeated weekly during the 21-day study. The study was terminated after 3 weeks. Hamsters were 

randomized to control (n = 4), high long-chain fatty acids-low phytosterols (n = 6), high long-chain fatty 

acids-high phytosterols (n = 6), and high medium-chain fatty acids-low phytosterols (n = 6), groups 

(Table 2.2). To determine if SPS were inhibiting 5α-reductase enzymes, testosterone or DHT (0.5 

µg/day) dissolved in 5 µl of ethanol was applied daily to the right hind flank organ using a pipette and 

disposable tips. The androgens’ dosage was used previously and found to stimulate androgen-sensitive 

flank organ growth moderately to approximately 15–20 mm2 and exhibited about 50–70% of the 

maximum stimulation [42]. The left hind flank organ served as the control and was treated with ethanol 

only. Thirty minutes later, SPS or ethanol (5 μl) were applied to each flank organ in treatment groups 

and control groups, respectively, using a pipette and disposable tips [43]. Hamsters were euthanized by 

CO2-induced asphyxiation. Flank organ area was calculated weekly by taking 2 diameter measurements 

90 degrees apart with an electronic, digital, high-precision Mitutoyo caliper (Tokyo, Japan), and using 

the formula for area of an ellipse: area =  π*(length/2)*(width/2), as previously described [44]. The 

average flank organ area in a group was calculated by summing the individual left or right hind flank 

organ areas for each hamster in the group, and then dividing by the total number of left or right flank 

organ sites respectively in the group. 

  Statistical analysis 

Data were analyzed using SAS 9.3 (SAS Institute Inc., Cary, NC) with p<0.05 considered 

statistically significant. Saw palmetto treatments cell number and cytotoxicity data were analyzed using 

ANOVA with Dunnett's test. Animal study results were analyzed using ANOVA with Fisher’s Least 

Significant Difference (LSD).  
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 Results 

 Effect of saw palmetto supplements with and without testosterone or DHT stimulation on 

LNCaP cell number 

Doctor’s Best SPS had the highest total fatty acid content, followed by GNC Herbal Plus SPS, 

and then Jarrow Formulas SPS. Doctor’s Best SPS contained the highest amount of laurate and myristate, 

followed by Jarrow Formulas SPS, and then GNC Herbal Plus SPS. Jarrow Formula SPS contained the 

highest total phytosterol, followed by Doctor’s Best SPS, and then GNC Herbal Plus SPS (Table 2.1). 

Cell number was significantly decreased to 85% of the control with 750 nM of HLLP SPS in 

testosterone-stimulated LNCaP cells (Figure 2.1B), and significantly decreased to 91%, 92% and 86% 

of the control with 500 nM, 750 nM and 1000 nM of HLLP SPS, respectively for DHT-stimulated 

LNCaP cells (Figure 2.1C). Treatment of LNCaP cells with HLHP SPS significantly increased cell 

number to 112% and 113% of the control with 750 nM and 1000 nM of HLHP SPS, respectively (Figure 

2.2A). Cell number was significantly increased to 160% of the control with 250 nM of HLHP SPS for 

testosterone-stimulated LNCaP cells (Figure 2.2B), and significantly decreased to 88% and 76% of the 

control with 500 nM and 1,000 nM of HLHP SPS, respectively for DHT-stimulated LNCaP cells (Figure 

2.2C). Treatment of LNCaP cells with HMLP SPS significantly decreased cell number to 78% and 64% 

of the control with 750 nM and 1000 nM of HMLP SPS, respectively (Figure 2.3A). Cell number was 

significantly decreased to 58% and 72% of the control with 750 nM and 1000 nM of HMLP SPS, 

respectively, for testosterone-stimulated LNCaP cells (Figure 2.3B), and to 79% and 72% of the control 

with 750 nM and 1000 nM of HMLP SPS, respectively for DHT-stimulated LNCaP cells (Figure 2.3C). 

Both HMLP SPS at 750 nM with testosterone stimulation, and 1000 nM HMLP SPS with DHT 

stimulation inhibited the 50% growth (ED50S) of LNCaP cells therefore, a cytotoxicity assay was 

performed to determine whether this growth inhibition was due to the toxic effect of HMLP SPS at their 
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respective concentrations with and without androgen treatment. Results showed that HMLP SPS was 

not cytotoxic to LNCaP cells with and without androgen stimulation (data not shown).  

 Final body weights, food intake and flank organ areas 

 There were no significant differences in final body weights, daily food intake, and differences in 

the left and right flank organ areas between SPS treatment groups (Table 2.3). SPS treatments caused a 

notable, but nonsignificant reduction in the difference between the left and right flank organ growth in 

the testosterone-treated SPS groups. The same level of inhibition was not seen in the DHT-treated SPS 

groups. Right flank organs for controls in both testosterone- and DHT-treated SPS groups were highly 

pigmented; the left flank organs were not. No pigmentation was seen in either flank organs in the 

treatment groups (data not shown). 

 Discussion 

We set out to determine the growth-inhibitory effect of SPS with different fatty acid and 

phytosterol profiles on androgen-sensitive human prostate cancer LNCaP cell number in vitro with and 

without testosterone or DHT stimulation, and the effect of these supplements to inhibit testosterone- or 

DHT-stimulated growth of androgen-sensitive flank organs in castrated Syrian hamsters.  

In LNCaP cells, HMLP SPS significantly decreased cell number at high concentrations with and 

without testosterone or DHT stimulation. HLLP SPS significantly decreased cell number at high 

concentrations with testosterone or DHT stimulation. HLHP SPS on the other hand, increased cell 

number with and without testosterone stimulation, but significantly decreased cell number at high 

concentrations with DHT stimulation. Overall, SPS' reduced cell number more effectively in the 

presence of androgens, in comparison to cells that were grown in the presence of SPS only. This may 

suggest that SPS appear to interfere with testosterone and DHT-mediated growth pathway in LNCaP 

cells. It is also significant to note that there was no significant difference in LNCaP cell number between 
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either testosterone or DHT positive controls and the DMSO-control in all the SPS treatment groups. 

Given that fetal bovine serum used in media preparation lacked androgen, it was expected that there 

would have been a significant difference in cell number between the androgen-stimulated LNCaP cells 

and the control. LNCaP cell growth has been found to be inhibited when exogenous androgen is added 

to 10% fetal calf serum supplemented media. In prostate cancer, androgen receptor operates as a 

licensing factor for DNA replication required for prostate cancer cell proliferation. At high levels of 

testosterone, the level of DHT becomes too high preventing androgen receptor degradation during 

mitosis and thus inhibiting prostate cancer cell growth [45-47]. LNCaP derivative cells that grow in 

androgen depleted media can also be inhibited by normal levels of DHT (1- l0 nM). Androgen dependent 

cells that have survived androgen ablation can also acclimate to low levels of androgens and ultimately 

become androgen insensitive [48].  

In animal studies, SPS treatments did not significantly reduce the difference between the left and 

right flank organ growth in the testosterone- and DHT-treated SPS groups. This is in contrast with results 

from a previous study which found that γ-linolenic acid inhibited testosterone-stimulated flank organ 

growth but not DHT-stimulated flank organ growth. Fatty acid compounds with less than 18 carbons 

have been found to be less effective at inhibiting flank organ growth [22]. HMLP SPS, which had the 

highest concentration of saturated medium-chain fatty acids, laurate and myristate, did not significantly 

reduce testosterone- or DHT-stimulated flank organ growth. Although not statistically significant, it is 

worth noting that HLLP SPS was more effective than HLHP SPS, and the latter more effective than 

HMLP SPS in both the testosterone and DHT-treated SPS groups in reducing flank organ area. This 

could mean either laurate or myristate are not the only bioactive components, or that there is a synergistic 

effect of either specific or all of either fatty acids and/or phytosterols in SPS responsible for their 

inhibitory effect on the growth of androgen-sensitive flank organs of Syrian hamsters. It might also mean 

that longer-chain fatty acids are more effective as suggested by a previous publication [22]. 
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SPS treatments caused a notable, but nonsignificant reduction in the difference between the left 

and right flank organ growth in the testosterone-treated SPS groups. The same level of inhibition was 

not observed in the DHT-treated SPS groups which may suggest that flank organ growth depends on the 

local conversion of testosterone to DHT. The right flank organs for controls in both testosterone- and 

DHT-treated saw palmetto groups were highly pigmented indicating that the androgens were stimulating 

flank organ growth and causing pigmentation in the hair shaft and near the orifice of the hair follicles 

[42]. The lack of pigmentation of flank organs in the treatment groups may indicate that SPS were 

neutralizing the growth stimulation mediated by testosterone and DHT to some extent. Additional studies 

are required to determine SPS bioactive components and/or their synergistic relationship responsible for 

their growth-inhibitory effect on the androgen-sensitive flank organs of Syrian hamsters.  

 Conclusions 

The results suggest SPS may be better at inhibiting the conversion of testosterone to DHT to 

prevent Syrian hamster androgen-sensitive flank organ growth.  HLLP and HLHP SPS were more 

effective than HMLP SPS in reducing flank organ area in both testosterone- and DHT-treated SPS 

groups suggesting that saw palmetto supplements with longer-chain fatty acids were more effective in 

decreasing Syrian-hamster androgen-sensitive flank organ growth. 
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Table 2.1 Fatty acid and phytosterol quantities (mg/g) in saw palmetto supplements 

Fatty acid quantities (mg/g) in saw palmetto supplements 

 GNC Herbal Plus Jarrow Formulas Doctor’s Best 

Laurate    (C12:0) 83.3 107.2 274.9 

Myristate (C14:0) 31.8 42.5 102.9 

Palmitate (C16:0) 97.7 85.7 80.7 

Stearate   (C18:0) 25.5 32.3 18.0 

Oleate      (C18:1) 551.8 224.6 296.5 

Linoleate (C18:2) 68.9 259.1 48.6 

Other fatty acids 59.7 51.2 98.4 

Total Fatty Acids 918.7 802.6 920.0 

Phytosterol quantities (mg/g) in saw palmetto supplements 
Campesterol 0.2 21.5 0.7 

Stigmasterol 0.1 10.1 0.3 

β-sitosterol 1.0 33.5 2.3 

Total Phytosterols 1.3 65.1 3.3 

 

 

 

 

Table 2.2 Study design 

+ Testosterone (0.5 μg/day) + DHT (0.5 μg/day) 

Control (Ethanol only) Control (Ethanol only) 

    GNC Herbal Plus (HLLP)     GNC Herbal Plus (HLLP) 

    Jarrow Formulas (HLHP)     Jarrow Formulas (HLHP) 

Doctor’s Best (HMLP) Doctor’s Best (HMLP) 
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Table 2.3. Final body weights, daily food intake, and flank organ area in the testosterone (T) and DHT-treated SPS groups. 

Treatment of right flank organ 

testosterone or DHT; 0.5 µg/5 µl ethanol 

+ saw palmetto supplement 

    Final body weights               

(g) 

 Daily food intake 

                   (g) 

              Flank organ area (mm2) 

 

    Left (untreated)             Right (treated) 

Testosterone + Ethanol (Control) 104.0 ± 2.4 8.7 ± 0.3   19.8 ± 0.7 22.7 ± 2.9 

Testosterone + HLHP  106.4 ± 4.4 8.1 ± 0.2   18.0 ± 0.9 20.2 ± 1.3 

Testosterone + HLLP 110.7 ± 3.5 8.1 ± 0.2   19.2 ± 1.6 18.9 ± 1.3 

Testosterone + HMLP 109.9 ± 4.8 8.3 ± 0.2   17.6 ± 1.4 19.1 ± 1.2 

DHT + Ethanol (Control) 103.6 ± 2.5 7.9 ± 0.2   22.4 ± 1.2 23.5 ± 1.6 

DHT + HLHP 100.9 ± 5.8 8.4 ± 0.3   18.0 ± 1.4 19.1 ± 1.5 

DHT + HLLP 103.9 ± 4.3 8.1 ± 0.3   19.0 ± 2.2 22.3 ± 2.4 

DHT + HMLP 108.4 ± 5.2 7.9 ± 0.2   20.4 ± 1.1 21.9 ± 1.9 
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Table 2.4. Difference between flank organ growth in the left and right flank organs in the testosterone- (T) and DHT-treated SPS groups. 

Treatment of right flank organ 

T or DHT; 0.5 µg/5 µl ethanol 

+ saw palmetto supplement 

     Flank organ growth (mm2) 

                                                                     

              Left (untreated)        Right (treated) 

Difference between 

left and right flank 

organ growth (mm2) 

 

Testosterone + Ethanol (Control) 1.4 ± 2.7 8.5 ± 1.8 7.1 ± 2.3 

Testosterone + HLHP  2.2 ± 1.7 2.8 ± 2.6 0.6 ± 1.5 

Testosterone + HLLP 3.2 ± 1.5 2.1 ± 1.2 -1.2 ± 1.9 

Testosterone + HMLP 1.8 ± 1.5 3.2 ± 1.8 1.4 ± 2.7 

DHT + Ethanol (Control) 0.2 ± 1.7 4.8 ± 3.2 4.6 ± 4.1 

DHT + HLHP 0.7 ± 2.0 4.1 ± 2.0 3.4 ± 2.9 

DHT + HLLP 5.2 ± 2.2 7.4 ± 1.8 2.1 ± 1.3 

DHT + HMLP 4.6 ± 1.9 8.3 ± 3.4 3.7 ± 2.4 
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(A)                                        (B)                      (C) 

                 
Figure 2.1. LNCaP cell number after dose-dependent treatment with HLLP SPS ± 10 nM testosterone (T) or 1 nM DHT.  

(A) MTT assay (cell number) in the absence of testosterone or DHT. (B) MTT assay in the presence of testosterone. (C) MTT assay in the presence 

of DHT. Data are obtained from three replicates of each experiment, and expressed as mean percentages (± SEM) either in comparison to 0.1% DMSO 

control (A) or to 10 nM testosterone (B) or 1 nM DHT (C) ˗corresponding to 100%. P-values (Dunnett’s test): p<0.05 vs. control (Figure 2.1A) or 10 

nM testosterone (Figure 2.1B) or 1 nM DHT (Figure 2.1C). 
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(A)                                                    (B)                      (C) 

                       
Figure 2.2. LNCaP cell number after dose-dependent treatment with HLHP SPS ± 10 nM testosterone (T) or 1 nM DHT.  

(A) MTT assay (cell number) in the absence of testosterone or DHT. (B) MTT assay in the presence of testosterone. (C) MTT assay in the presence 

of DHT. Data are obtained from three replicates of each experiment, and expressed as mean percentages (± SEM) either in comparison to 0.1% DMSO 

control (A) or to 10 nM testosterone (B) or 1 nM DHT (C) ˗corresponding to 100%. P-values (Dunnett’s test): p<0.05 vs. control (Figure 2.2A) or 10 

nM testosterone (Figure 2.2B) or 1 nM DHT (Figure 2.2C). 
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(A)                                                    (B)                      (C)    

        
Figure 2.3. LNCaP cell number after dose-dependent treatment with HMLP SPS ± 10 nM testosterone (T) or 1 nM DHT.  

(A) MTT assay (cell number) in the absence of testosterone or DHT. (B) MTT assay in the presence of testosterone. (C) MTT assay in the presence 

of DHT. Data are obtained from three replicates of each experiment, and expressed as mean percentages (± SEM) either in comparison to 0.1% DMSO 

control (A) or to 10 nM testosterone (B) or 1 nM DHT (C) ˗corresponding to 100%. P-values (Dunnett’s test): p<0.05 vs. control (Figure 2.3A) or 10 

nM testosterone (Figure 2.3B) or 1 nM DHT (Figure 2.3C). 
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Chapter 3 - Preventive and Therapeutic Efficacy of Finasteride and 

Dutasteride in TRAMP mice 

 Abstract 

Background: The Prostate Cancer Prevention Trial (PCPT) and Reduction by Dutasteride of Prostate 

Cancer Events (REDUCE) trial found that 5α-reductase (5α-R) inhibitors finasteride and dutasteride 

respectively, decreased prostate cancer prevalence but also increased the incidence of high-grade tumors. 

5α-R2 is the main isoenzyme in normal prostate tissue; however, most prostate tumors have high 5α-R1 

and low 5α-R2 expression. Because finasteride inhibits only 5α-R2, we hypothesized that it would not 

be as efficacious in preventing prostate cancer development and/or progression in C57BL/6 TRAMP x 

FVB mice as dutasteride, which inhibits both 5α-R1 and 5α-R2. 

Method/Principal findings: Six-week-old C57BL/6 TRAMP x FVB male mice were randomized to 

AIN93G control or pre- and post- finasteride and dutasteride diet (83.3 mg drug/kg diet) groups (n =30–

33) that began at 6 and 12 weeks of age, respectively, and were terminated at 20 weeks of age. The pre- 

and post- finasteride and dutasteride groups were designed to test the preventive and therapeutic efficacy 

of the drugs, respectively. Final body weights, genitourinary tract weights, and genitourinary tract 

weights as percentage of body weights were significantly decreased in the Pre- and Post-Dutasteride 

groups compared with the control. The Post-Dutasteride group showed the greatest inhibition of prostatic 

intraepithelial neoplasia progression and prostate cancer development. Surprisingly, the Post-

Dutasteride group showed improved outcomes compared with the Pre-Dutasteride group, which had 

increased incidence of high-grade carcinoma as the most common and most severe lesions in a majority 

of prostate lobes. Consistent with our hypothesis, we found little benefit from the finasteride diets, and 

they increased the incidence of high-grade carcinoma. 
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Conclusion: Our findings have commonalities with previously reported PCPT, REDUCE, and the 

Reduction by Dutasteride of Clinical Progression Events in Expectant Management (REDEEM) trial 

results. These results may support the therapeutic use of dutasteride, but not finasteride, for therapeutic 

or preventive use. 

 Contributors to study 

Conceived and designed the experiments: Brian L. Lindshield. Performed the experiments: Alexander 

B. Opoku-Acheampong, Dave Unis, Jamie N. Henningson, Amanda P. Beck. Analyzed the data: 

Alexander B. Opoku-Acheampong, Brian L. Lindshield. Contributed reagents/materials/analysis tools: 

Alexander B. Opoku-Acheampong, Dave Unis, Brian L. Lindshield. Wrote the manuscript: Alexander 

B. Opoku-Acheampong, Brian L. Lindshield.  

 Introduction 

Prostate cancer is the most commonly diagnosed non-skin neoplasm in men and is projected to 

account for 28% of US male cancer cases in 2013 [1]. Most prostate tumor growth is initially androgen-

dependent or androgen-sensitive [2]. The main circulating androgen, testosterone, is converted to 

dihydrotestosterone by the isoenzymes 5α-reductase 1 and 5α-reductase 2. Dihydrotestosterone has up 

to a ten-fold higher affinity to the androgen receptor than testosterone, making it a more potent androgen 

[3,4]. 5α-reductase 2 is the major isoenzyme in the prostate [5]; however, multiple [6-9], but not all [10-

12], studies have reported increased 5α-reductase 1 and/or decreased 5α-reductase 2 mRNA expression 

or activity in prostate cancer compared with nonmalignant prostate tissue. Furthermore, 5α-reductase 1 

and 5α-reductase 2 were found in 73% and 56%, respectively, of human prostate cancer tissues [11]. 

 Finasteride (5α-reductase 2 inhibitor) and dutasteride (5α-reductase 1 and 5α-reductase 2 

inhibitor) are commonly used to treat benign prostatic hyperplasia (BPH), a nonmalignant enlargement 

of the prostate. The potential of these inhibitors to decrease prostate cancer development and/or 

progression through their anti-androgen action has been examined in several clinical trials. The Prostate 
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Cancer Prevention Trial (PCPT) and the Reduction by Dutasteride of Prostate Cancer Events (REDUCE) 

trial found that finasteride and dutasteride decreased prostate cancer risk by 24.8% and 23%, 

respectively, but both inhibitors also increased the risk of developing high-grade prostate cancer [13,14]. 

As a result, the Food and Drug Administration (FDA) amended the safety information for both drugs to 

state that they increase high-grade prostate cancer in patients [15]. In addition, it has been projected that 

finasteride and dutasteride in PCPT and REDUCE trials respectively showed no prostate cancer 

mortality benefit [16]. Another clinical trial, the Reduction by Dutasteride of Clinical Progression Events 

in Expectant Management (REDEEM) trial found that dutasteride significantly delayed prostate cancer 

progression with no reported adverse events in men with low-risk, localized prostate cancer [17].  

 In animal models, dutasteride, but not finasteride, decreased Dunning R-3327H rat prostate 

tumor weights [18]. Similarly, Canene-Adams and colleagues also reported that finasteride did not alter 

Dunning R-3327H rat prostate tumor areas or weights despite reducing androgen-sensitive tissue weights 

[19]. Finasteride also did not decrease prostatic intraepithelial neoplasia (PIN) or adenocarcinoma in 10-

week-old transgenic rats bearing the probasin/simian virus 40 T antigen (SV40 Tag) construct but did 

decrease lesion size in lateral and ventral lobes, but not the dorsal lobe, of the prostate [20]. Both 

finasteride and dutasteride were effective in reducing LNCaP human prostate cancer xenograft growth 

in male nude mice [18]. Dutasteride significantly decreased LuCaP 35 tumor growth in Balb/c mice [21]. 

Previously, we examined the effect of finasteride and dutasteride diets begun 1-2 weeks before or 3 

weeks after subcutaneous injection of WPE1-NA22 human prostate cancer cells in male nude mice, but 

we were unable to answer our research question due to poor tumor growth [22].   

Thus, we decided to determine the effect of finasteride and dutasteride in transgenic 

adenocarcinoma of the mouse prostate (TRAMP) mice since prostate cancer development and 

progression have been well characterized in this model [23]. TRAMP mice prostate cancer is promoted 

by the expression of the SV40 large and small T antigen and undergoes progressive stages of cancer 

development starting from prostatic intraepithelial neoplasia (PIN) to adenocarcinoma and metastasis 
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[24,25]. In this study, we compared the effect of finasteride- or dutasteride-containing diets begun at 6 

weeks or 12 weeks of age on prostate tumor development in C57BL/6 TRAMP x FVB mice. These time 

points were chosen because 6 weeks is when the mice reach sexual maturity and develop pathologic 

features similar to low-grade PIN [26]. This would allow us to determine whether finasteride and/or 

dutasteride can inhibit PIN progression and prostate cancer development. The post- finasteride and 

dutasteride diets began at 12 weeks of age when mice are expected to have developed PIN and well-

differentiated adenocarcinoma [25]. Beginning diets at this age would allow us to determine whether 

therapeutic finasteride and/or dutasteride can inhibit PIN and/or prostate cancer progression. Because of 

the increase in 5α-reductase 1 and decrease in 5α-reductase 2 activity and expression that may occur 

during prostate cancer development, we hypothesized that finasteride diets begun at either time point 

would not and dutasteride diets begun at either time point would significantly inhibit prostate cancer 

development and/or progression. 

 Materials and Methods 

 Ethics statement 

The Institutional Animal Care and Use Committee (IACUC) at Kansas State University approved 

all animal procedures (protocol 2969). 

 

 Study mice, diets, and design 

Six-week-old heterozygous C57BL/6-Tg 8247Ng/J TRAMP male and female mice were 

purchased (The Jackson Laboratory, Bar Harbor, ME) and bred to produce homozygous males. These 

were bred with female FVB/NJ mice (The Jackson Laboratory, Bar Harbor, ME) to produce C57BL/6 

TRAMP x FVB mice. Male C57BL/6 TRAMP x FVB mice were weaned and began consuming the 

control diet at 3 weeks of age before being randomized into Control, Pre-Finasteride, Post-Finasteride, 

Pre-Dutasteride, and Post-Dutasteride groups (n = 30–33) at 6 weeks of age. Mice were individually 

housed, monitored daily, weighed weekly, and provided diets and water ad libitum. AIN93-G treatment 
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diets (Research Diets, New Brunswick, NJ) contained dutasteride (kindly donated by GlaxoSmithKline 

Pharmaceuticals, Research Triangle Park, NC) and finasteride (Kemprotec, Middlesbrough, UK) at 83.3 

mg/kg of diet, the same dose used in our previous study [22]. These diets were designed to provide 

~10mg drug/kg body weight, which was the midrange dutasteride dose provided by Xu and colleagues 

[18]. Pre- and post-groups began their treatment diets at 6 weeks and 12 weeks of age, respectively 

(Figure 3.1). Seven mice did not complete the study for health reasons unrelated to tumor growth, leaving 

the group numbers shown in Figure 1. At 20 weeks of age, mice were anesthetized by CO2 inhalation 

and euthanized by exsanguination. The genitourinary tracts, kidneys, and lungs were dissected, and the 

genitourinary tracts were weighed. Iliac lymph nodes were also collected whenever possible. All tissues 

were fixed by immersion in 10% neutral buffered formalin for 48 hours, and then moved to 70% alcohol 

until processing in the Kansas State University Veterinary Diagnostic Laboratory. 

 Histopathology  

The seminal vesicles; anterior, dorsal, lateral, and ventral prostate lobes; ampulla; urinary 

bladder; and proximal urethra were sampled as one tissue. Orientation was maintained, and the dorsal 

side was placed down in the cassette for histology processing first. In mice with prostate tumors, distinct 

prostate lobes were not recognizable, so a section was taken through the center of the mass. Tissues were 

routinely processed and embedded in paraffin wax. Sections were made at 4 µm, routinely processed, 

and stained with hematoxylin and eosin. After the dorsal sections were processed, the blocks were melted 

down and the tissue was flipped and re-embedded for examination of the ventral prostate. Prostate 

lesions were scored blindly twice by a board-certified veterinary pathologist according to a previously 

described grading scheme [27]. In short, both the most common and most severe lesions were graded 

separately, and then adjusted for distribution. If a neoplasm replaced all four prostate lobes, then all 

lobes received the same score. Select tissues were also blindly scored twice by a second board-certified 

veterinary pathologist to ensure scoring consistency. Iliac lymph nodes were examined for metastasis by 
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removal of the kidneys and sublumbar tissue; histological processing was identical to the prostatic tissue. 

Photomicrographs were taken with an Olympus DP26 digital camera (Olympus America, Center Valley, 

PA) with a 40X objective, giving 0.75 µm resolution.  Images were captured with Olympus cellSens 

software. 

 Statistical analysis 

Data were analyzed using SAS 9.3 (SAS Institute Inc., Cary, NC) with p<0.05 considered 

statistically significant. Natural logs were used to transform data that did not meet model assumptions. 

Data were analyzed using ANOVA with Fisher’s Least Significant Difference (LSD). Iliac lymph node 

metastases incidence was analyzed using the Kruskal Wallis non-parametric one-way ANOVA. 

 Results 

 Final body weights and genitourinary tract weights 

Pre-Dutasteride and Post-Dutasteride groups’ final body weights were significantly decreased 

compared with the control despite no significant difference in daily food intake (Table 3.1); however, 

both dutasteride diets significantly decreased the weight gain/food intake ratio versus the control and 

Pre-Finasteride group. While it is a small numerical difference, the Pre-Finasteride group’s daily food 

intake was significantly higher than the control and both dutasteride groups. Genitourinary tract weights 

for Pre- and Post-Dutasteride groups also were significantly lower than the control (Table 3.1 and Figure 

3.2). Genitourinary tract weights as percentage of body weights in the Pre-Dutasteride and Post-

Dutasteride groups were also significantly lower than the control and Post-Finasteride group; thus the 

significant decrease in genitourinary tract weights was not due to the decreased body weights in these 

groups. Both dutasteride groups’ genitourinary tract weights were significantly decreased compared with 

the Post-Finasteride group; the Pre-Dutasteride group’s genitourinary tract weights and genitourinary 

tract weights as percentage of body weights were also significantly decreased compared with the Pre-
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Finasteride group. The Pre-Finasteride group’s genitourinary tract weights as percentage of body 

weights also were significantly decreased compared with the control. 

 Most severe lesion scores 

The raw and adjusted mean most severe lesion scores for the anterior, dorsal, and lateral lobes 

were significantly decreased in the Post-Dutasteride group versus the control (Table 3.2). Representative 

images of the different pathological grades used in the grading scheme are shown in Figure 3.3. The 

adjusted mean most severe lesion score was also significantly decreased for the ventral lobe of the Post-

Dutasteride group compared with the control. The raw and adjusted mean most severe lesion scores for 

the anterior and dorsal lobes of the Post-Dutasteride groups were also significantly decreased compared 

with the finasteride groups. The raw and adjusted mean most severe lesion scores for the anterior and 

dorsal lobes of the Pre-Dutasteride group were significantly decreased versus the control. The lateral 

lobe adjusted mean most severe lesion score was also significantly decreased in the Pre-Dutasteride 

group compared with the control. There were also no significant differences in raw and adjusted mean 

most severe lesion scores between the finasteride groups and the control. 

 Most common lesion scores 

The raw mean most common lesion scores for the anterior and dorsal lobes were significantly 

decreased in both dutasteride groups versus the control (Table 3.3). In addition, for all lobes in the Post-

Dutasteride group, the adjusted most common lesion scores were significantly decreased compared with 

the control. The adjusted most common lesion scores for the anterior, dorsal, and lateral lobes in the Pre-

Dutasteride group were significantly decreased versus the control. The Post-Dutasteride group anterior 

lobe raw and adjusted mean most common lesion scores and both dutasteride groups’ dorsal lobe 

adjusted most common lesion scores were significantly decreased compared with the Post-Finasteride 

group. The adjusted most common lesion score for the dorsal lobe in the Pre-Finasteride group was 

significantly decreased versus the control, despite being numerically higher. Transforming the data so 
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that it would meet assumptions resulted in a transformed adjusted mean score that was significantly 

lower than the control because the transformed score was not as impacted by the high scores in this 

group. 

 Most severe lesion histopathological distribution 

Low-grade (LG) and high-grade (HG) PIN incidence as the most severe lesion increased and 

decreased, respectively, significantly in all lobes in both dutasteride groups versus the control (Table 

3.4). Low-grade PIN incidence was increased in the ventral lobe of both finasteride groups compared 

with the control. Lateral and ventral lobe moderate-grade (MG)-PIN incidence was also significantly 

decreased in both dutasteride groups versus the control. Compared with the control, there was a 

significant increase in MG-PIN incidence in the dorsal lobe of the Pre-Finasteride group. Well-

differentiated (WD) adenocarcinoma incidence in the anterior lobe was significantly decreased in both 

finasteride and dutasteride groups compared with the control, and the Pre-Finasteride group had 

significantly increased moderately differentiated (MD) adenocarcinoma incidence versus the control in 

the ventral lobe. These differences are, however, based on low incidence levels. The finasteride groups 

and the Pre-Dutasteride group had significantly increased poorly differentiated (PD) carcinoma and 

prostate cancer (WD-PD) incidence in the lateral and ventral lobes versus the control. The finasteride 

groups and the Pre-Dutasteride group also had increased poorly differentiated (PD) carcinoma in the 

dorsal lobe versus the control. The Pre-Finasteride and Pre-Dutasteride groups had increased prostate 

cancer (WD-PD) incidence in the dorsal lobe versus the control. The Post-Dutasteride group had 

significantly decreased and increased PD carcinoma incidence in the anterior and lateral lobes, 

respectively, compared with the control. Both dutasteride groups had significantly decreased prostate 

cancer (WD-PD) incidence in the anterior lobe compared with the control. 
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 Most common lesion histopathological distribution 

 As was observed in the most severe lesion scores, LG-PIN as the most common lesion was 

significantly increased in all lobes in both dutasteride groups versus the control (Table 3.5). Both 

finasteride groups also had significantly increased LG-PIN incidence in the dorsal, lateral, and ventral 

lobes compared with the control. MG-PIN incidence was also significantly decreased for the Pre-

Finasteride group and both dutasteride groups in the dorsal, ventral, and lateral lobes versus the control. 

The Post-Finasteride group had significantly decreased MG-PIN incidence in the ventral and lateral 

lobes compared with the control. Both dutasteride groups had significantly decreased incidence of HG-

PIN versus the control in the anterior, dorsal and lateral lobes. Both finasteride groups had significantly 

decreased HG-PIN compared with the control in the dorsal and lateral lobes. Both dutasteride groups 

had significantly decreased incidence of PD carcinoma in the anterior lobe versus the control. Both 

finasteride groups and the Pre-Dutasteride group had significantly increased PD carcinoma incidence 

compared with the control in the dorsal, lateral, and ventral lobes. Compared with the control, a 

significant increase in PD carcinoma incidence was observed in the lateral prostate of the Post-

Dutasteride group. Total prostate cancer (WD-PD) was almost entirely composed of PD carcinoma, so 

the significant differences compared with the control were the same as those seen in PD carcinoma for 

the anterior, dorsal and lateral lobes. 

 Iliac lymph node metastases 

 No significant differences were observed in the incidence of iliac lymph node metastases 

between groups (Table 3.6); however, a notable difference was found in incidence between Post-

Dutasteride (8%) and Post-Finasteride (29%) groups. 

 Discussion  

Although the efficacy of finasteride and dutasteride in inhibiting tumor growth has been 

compared, we believe we are the first to determine the effectiveness of finasteride and dutasteride on 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0077738#pone-0077738-t006
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PIN progression and prostate cancer development in C57BL/6 TRAMP x FVB mice. Overall, we found 

that the Post-Dutasteride group had the greatest decrease in PIN progression and prostate cancer 

development. Although not significant, we observed the lowest level of lymph node metastases in this 

group. We unexpectedly found that the Post-Dutasteride group had better outcomes than the Pre-

Dutasteride group, primarily as a result of the higher incidence of PD carcinoma in most lobes in the 

Pre-Dutasteride group. Both finasteride groups had decreased incidence of HG-PIN, but not to the extent 

seen in the dutasteride groups. The finasteride groups also had increased incidence of poorly 

differentiated prostate cancer in most lobes. 

Our findings are similar to results in other animal models that found finasteride failed to inhibit 

prostate cancer progression [20] or tumor growth [18,19] and dutasteride decreased prostate tumor 

growth [18]. We found the weakest response to dutasteride in the ventral lobe. Another study that used 

the same scoring system also found fewer statistical differences in the ventral lobe in response to tomato 

powder and soy germ diets, especially compared with the dorsal and lateral lobes [28]. This decrease in 

efficacy in the ventral lobe might be explained by the fact that in large probasin-large T antigen mice, 

dutasteride markedly decreased the dorsolateral prostate weights but had little to no effect on ventral 

prostate weights [29]. In addition, rat ventral prostate has almost two-fold higher concentrations of 

testosterone and dihydrotestosterone than the dorsolateral prostate; furthermore, after finasteride 

administration, ventral prostate lobe concentrations of testosterone are almost twice as high as 

dorsolateral prostate lobe concentrations [30]. Another possible explanation for reduced sensitivity in 

the ventral prostate lobes is that the transgene is expressed at much higher levels in the ventral lobe [24]. 

We were surprised that both dutasteride groups had decreased body weights and weight gain/food 

intake ratios compared with the control. In our previous study, this diet had no effect on body weights 

or weight gain/food intake ratios in nude mice despite a longer feeding duration [22]. However, 

dutasteride has decreased body weight or body weight gain in other studies. For example, dutasteride 

administration at doses of 2.5 and 5 mg/kg body weight to 8-week-old male Sprague–Dawley rats for 2 



 

 

83 

 

weeks led to a significant decrease in their body weights [31], and 4 or 8 weeks of infusion of 2 mg/kg 

body weight dutasteride treatment led to a significant decrease in body weight gain in large probasin-

large T antigen transgenic mice [29]. In our study, the mice were consuming ~8 mg/kg finasteride and 

dutasteride/day. This is obviously higher than the concentration in previous studies. We did not find an 

increase in body weights in the Pre-Finasteride group, unlike in our previous study; however, there was 

a significant increase in food intake versus the control. The lack of an increase in body weights in the 

Pre-Finasteride group in this study supports our belief that the significant increase in body weights in 

our previous study was not due to the treatment diet [22]. 

In our previous study, both finasteride and dutasteride decreased prostate and seminal vesicle 

weights as percentage of body weights. Dutasteride also significantly decreased seminal vesicle weights 

compared to finasteride [22]. In the current study, we think prostate tumor development is the reason we 

did not find significant decreases in genitourinary tract weights in the finasteride groups. The rates of 

lymph node metastases found in this study are similar to those that have been reported in 18-week-old 

[28] and 18–24-week-old C57BL/6 TRAMP x FVB mice [32]. 

We are one of the first to use a new grading scheme for TRAMP mice [27]. When comparing 

our results to those reported previously, the most notable difference is that we had a lower incidence of 

PD carcinoma as the most severe lesion compared with 18-week-old C57BL/6 TRAMP x FVB mice 

[28] and most severe and most common lesions in 18–24-week-old C57BL/6 TRAMP x FVB mice [27]. 

Instead, we had much higher incidence of PIN as the most severe and most common lesions. Our average 

most severe lesion scores were also lower than those for 10-week-old C57BL/6 TRAMP x FVB mice, 

but the average most common lesion scores were similar [27]. It is not clear why our scores were lower 

using this grading scheme, but variation in the duration and severity of prostate cancer in C57BL/6 

TRAMP x FVB mice does exist. Our interpretation of the grading scheme also could have led to scores 

that were lower than previously reported results. However, we believe that our results from the scoring 
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scheme have given us tremendous insight into the effect of the treatment diets on PIN progression and 

prostate cancer development. 

Interestingly, there are some similarities between our findings and the outcomes from the 

finasteride and dutasteride clinical trials. The Pre-Finasteride group was designed to be similar to the 

participants of PCPT to determine whether finasteride could prevent prostate cancer development. Our 

findings were similar to PCPT; HG-PIN decreased and incidence of PD carcinoma increased. It is 

important to note that the effect of finasteride on progression to HG-PIN was weaker than dutasteride. 

It has been suggested that decreased prostate volume, biopsy density and/or prostate-specific antigen 

(PSA) performance may have contributed to the detection of more poorly differentiated prostate cancer 

in PCPT men [33-37], but our findings support that the increased incidence of high-grade prostate tumors 

seen in PCPT was an adverse effect of finasteride treatment. 

The Pre-Dutasteride group was designed to be similar to the REDUCE trial, where the men who 

received dutasteride were at high risk of developing prostate cancer. Our findings were similar to the 

REDUCE trial in that the Pre-Dutasteride group had reduced HG-PIN incidence but increased incidence 

of PD carcinoma. The Post-Dutasteride group was designed to be similar to the REDEEM trial, in which 

assigned men with low-grade prostate cancer received dutasteride. Similar to the REDEEM trial, in the 

Post-Dutasteride group, HG-PIN incidence decreased without increasing the incidence of PD carcinoma, 

except in the lateral prostate. 

Some caveats about our study should be considered, especially when interpreting what our 

findings might mean for the use of these drugs in men. First, the drugs were administered in diet, which 

differs from how most men take them. Second, the body weight–scaled human oral dose [38] is 

approximately 80 mg/day, which is much higher than the dutasteride (0.5 mg/day) and finasteride (5 

mg/day) doses that most men take. In addition, the significant decrease in body weights in the dutasteride 

groups might mean that dietary-energy restriction might have contributed to the beneficial effects seen 

in these groups. 
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 Conclusions 

Our results suggest that the timing of dutasteride treatment initiation may be critical to the risk 

of developing poorly differentiated carcinoma. Our results may support therapeutic, but not preventive, 

use of dutasteride for this reason. Our results do not support the therapeutic or preventive use of 

finasteride. We plan to perform immunohistochemistry and in situ hybridization on prostates from these 

mice to elucidate why Post-Dutasteride treatment was effective and why we found a discordant response 

in the Pre-Dutasteride and both finasteride groups. 
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Figure 3.1 Study design 

Male C57BL/6 TRAMP x FVB mice were weaned at 3 weeks of age, fed a control diet, and randomized into Control, Pre-Finasteride, Post-

Finasteride, Pre-Dutasteride, and Post-Dutasteride groups (n = 30–33) at 6 weeks of age. Pre- and post-groups began their treatment diets at 6 

and 12 weeks, respectively, and the study was terminated when mice were 20 weeks of age. 
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Figure 3.2 Genitourinary tract weights.  

Solid lines indicate mean values (n = 30–33). Pre-F = Pre-Finasteride, Post-F = Post-Finasteride, Pre-D = Pre-Dutasteride, Post-D = Post-

Dutasteride. 
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Figure 3.3 Prostate pathology in 20-week-old C57BL/6 TRAMP x FVB male mice captured at 40X magnification.  

(A) Grade 1, low-grade PIN. There is focal hyperplasia of prostate epithelial cells resulting in stratification of cells (arrow). Hyperplastic cells 

have increased basophilia and increased nuclear to cytoplasmic ratios. (B) Grade 2, moderate-grade PIN.  Hyperplastic epithelial cells form 

increased numbers of short and tall papillary projections that extend into the glandular lumen. (C) Grade 3, high-grade PIN. There is loss of 

prostate glandular lumina due to the presence of numerous hyperplastic prostate epithelial cells that project into the lumen and form a cribriform 

pattern. Hyperplastic cells do not invade the connective tissue that separates the glands into distinct lobules (arrows). (D) Grade 5, Well-

differentiated adenocarcinoma. Well-differentiated neoplastic cells form tubular or glandular like structures that have obliterated lobular 

architecture by invasion of the connective tissue borders; lobules cannot be observed in this photomicrograph as compared to photomicrograph 

C. Necrosis of neoplastic cells is absent. (E) Grade 6, Moderately-differentiated adenocarcinoma. Neoplastic prostate epithelial cells are 

attempting to form glandular structures. Glandular structures vary in size and shape. Cellular atypia is increased and necrosis is present (asterisks). 
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(F) Grade 7, Poorly differentiated carcinoma. Neoplastic cells have marked atypia and are arranged in sheets with no attempt at forming glandular 

or tubular structures as compared to figures D and E. 
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Table 3.1 Final body weights, daily food intake, weight gain/food intake ratio, genitourinary tract weights, and genitourinary tract 

weights as percentage of body weights (n = 28-33)1. 

 

Group Final body 

weights (g) 

Daily food  

intake (g) 

Weight gain/food 

intake ratio (g 

gained/g total food 

intake x 100) 

Genitourinary 

tract weights (g) 

Genitourinary 

tract weights as 

percentage of 

body weights 

Control 33.3 ± 0.5a 2.99  ± 0.03a        2.8 ± 0.2a 1.56 ± 0.46a 4.91 ± 1.51a 

Pre-Finasteride 33.7 ± 0.6a 3.08  ± 0.02b        2.8 ± 0.2a 1.31 ± 0.55a,b 3.50 ± 1.32b,d 

Post-Finasteride 33.0 ± 0.6a,b 3.02  ± 0.04a,b        2.7 ± 0.2a,b 1.65 ± 0.55a 4.87 ± 1.55a,b 

Pre-Dutasteride 29.9 ± 0.4c 2.96  ± 0.02a        1.6 ± 0.1c 0.35 ± 0.09c 1.19 ± 0.31c 

Post-Dutasteride 31.8 ± 0.5b 2.96  ± 0.02a        2.4 ± 0.1b 0.59 ± 0.20b,c 1.88 ± 0.63c,d 

       1 Data are mean ± SEM; values with different letters are statistically different from one another (p<0.05). 
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Table 3.2 Raw and adjusted mean most severe lesion scores for the anterior, dorsal, lateral, and ventral prostate lobes (n = 28–33)1. 

 Anterior prostate Dorsal prostate Lateral prostate Ventral prostate 

Group      Raw   Adjusted       Raw  Adjusted       Raw  Adjusted      Raw  Adjusted 

Control 3.36 ± 0.30a 8.69 ± 0.99a 3.56 ± 0.28a 9.52 ± 0.86a 3.45 ± 0.34a 9.45 ± 1.05a 3.03 ± 0.36 8.05 ± 1.13a 

Pre-Finasteride 3.20 ± 0.38a 8.92 ± 1.26a 3.31 ± 0.44a,b 8.74 ± 1.43a,b 3.37 ± 0.45a,b 9.05 ± 1.46a,b 3.53 ± 0.49 9.55 ± 1.58a,b 

Post-Finasteride 3.03 ± 0.36a 7.69 ± 1.15a 3.47 ± 0.37a,b 9.24 ± 1.20a 3.32 ± 0.46a,b 8.98 ± 1.46a,b 3.26 ± 0.42 8.73 ± 1.35a,c 

Pre-Dutasteride 2.09 ± 0.30b 4.84 ± 0.95b 3.06 ± 0.45b,c 8.03 ± 1.4b,c 3.25 ± 0.47a,b 8.52 ± 1.48b 3.11 ± 0.47 8.05 ± 1.54a,b 

Post-Dutasteride 2.21 ± 0.26b 5.09 ± 0.82b 2.23 ± 0.33c 5.53 ± 1.04c 2.86 ± 0.43b 7.35 ± 1.34b 2.53 ± 0.40 6.27 ± 1.28b 

1Data are mean ± SEM; values with different letters are statistically different from one another (p<0.05).  
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Table 3.3 Raw and adjusted mean most common lesion scores for the anterior, dorsal, lateral, and ventral prostate lobes (n = 28–33)1. 

 Anterior prostate Dorsal prostate Lateral prostate Ventral prostate 

Group Raw     Adjusted Raw       Adjusted Raw    Adjusted      Raw  Adjusted 

Control 2.55 ± 0.36a  6.75 ± 1.15a 2.63 ± 0.23a 7.41 ± 0.69a 2.62 ± 0.32 7.42 ± 1.01a 2.72 ± 0.37 7.52 ± 1.19a 

Pre-Finasteride 2.38 ± 0.41a,b 6.23 ± 1.29a,b 2.74 ± 0.47a,b 7.43 ± 1.49b,c 2.82 ± 0.47 7.70 ± 1.50a,b 3.16 ± 0.50 8.64 ± 1.62a,b 

Post-Finasteride 2.33 ± 0.38a,c 6.00 ± 1.19a,c 2.82 ± 0.42a,b 7.53 ± 1.26a,b 2.88 ± 0.47 7.95 ± 1.48a,b 2.95 ± 0.44 8.11 ± 1.41a 

Pre-Dutasteride 1.63 ± 0.27b,c 3.72 ± 0.85b,c 2.32 ± 0.43b 6.06 ± 1.37c 2.69 ± 0.46 7.02 ± 1.44b  2.73 ± 0.46 7.06 ± 1.48a,b 

Post-Dutasteride 1.59 ± 0.27b 3.68 ± 0.83b 2.03 ± 0.33b 5.08 ± 1.06c 2.33 ± 0.40 5.95 ± 1.27b 2.28 ± 0.41 5.72 ± 1.30b 

1 Data are mean ± SEM; values with different letters are statistically different from one another (p<0.05).   
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Table 3.4 Histopathological analysis (most severe lesion) of individual prostate lobes in control, finasteride, and dutasteride groups1, 2. 

                                        Prostatic intraepithelial neoplasia Adenocarcinoma           Prostate cancer 

 n LG MG  HG WD MD  PD (WD-PD) 

Anterior prostate        

Control 32 2%a 30% 50%a 3% a 0% 16%a,b 19%a 

Pre-Finasteride 30 15%a,b 32% 31%a,b 0%b 2% 20%a 22%a 

Post-Finasteride 29 14%a 40% 28%a,b 0%b 0% 17%a 17%a 

Pre-Dutasteride 32 49%c 35% 5%b 0%b 0% 11%b,c 11%b 

Post-Dutasteride 33 33%b,c 48% 9%b 0%b 0%  9%c            9%b 

Dorsal prostate        

Control 32 2%a 11%a 69%a 2% 2% 16%a   19%a,c 

Pre-Finasteride 29 17%a 45%b 10%b,c 0% 0% 28%b 28%b 

Post-Finasteride 31 5%a 40%a,b 31%b 0% 0% 24%b   24%b,c 

Pre-Dutasteride 31 42%b 26%a,b 3%c 0% 0% 29%b 29%b 

Post-Dutasteride 33 43%b 38%a,b 6%c 0% 0% 12%a 12%a 

Lateral prostate        

Control 28 11%a 46%a 23%a 0% 0% 20%a 20%a 

Pre-Finasteride 30 23%a 43%a 2%b 0% 0% 32%b 32%b 

Post-Finasteride 30 27%a,b 35%a,b 8%b 0% 0% 30%b,c   30%b,c 

Pre-Dutasteride 32 42%b,c 22%b 3%b 0% 0% 33%b 33%b 

Post-Dutasteride 33 48%c 20%b 6%b 0% 0% 26%c 26%c 

Ventral prostate        

Control 30 0%a 35%a 45%a 0% 0%a 20%a 20%a 

Pre-Finasteride 28 29%b 24%a,b,c 9%b 0% 4%b 35%b 38%b 

Post-Finasteride 30 22%b 31%a,b 22%c 0% 0%a 25%c 25%c 

Pre-Dutasteride 31 46%c 21%b,c 0%d 2% 0%a 31%b 33%d 

Post-Dutasteride 30 51%c 13%c 15%b,c 0% 0%a 20%a 20%a 
 

1Values with different letters are statistically different from one another (p<0.05).  
2LG = low-grade, MG = moderate-grade, HG = high-grade, PIN = prostatic intraepithelial neoplasia, WD = well-differentiated, MD = moderately 

differentiated, PD = poorly differentiated. 
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Table 3.5 Histopathological analysis (most common lesion) of individual prostate lobes in control, finasteride, and dutasteride groups1, 2. 

                                        Prostatic intraepithelial neoplasia Adenocarcinoma           Prostate cancer 

 n LG MG  HG WD MD  PD (WD-PD) 

Anterior prostate        

Control 32 44%a 20% 20%a 0% 0% 16%a 16%a 

Pre-Finasteride 30 56%a 22% 3%a,b 0% 0% 19%a 19%a 

Post-Finasteride 29 50%a 29% 5%a,b 0% 0% 16%a 16%a 

Pre-Dutasteride 32 76%b 16% 0%b 0% 0% 8%b            8%b 

Post-Dutasteride 33 79%b 14% 0%b 0% 0% 8%b            8%b 

Dorsal prostate        

Control 32 5%a 59%a 28%a 0% 0% 8%a            8%a 

Pre-Finasteride 29 55%b 19%b,c 0%b 0% 0% 26%b  26%b 

Post-Finasteride 31 33%c 44%a,d 2%b 0% 0% 21%b  21%b 

Pre-Dutasteride 31 73%b 6%c 0%b 0% 0% 21%b 21%b 

Post-Dutasteride 33 57%b 31%b,d 0%b 0% 0% 12%a 12%a 

Lateral prostate        

Control 28 10%a 70%a 7%a 0% 0% 14%a 14%a 

Pre-Finasteride 30 52%b 22%b 0%b 0% 0% 27%b  27%b 

Post-Finasteride 30 47%b 25%b 2%b 0% 0% 27%b  27%b 

Pre-Dutasteride 32 64%c 9%c 0%b 0% 0% 27%b  27%b 

Post-Dutasteride 33 65%c 15%b,c 0%b 0% 0% 20%c            20%c 

Ventral prostate        

Control 30 14%a 68%a 2% 0% 0% 16%a  16%a 

Pre-Finasteride 28 45%b 20%b 0% 0% 0% 35%b  35%b 

Post-Finasteride 30 32%c 43%c 0% 0% 0% 25%c    25%c,d 

Pre-Dutasteride 31 69%d 2%d 0% 2% 0% 28%c    30%b,d 

Post-Dutasteride 30 64%d 17%b 0% 0% 0% 19%a    19%a,c 
 

1Values with different letters are statistically different from one another (p<0.05).  
2LG = low-grade, MG = moderate-grade, HG = high-grade, PIN = prostatic intraepithelial neoplasia, WD = well-differentiated, MD = moderately 

differentiated, PD = poorly differentiated. 
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Table 3.6 Iliac lymph node metastases incidence in control, finasteride, and dutasteride groups. 

Group  n Lymph node metastases 

incidence (%) 

Control 21 4 (19) 

Pre-Finasteride 26 5 (19) 

Post-Finasteride 24 7 (29) 

Pre-Dutasteride 22 5 (23) 

Post-Dutasteride 24                 2  (8) 
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8. Söderström TG, Bjelfman C, Brekkan E, Ask B, Egevad L, et al. Messenger ribonucleic acid levels 

of steroid 5α-reductase 2 in human prostate predict the enzyme activity. J Clin Endocrinol Metab. 

2001;86(2):855-858. 
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Chapter 4 - Characterization of Molecular Changes due to Finasteride 

and Dutasteride treatment in TRAMP Mice Prostate Cancer; and in 8, 

12, 16 and 20-week-old AIN-93G-fed TRAMP Mice Prostate Cancer  ̶ A 

Histopathological Study using Immunohistochemistry and In Situ 

Hybridization 

 Abstract 

Background: Previously, we studied the effect of finasteride- or dutasteride-containing diets begun at 

6 weeks (Pre) or 12 weeks (Post) of age on prostate cancer development in C57BL/6 TRAMP x FVB 

mice. Pre and post groups received drugs before and after mice were expected to develop prostate cancer, 

respectively. Post-Dutasteride treatment was more effective than Pre-Dutasteride; and both dutasteride 

treatments better than both finasteride treatments in decreasing prostatic intraepithelial neoplasia (PIN) 

progression and prostate cancer development. Pre-Finasteride, Post-Finasteride and Pre-Dutasteride 

treatments significantly decreased incidence of high-grade PIN, but increased incidence of poorly 

differentiated prostate cancer. In this study, we characterized the molecular changes in prostate cancer 

in these mice to elucidate the discordant response in the Pre-Dutasteride and both finasteride groups and 

determine why Post-Dutasteride treatment was more effective. We also determined molecular changes 

in prostate cancer with increasing age in C57BL/6 TRAMP x FVB mice.   

Method/Principal findings: The expression levels of androgen receptor and Ki-67 protein, DNA 

fragmentation from apoptosis were measured using immunohistochemistry; and 5α-reductase 1 and 5α-

reductase 2 mRNA were measured using in situ hybridization in formalin-fixed, paraffin-embedded 

prostate tissue of AIN-93G control, Pre-Finasteride, Post-Finasteride, Pre-Dutasteride, and Post-

Dutasteride (n = 5) treated male TRAMP mice with genitourinary weight less than 1 gram; and AIN-

93G control, Pre-Finasteride,  Post-Finasteride (n = 4), Pre-Dutasteride (n = 2), and Post-Dutasteride (n 
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= 4) treated male TRAMP mice with genitourinary weight greater than 1 gram; and also in 8 (n = 5), 12 

(n = 8), 16 (n = 9) and 20 (n = 12)-week-old AIN-93G-fed male TRAMP mice. Pre-Finasteride treatment 

significantly decreased androgen receptor expression in small tumors. Pre-Finasteride, Post-Finasteride, 

and Post-Dutasteride treatments significantly increased hyperplastic apoptosis in small tumors. Pre-

Finasteride treatment significantly increased hyperplastic apoptosis in large tumors. Post-Finasteride and 

Post-Dutasteride treatments significantly reduced proliferation in large tumors.  

Conclusion: Our results suggest the difference in genitourinary weights is influenced more by 

proliferation, rather than androgen receptor and apoptosis in tumor, indicating that in large lesions, 

proliferation is most crucial and this imbalance between proliferation, apoptosis and androgen receptor 

may be responsible for the development of large tumors. Mice age may not be significantly important in 

regulating proliferation, androgen receptor and apoptosis to promote tumor growth. 

 Contributors to study 

Conceived and designed the experiments: Brian L. Lindshield. Performed the experiments: Alexander 

B. Opoku-Acheampong, Jamie N. Henningson. Analyzed the data: Alexander B. Opoku-Acheampong, 

Jamie N. Henningson, Brian L. Lindshield. Contributed reagents/materials/analysis tools: Alexander B. 

Opoku-Acheampong, Jamie N. Henningson. Wrote the manuscript: Alexander B. Opoku-Acheampong. 

Introduction 

Prostate cancer is the most commonly diagnosed male cancer in the US and the second leading 

cause of male cancer death [1]. Most prostate cancer growth is initially androgen-dependent or sensitive 

[2]. In prostate stromal cells, testosterone, the main plasma androgen is converted by 5α-reductase 1 and 

5α-reductase 2 isoenzymes to the more potent dihydrotestosterone (DHT), which has up to a 10-fold 

higher affinity to the androgen receptor than testosterone [3,4]. 5α-reductase 2 is predominantly 

expressed in the epithelial and stromal cells in normal prostate tissue, however, multiple studies [5-8], 

although not all [9,10], have reported increased or unchanged 5α-reductase 1 and/or decreased or lost 
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5α-reductase 2 mRNA expression or activity in prostate cancer compared to nonmalignant prostate 

tissue. Recently, 5α-reductase 3 has been identified as a new isoenzyme and found to be overexpressed 

in hormone-refractory prostate cancer cells and tissues [11]. 

In transgenic mice, it has been shown that androgen receptor levels in prostate epithelium are a 

major factor controlling proliferation and that increased AR expression results in a higher proliferative 

rate and increased risk for prostate cancer [12], and the progression of prostate cancer to castrate-resistant 

prostate cancer [13]. In fact, some authors have reported that androgen receptor is expressed in almost 

all primary prostate cancers and most castration-resistant prostate cancers [14,15]. However, evidence 

of loss of androgen receptor expression in tumor cells exists [16].   

In the adult prostate, androgens are thought to contribute to the maintenance of homeostasis 

between cell proliferation and apoptosis [17,18]. Inside the prostatic luminal epithelium, DHT binds to 

androgen receptors to trigger the transcription of genes that control cellular proliferation and apoptosis 

by regulating the expression and secretion of growth factors. Animal studies have shown that growth 

factors secreted by prostatic stromal cells can act on epithelial cells to affect proliferation and apoptosis 

[17,19,20]. In humans, DHT may induce the production of epidermal growth factor (EGF), keratinocyte 

growth factor (KGF), and insulinlike growth factors (IGFs)—all of which control cellular proliferation 

[17]. Similarly, DHT affects the activity of transforming growth factor-β (TGF-β) which controls 

apoptosis [20,21]. In prostate cancer, there is a loss of constraints on cell proliferation along with 

dysregulation of apoptosis which leads to an imbalance between cell division and cell death [22]. 

Increased prostate cell proliferation [23,24] and decreased apoptosis [25,26] have both been implicated 

in increasing the risk of prostate cancer. 

Since cell proliferation and apoptosis are androgen-dependent mechanisms [17,18], decreasing 

DHT production via 5α-reductase inhibition is an approach that may be effective in preventing or 

delaying the growth of prostate cancer [27]. Finasteride (5α-reductase 2 inhibitor) and dutasteride (5α-

reductase 1 and 5α-reductase 2 inhibitor) are two pharmaceuticals commonly used to treat benign 
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prostatic hyperplasia (BPH), a nonmalignant enlargement of the prostate. The potential of these 

inhibitors to decrease prostate cancer development and/or progression through their antiandrogen action 

has been studied in several clinical trials [28-30]. Previously, we studied the effect of finasteride- or 

dutasteride-containing diets at 6 weeks (Pre) or 12 weeks (Post) of age on prostate tumor development 

in C57BL/6 TRAMP x FVB mice. Post-Dutasteride treatment was more effective than Pre-Dutasteride; 

and both dutasteride treatments better than both finasteride treatments in decreasing prostatic 

intraepithelial neoplasia (PIN) progression and prostate cancer development. The finasteride groups and 

the Pre-Dutasteride group also had increased incidence of poorly differentiated prostate cancer in most 

lobes compared to the control [31]. Thus, we were interested in characterizing the molecular changes in 

these mice to elucidate the discordant response in the Pre-Dutasteride and both finasteride groups and 

determine why Post-Dutasteride treatment was more effective.  

The cell-type specific expression patterns of 5α-reductase 1 and 5α-reductase 2 mRNA, androgen 

receptor and Ki-67 protein, DNA fragmentation from apoptosis were determined in formalin-fixed, 

paraffin-embedded prostate tissue sections of finasteride and dutasteride treated male C57BL/6 TRAMP 

x FVB mice. We compared expression levels in mice with genitourinary weight (GU) less than 1 gram 

(mainly associated with lower most common and most severe lesion scores, and PIN) to levels in mice 

with GU weight greater than 1 gram (mainly associated with higher most common and most severe 

lesion scores, and poorly differentiated carcinoma) to understand the discordant response seen 

previously within the treatment groups. The expression levels of biomarkers were also determined and 

compared in 8, 12, 16 and 20-week-old male AIN-93G-fed male C57BL/6 TRAMP x FVB mice to better 

understand how their levels vary at different ages and stages of prostate carcinogenesis. These time 

points were selected because C57BL/6 TRAMP x FVB mice develop epithelial hyperplasia by 8 weeks 

[32], and PIN and well-differentiated adenocarcinoma by 12 weeks [33]. Sixteen weeks is intermediate 

between 12 and 20 weeks when TRAMP mice would have developed poorly differentiated and invasive 

carcinoma [33]. Kaplan and colleagues used the above stated time points previously to study the 
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incidence and distribution of pathologic changes within each lobe of C57BL/6 TRAMP x FVB mice 

prostate as a function of time [33]. This will enable us to measure the expression of these prostate cancer 

biomarkers at different stages of growth and development of prostate cancer in TRAMP mice. 

These prostate cancer biomarkers were selected because their expression levels in C57BL/6 

TRAMP x FVB mice prostate will provide an objective evaluation of the molecular response to mice 

age, and finasteride and dutasteride intervention, beyond the most severe and most common lesion 

scores. Determining androgen receptor and 5α-reductase isoenzyme expression is important because 

both age, and finasteride and dutasteride inhibiting 5α-reductase isoenzymes and reducing DHT levels 

to alter the expression profile of 5α-reductase isoenzymes and androgen receptor, respectively, change 

cytologic and architectural features of TRAMP mice prostate. Although 5α-reductase has been 

quantified in human and animal models, to the best of our knowledge, we believe we are the first to 

quantify 5α-reductase levels in TRAMP mice. 

 Materials and Methods 

 Tissues 

Sections of prostate tissue from male C57BL/6 TRAMP X FVB mice in AIN-93G control, Pre-

Finasteride and Post-Finasteride, and Pre-Dutasteride and Post-Dutasteride diet groups from our 

previous study [31] were used for immunohistochemical (IHC) and in situ hybridization (ISH) analysis 

in this study. Additionally, 6-week-old heterozygous C57BL/6-Tg 8247Ng/J TRAMP male and female 

mice were purchased (The Jackson Laboratory, Bar Harbor, ME) and bred to produce homozygous 

males. These were bred with female FVB/NJ mice (The Jackson Laboratory, Bar Harbor, ME) to 

produce C57BL/6 TRAMP x FVB mice. Male C57BL/6 TRAMP x FVB mice were weaned and began 

consuming AIN-93G diet at 3 weeks of age before being randomized to 8 (n = 5), 12 (n = 8), 16 (n = 9) 

and 20 (n = 12)-week groups. Mice were individually housed, monitored daily, weighed weekly, and 

provided AIN-93G diet and water ad libitum. Mice were terminated at their respective time points, 

anesthetized by CO2 inhalation and euthanized by exsanguination. The genitourinary tracts, kidneys, and 
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lungs were dissected, and the genitourinary tracts were weighed. Iliac lymph nodes were also collected 

whenever possible. All tissues were fixed by immersion in 10% neutral buffered formalin (NBF) for 48 

hours, and then moved to 70% alcohol until processing in the Kansas State University Veterinary 

Diagnostic Laboratory.  

 Histopathology 

Histological processing of prostate tissues, sectioning, scoring for most common and most severe 

lesions, and adjusting for distribution, were performed as described previously [31,34]. The anterior, 

dorsal, lateral and ventral lobes of C57BL/6 TRAMP × FVB mice were assigned two grades each 

between 0-7. The first grade is the most severe lesion within the lobe [normal prostate as least severe 

(grade 0), and poorly differentiated as most severe (grade 7)]. The second grade is the most common 

lesion within the lobe [normal prostate as least common (grade 0), and poorly differentiated as most 

common (grade 7). The most severe and most common lesions within a lobe were adjusted for 

distribution, either as focal, multifocal, or diffuse. With focal, there are fewer than three foci within the 

lobe. Multifocal indicates there are three or more foci within the lobe, with less than 50% of the lobe 

containing the lesion of interest. Diffuse indicates greater than 50% of the lobe is affected [34]. The 

expression levels of androgen receptor and Ki-67 protein, DNA fragmentation from apoptosis were 

measured using immunohistochemistry; and 5α-reductase 1 and 5α-reductase 2 mRNA were measured 

using in situ hybridization in formalin-fixed, paraffin-embedded prostate tissue of AIN-93G control, 

Pre-Finasteride, Post-Finasteride, Pre-Dutasteride, and Post-Dutasteride (n = 5) treated male TRAMP 

mice with genitourinary weight less than 1 gram; and AIN-93G control, Pre-Finasteride, Post-Finasteride 

(n = 4), Pre-Dutasteride (n = 2), and Post-Dutasteride (n = 4) treated male TRAMP mice with 

genitourinary weight greater than 1 gram; and also in 8 (n = 5), 12 (n = 8), 16 (n = 9) and 20 (n = 12)-

week-old AIN-93G-fed male TRAMP mice. 
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 Ki-67 immunohistochemistry 

 Prostate sections (4 µm) were deparaffinized in Leica Bond Dewax Solution (Leica 

Microsystems Inc., Buffalo Grove, USA) at 72°C, and then rehydrated in 100% ethanol, followed by 3 

washes in Tris-buffered saline. Antigen retrieval was carried out with Novocastra Bond Epitope 

Retrieval Solution 1 (citrate buffer, pH 6) (AR9961; Leica Microsystems Inc., Buffalo Grove, IL) for 20 

minutes at 100°C. The sections were stained with a prediluted rabbit monoclonal antibody to Ki-67 

(CPRM325AA; Biocare Medicals, Concord, CA) for 15 minutes at room temperature. The anti-rabbit 

poly-HRP-IgG polymer from the Bond Polymer Refine Detection System (Leica Microsystems Inc., 

Buffalo Grove, IL) was used for the enhancement of the signal. The substrate chromogen, 3,3′-

diaminobenzidine (DAB), was used for the detection of the complex. Sections were counterstained with 

Gill’s hematoxylin, and processed back to xylene through an increasing ethanol gradient [95% (1X) and 

100% (2X)], and then mounted. Tissue from a canine mast cell tumor was used as a positive control.  

 TUNEL staining 

 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was 

performed using the Apoptag Peroxidase In Situ Apoptosis Detection kit (S7100; Millipore, Temecula, 

CA). Prostate sections (4 µm) were baked in a Fisher Scientific Isotemp (model 281A) vacuum oven 

preheated to 60°C for 30 minutes. After baking, sections were deparaffinized in xylene, rehydrated 

through a graded ethanol series [100% (2X), 95% and 70% (both 1X)] and treated with ready-to-use 

proteinase K (S302080-2; Dako North America, Inc., Carpinteria, CA) for 15 minutes at room 

temperature. Sections were washed with 2 changes of distilled water for 5 minutes each. Endogenous 

peroxidases were blocked with 3% hydrogen peroxide in phosphate buffered saline (PBS, pH 7.4), for 5 

minutes and washed with 2 changes of PBS. Equilibration buffer containing digoxigenin-conjugated 

nucleotides was placed directly onto the section for 10 seconds. Sections were then incubated with 

terminal deoxynucleotide transferase (TdT) enzyme (1:15 dilution) in a humidified chamber at 37°C for 

1 hour. Sections were then incubated for 10 minutes at room temperature in stop-wash buffer, rinsed in 
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3 changes of PBS for 1 minute each, and then incubated with anti-digoxigenin conjugate for 30 minutes 

at room temperature. Sections were washed in 4 changes of PBS for 2 minutes each, and then incubated 

with the substrate chromogen, 3,3′-diaminobenzidine (DAB) for 3 minutes. Sections were then stained 

with 0.5% (w/v) methyl green counterstain, dehydrated through 100% N-butanol (3X) and xylene and 

then mounted. 

 Androgen receptor immunohistochemistry 

Prostate sections (4 µm) were baked in a Fisher Scientific Isotemp (model 281A) vacuum oven 

preheated to 60°C for 30 minutes. After baking, sections were deparaffinized in xylene and rehydrated 

using a decreasing ethanol gradient [100% (2X), 95% and 80% (both 1X)]. Endogenous alkaline 

phosphatase was blocked using 3% hydrogen peroxide in methanol. Antigen retrieval was carried out 

by microwaving at 540W in 10 mM Tris/EDTA buffer, pH 9, four times for 5 minutes. Sections were 

blocked with 2.5% normal horse serum (Vector Laboratories, Inc., Burlingame, CA) before incubation 

for 1 hour at 37°C with a rabbit polyclonal antibody (1:50 dilution; N-20, sc-816; Santa Cruz 

Biotechnology, Santa Cruz, CA). After washing, sections were incubated with ImmPRESS-AP anti-

rabbit IgG (alkaline phosphatase) polymer detection reagent (MP-5401; Vector Laboratories, Inc., 

Burlingame, CA) for 30 minutes at room temperature. Colors were developed with a Vector Red alkaline 

phosphatase substrate kit (SK-5100; Vector Laboratories, Inc., Burlingame, CA). Slides were 

subsequently counterstained with hematoxylin (Vector Laboratories, Inc., Burlingame, CA), and 

processed back to xylene through an increasing ethanol gradient [80%, 95% (both 1X) and 100% (2X)] 

and then mounted. Normal rabbit IgG (1:100; sc-2027: Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) was used as a negative control.  

 5α-reductase 1 and 5α-reductase 2 in situ hybridization 

 5α-reductase 1 and 5α-reductase 2 accessions NM 175283.3 and NM 053188.2, respectively, 

obtained from National Center for Biotechnology Information (NCBI) website were submitted to 

Advanced Cell Diagnostics, Inc., [(ACD), Hayward, CA)] for custom probe design and synthesis. 
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Prostate sections (4 µm) were baked in a Fisher Scientific (model 77) slide warmer preheated to 55°C 

for 25 minutes. Sections were deparaffinized in xylene, rehydrated in 100% ethanol, and air-dried for 5 

minutes at room temperature. Sections were then treated serially with: Pre-Treatment 1 solution 

(endogenous hydrogen peroxidase block with Pretreat 1 solution for 10 minutes at room temperature); 

Pre-Treatment 2 (100-104°C, 25 minutes immersion in Pretreat 2 solution); and, Pre-Treatment 3 

(protease digestion, 40°C for 28 minutes); rinses with distilled water (2X) were performed after each 

Pre-Treatment step. Sections were then hybridized in 5α-reductase 1 or 5α-reductase 2 probes, without 

a cover slip, at 40°C for 2 hours in a HybEZ Oven (ACD). After wash buffer steps, signal amplification 

from the hybridized probes were performed by the serial application of Amp 1, 40°C for 30 minutes 

(PreAmplifier step), Amp 2, 40°C for 15 minutes (signal enhancer step), Amp 3, 40°C for 30 minutes 

(amplifier step), Amp 4, 40°C for 15 minutes (Label Probe step), Amp 5, ambient temperature for 30 

minutes, and Amp 6, ambient temperature for 15 minutes (signal amplifications steps); wash buffer steps 

with Wash Buffer (ACD, proprietary) were performed after each Amp step. Horseradish peroxidase 

(HRP) activity was then observed by the application of 3,3′-diaminobenzidine (DAB) for 10 minutes at 

ambient temperature. Sections were then counterstained with Gill’s hematoxylin, dehydrated through 

graded ethanol [95% (1X), 100% (2X)] and xylene and then mounted. Sections were quality controlled 

for RNA integrity with an RNAscope probe for cyclophilin B (Mm-Ppib) RNA (positive control) and 

for nonspecific background with a probe for bacterial dapB RNA (negative control). Specific RNA 

staining signal was identified as brown, punctate dots. 

 Quantification of prostate cancer biomarkers 

A board-certified pathologist identified areas of epithelium that were composed of a single layer 

of cells as normal epithelium; hyperplastic regions as where cells lost polarity and piled up on one 

another; and tumor as diffuse sheets of cells with no organization characterized by neoplastic cellular 

characteristics, using an Olympus DP26 digital camera (Olympus America, Center Valley, PA). These 

areas were scanned using a Pannoramic Midi scanner (3D Histech, Budapest, Hungary) with a 20X 
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objective, giving 2 megapixel resolution. Images were captured using the 3D Histech software. Scanned 

images were then annotated using Halo software (Indica Laboratory, Coralles, NM). Androgen receptor 

and Ki-67 protein, and DNA fragmentation from apoptosis were quantitated using the double stain 

cytoplasmic and nuclear stain algorithm (Indica Laboratory), which was set to identify a single positive 

nuclear stain. Data were quantified for Ki-67, androgen receptor and apoptosis in normal prostate, 

hyperplasia and tumor sections of prostate sections.  

The total positive cells per area was calculated as: 

Total positive cells per area (µm2) =  
Total positive cells

    Tissue area (µm˄2)
 

Data for 5α-reductase 1 and 5α-reductase 2 in normal prostate, hyperplasia, tumor, epithelium and stroma 

of prostate section were evaluated by a board-certified veterinary pathologist for cell type positivity in 

samples. Immunohistochemistry and in situ hybridization data are from a single experiment for each 

biomarker. 

 Statistical Analysis 

Data were analyzed using SAS 9.3 (SAS Institute Inc., Cary, NC) with p<0.05 considered 

statistically significant. Ki-67, androgen receptor and apoptosis expression in normal prostate, 

hyperplasia and tumor, most common and most severe lesion scores were analyzed using ANOVA with 

Fisher’s Least Significant Difference (LSD).   

 Results 

 Cell proliferation in prostates of finasteride and dutasteride treated TRAMP mice  

Representative staining for Ki-67 in normal prostate, hyperplasia and tumor, and their annotated 

images are shown in Figure 4.1. There were no significant differences in Ki-67 expression in normal 

prostate, hyperplasia or tumor across treatment groups both with GU weight less than 1 gram and greater 

than 1 gram (Table 4.1). In mice with GU weight greater than 1 gram, there was a significant increase 

in Ki-67 expression in hyperplasia compared to normal prostate and tumor of the Post-Finasteride and 
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Post-Dutasteride groups (Table 4.1). There was a significant increase in Ki-67 expression in hyperplasia 

of the control and Post-Dutasteride groups with GU weight greater than 1 gram compared to respective 

groups of mice with GU weight less than 1 gram (Table 4.1).  

 Apoptosis in prostates of finasteride and dutasteride treated TRAMP mice 

Representative staining for apoptosis in normal prostate, hyperplasia and tumor, and their 

annotated images are shown in Figure 4.2. There was a significant increase in apoptosis in normal 

prostate of the control compared to Pre-Finasteride, Post-Finasteride, and Pre-Dutasteride groups of mice 

with GU weight less than 1 gram (Table 4.2). Apoptosis was significantly increased in tumor of the Pre-

Dutasteride group compared to the control, Post-Finasteride and Post-Dutasteride groups with GU 

weight less than 1 gram. In mice with GU weight less than 1 gram, there was a significantly higher rate 

of apoptosis in hyperplasia compared to normal prostate of the Pre-Finasteride, Post-Finasteride and 

Post-Dutasteride groups (Table 4.2). A significant increase in apoptosis was observed in tumor compared 

to normal prostate and hyperplasia of the Pre-Finasteride group of mice with GU weight greater than 1 

gram. Apoptosis was significantly increased in normal prostate and hyperplasia of the Pre-Dutasteride 

group with GU weight greater than 1 gram compared to mice with GU weight less than 1 gram (Table 

4.2). There was also a significant increase in apoptosis of the Pre-Finasteride and Post-Finasteride groups 

with GU weight greater than 1 gram compared to respective groups of mice with GU weight less than 1 

gram.  

 Androgen receptor expression in prostates of finasteride and dutasteride treated TRAMP 

mice 

Representative staining for androgen receptor in normal prostate, hyperplasia and tumor, and 

their annotated images are shown in Figure 4.3. Androgen receptor expression was significantly 

increased in hyperplasia compared to normal prostate of the control and Pre-Dutasteride groups with GU 

weight less than 1 gram (Table 4.3). There was a significant increase in androgen receptor expression in 

hyperplasia compared to tumor of the control, Pre-Finasteride and Post-Finasteride, and Pre-Dutasteride 
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groups with GU weight less than 1 gram. A significant increase in androgen receptor expression was 

seen in hyperplasia compared to normal prostate of the Post-Finasteride group with GU weight greater 

than 1 gram. There was a significant increase in androgen receptor expression in normal prostate 

compared to tumor of the Pre-Finasteride, Post-Finasteride and Post-Dutasteride groups with GU weight 

greater than 1 gram. In mice with GU weight greater than 1 gram, there was a significant increase in 

androgen receptor expression in hyperplasia compared to tumor of the control, Pre-Finasteride, Post-

Finasteride, and Post-Dutasteride groups. There was also a significant decrease in androgen receptor 

expression in hyperplasia of the Pre-Finasteride group compared to other treatment groups (Table 4.3). 

A significant increase in androgen receptor expression in hyperplasia and a significant decrease in 

expression in tumor were observed in the Post-Dutasteride group with GU weight greater than 1 gram 

compared to mice with GU weight less than 1 gram (Table 4.3).  

 5α-reductase 1 and 5α-reductase 2 in prostates of finasteride and dutasteride treated 

TRAMP mice  

Representative staining for 5α-reductase 1 and 5α-reductase 2 in normal prostate, hyperplasia 

and tumor, and their annotated images are shown in Figure 4.4. The percent positive for 5α-reductase 1 

and 5α-reductase 2 was high and expressed similarly in normal prostate and hyperplasia, but higher than 

the percent positive in tumor of mice with GU weight less than 1 gram, and lower than the percent 

positive in tumor of mice with GU weight greater than 1 gram (Table 4.4). 5α-reductase 1 was more 

frequently expressed in prostate epithelium compared to stroma. 5α-reductase 2 was expressed equally 

in prostate epithelium and stroma.  

 Most severe and most common lesion scores in 8 to 20-week-old TRAMP mice 

The raw and adjusted mean most severe and most common lesion scores for the anterior and 

dorsal lobes were significantly increased in 20-week-old mice versus 8, 12 and 16-week-old mice (Table 

4.5 and 4.6). The raw and adjusted mean most severe and most common lesion scores for the lateral and 

ventral lobes were significantly increased in 16 and 20-week-old mice versus 8 and 12-week-old mice. 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0077738#pone-0077738-t002


  

 

111 

 

The adjusted mean most common lesion score for the dorsal lobe was significantly increased in 16-

week-old mice versus 12-week-old mice.  

 Most common lesion histopathological distribution in 8 to 20-week-old TRAMP mice 

Low-grade PIN as the most common lesion was significantly increased in the anterior lobe in 8-

week-old mice versus 12 and 20-week-old mice (Table 4.7). Moderate-grade PIN as the most common 

lesion was significantly increased in the anterior lobe in 12-week-old mice versus 8, 16 and 20-week-

old mice. Moderate-grade PIN as the most common lesion was significantly increased in the dorsal lobe 

in 8 and 12-week-old mice versus 16 and 20-week-old mice. Moderate-grade PIN as the most common 

lesion was significantly increased in the ventral lobe in 8,12 and 16-week-old mice versus 20-week-old 

mice. High-grade PIN as the most common lesion was significantly increased in the dorsal lobe in 16 

and 20-week-old mice versus 8 and 12-week-old mice. Poorly differentiated carcinoma and prostate 

cancer as the most common lesions were significantly increased in the anterior and dorsal lobes in 20-

week-old mice versus 8, 12 and 16-week-old mice. Poorly differentiated carcinoma and prostate cancer 

as the most common lesions were significantly increased in the lateral and ventral lobes in 20-week-old 

mice versus 16-week-old mice. Poorly differentiated carcinoma and prostate cancer as the most common 

lesions were significantly increased in the lateral and ventral lobes in 16 and 20-week-old mice versus 8 

and 12-week-old mice.  

 Most severe lesion histopathological distribution in 8 to 20-week-old TRAMP mice 

Low-grade PIN as the most severe lesion was significantly increased in the anterior lobe in 8-

week-old mice versus 12 and 20-week-old mice (Table 4.8). Low-grade PIN as the most severe lesion 

was significantly increased in the ventral lobe in 8-week-old mice versus 16 and 20-week-old mice. 

Moderate-grade PIN as the most severe lesion was significantly increased in the lateral lobe in 8 and 12-

week-old mice versus 16 and 20-week-old mice. Moderate-grade PIN as the most severe lesion was 

significantly increased in the ventral lobe in 8-week-old mice versus 12, 16 and 20-week-old mice. High-

grade PIN as the most severe lesion was significantly increased in the lateral lobe in 12 and 16-week-

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0077738#pone-0077738-t004
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0077738#pone-0077738-t004
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old mice versus 8 and 20-week-old mice. High-grade PIN as the most severe lesion was significantly 

increased in the ventral lobe in 12-week-old mice versus 8 and 20-week-old mice. High-grade PIN as 

the most severe lesion was significantly increased in the dorsal lobe in 12 and 16-week-old mice versus 

20-week-old mice. Poorly differentiated carcinoma and prostate cancer as the most severe lesions were 

significantly increased in the anterior lobe in 20-week-old mice versus 8, 12 and 16-week-old mice. 

Poorly differentiated carcinoma and prostate cancer as the most severe lesions were significantly 

increased in the dorsal lobe in 20-week-old mice versus 8, 12 and 16-week-old mice. Poorly 

differentiated carcinoma and prostate cancer as the most severe lesions were significantly increased in 

the dorsal lobe in 16-week-old mice versus 8 and 12-week-old mice. Poorly differentiated carcinoma 

and prostate cancer as the most severe lesions were significantly increased in the lateral and ventral lobe 

in 16 and 20-week-old mice versus 8 and 12-week-old mice.  

 Cell proliferation in prostates of 8 to 20-week-old TRAMP mice 

There was a significant increase in Ki-67 expression in hyperplasia compared to normal prostate 

and tumor of 20-week-old mice (Table 4.9). There was a significant decrease in Ki-67 expression in 

normal prostate and hyperplasia in 16 and 20-week-old mice compared to 8-week-old mice (Table 4.9).  

 Apoptosis in prostates of 8 to 20-week-old TRAMP mice 

There was a significant increase in apoptosis in hyperplasia compared to normal prostate in 8-

week-old mice (Table 4.9). There was a significant increase in apoptosis in tumor compared to normal 

prostate in 20-week-old mice.  

 Androgen receptor expression in prostates of 8 to 20-week-old TRAMP mice 

There was a significant increase in androgen receptor expression in normal prostate and 

hyperplasia compared to tumor in 12 and 20-week-old mice (Table 4.9). There was a significant increase 

in androgen receptor expression in hyperplasia compared to normal prostate and tumor in 16-week-old 

mice.  
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 5α-reductase 1 and 5α-reductase 2 expression in prostates of 8 to 20-week-old TRAMP mice 

The percent positive for 5α-reductase 1 and 5α-reductase 2 was higher in hyperplasia compared 

to normal prostate and tumor, and higher in normal prostate compared to tumor (Table 4.10). 5α-

reductase 1 was predominantly expressed in prostate epithelium compared to stroma while 5α-reductase 

2 was highly expressed in both prostate epithelium and stroma.  

Discussion 

TRAMP mice with GU weight less than 1 gram had mostly low to high-grade PIN and may 

represent men at the early stages of prostate cancer development, while mice with GU weight greater 

than 1 gram had mostly poorly differentiated carcinoma and may represent men with advanced stage 

prostate cancer. Cell proliferation in normal prostate, hyperplasia and tumor were not significantly 

different from each other in all groups with GU weight less than 1 gram, which may suggest that for this 

study, proliferation was not out of control in the GU weight less than 1 gram groups. The significantly 

higher apoptosis in hyperplasia compared to normal prostate and tumor of Post-Finasteride and Post-

Dutasteride groups with GU weight greater than 1 gram suggests that post-treatments may not be 

effective in inhibiting proliferation in hyperplasia, and may rather facilitate large tumor formation. The 

significant increase in Ki-67 expression in hyperplasia of the control and Post-Dutasteride groups with 

GU weight greater than 1 gram compared to respective groups with GU weight less than 1 gram suggests 

that a loss of proliferation control in hyperplasia may lead to large tumors in these groups. In previous 

research, finasteride did not increase proliferative changes in rat prostate [35], or had no effect on 

proliferation in human prostate [36], and dutasteride increased proliferation in human prostate cancer 

[37]. 

Apoptosis was generally low, or almost nonexistent, in majority of prostates in treatment groups. 

Finasteride and dutasteride treatments decreased apoptosis, mostly nonsignificantly in mice tumors 

compared to normal prostate or hyperplasia. The significant increase in apoptosis in tumor compared to 

normal prostate and hyperplasia of the Pre-Finasteride group with GU weight greater than 1 gram 
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suggests Pre-Finasteride treatment could slow cancer development by increasing apoptosis in 

hyperplastic cells. Also, the significant increase in apoptosis in tumor of the Pre-Dutasteride group 

compared to the control, Post-Finasteride and Post-Dutasteride groups with GU weight less than 1 gram 

suggests Pre-Dutasteride treatment could slow the progression of cancer by inducing apoptosis in tumor 

of mice with GU weight less than 1 gram. Other studies found finasteride decreased apoptosis in Dunning 

prostate R3327-H rat tumor [38] while dutasteride increased apoptosis in LPB-Tag mice dorsolateral 

[39] and human [40] prostate.  

The high expression of androgen receptor in normal prostate and hyperplasia may promote large 

tumor formation, and once tumor is established, androgen receptor expression is downregulated and may 

not be very critical in tumor development. Androgen receptor expression was decreased in tumor 

compared to hyperplasia in most groups. This observation is consistent with previous research that found 

androgen receptor expression to be seldom increased in primary prostate cancer [41,42]. The weak 

androgen receptor expression in tumors is consistent with weak androgen receptor staining in majority 

of human mild differentiated and poorly differentiated prostate cancer [43,44]. This may suggest that 

androgen receptor is not primarily required to stimulate growth and development of prostate at this stage, 

and that prostate cancer may bypass the androgen receptor pathway partially or entirely via other cellular 

pathways. Finasteride treatments significantly reduced androgen receptor expression in small tumors. In 

large tumors, finasteride and Post-Dutasteride treatments significantly reduced androgen receptor 

expression. In other studies, finasteride significantly decreased epithelial androgen receptor expression 

but stromal androgen receptor expression was unchanged in human prostate tissues [45]. Amplification 

of androgen receptor gene following finasteride treatment has also been reported in androgen 

independent human prostate cancer [46].  

To the best of our knowledge, we are the first to determine 5α-reductase 1 and 5α-reductase 2 

mRNA expression in TRAMP mice. 5α-reductase 1 was predominantly expressed in prostate epithelium, 

while 5α-reductase 2 was highly expressed in both prostate epithelium and stroma as has been previously 
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reported in human prostate [47]. Though qualitative, results suggest that there is a loss of 5α-reductase 

expression in small tumors, while tumors with increased expression might be more prone to becoming 

large and poorly differentiated carcinoma. Both finasteride and dutasteride treatments may decrease 5α-

reductase enzymes in mice with smaller tumors, and prove ineffective in mice with larger tumors. The 

results in mice tumor with GU weight less than 1 gram cancer are similar to studies that found finasteride 

reduced 5α-reductase activity in rat ventral prostate [48], while dutasteride decreased 5α-reductase 1 and 

5α-reductase 2 activities in LPB-Tag mice dorsolateral prostate [39]. 

In the AIN-93G-fed TRAMP mice, most mice at 8 weeks of age had developed low- to high-

grade PIN as the most common and most severe lesions in all lobes, as was also observed in 8-week-old 

TRAMP mice in a study by Kaplan-Lefko and colleagues [33]. TRAMP mice are known to develop 

pathological features similar to low-grade PIN as early as 4 to 6 weeks of age [49]. Most mice had 

developed moderate- and high-grade PIN as the most common and most severe lesions at 12 and 16 

weeks, as has been previously reported [33]. Phyllodes-like tumor was not detected in any lobe between 

8 to 20 weeks of age. Moderately differentiated adenocarcinoma was observed at 20 weeks in all lobes 

and presented only a low percentage (0-4%) of the total pathology of the prostate, both observations 

seen previously [33]. The low incidence of moderately differentiated adenocarcinoma may suggest that 

it was the transitional stage between PIN and prostate cancer development. Most mice had developed 

poorly differentiated carcinoma at 20 weeks as the most common and most severe lesion as has been 

reported previously [49]. In addition, poorly differentiated carcinoma was not observed in any lobe until 

12 weeks of age, and incidence of prostate cancer was higher in 20-week-old mice compared to 16-

week-old mice. Overall, there was a low incidence of PIN, and a high incidence of poorly differentiated 

carcinoma and prostate cancer as the most severe and most common lesions in 20-week-old TRAMP 

mice, similar to results seen previously [34,50]. These results in addition to those from this study, differ 

with the high incidence of PIN, and low incidence of poorly differentiated carcinoma and prostate cancer 
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as the most severe and most common lesions in 20-week-old TRAMP mice reported previously [31], 

and this discrepancy could be due to the small sample size used in this study. 

Cell proliferation increased with age in normal prostate and hyperplasia of TRAMP mice. 

Similarly, in another study, the proliferation index in the AH tumors of 3FloxT mice increased 

incrementally as age increased. On the contrary, the percentage of Ki-67 positive cells in the AH tumor 

regions in 3PEKOT mice was not significantly changed at 8 and 12 weeks of age, but was significantly 

decreased at 18 and 24 weeks of age [51]. Cell proliferation may increase in hyperplasia with increasing 

age to promote cancer formation, as was observed in 16 and 20-week-old mice. The low rate of cell 

proliferation in tumors could be due to cells having become necrotic and thus limiting blood supply to 

cells to stimulate proliferation.  

Apoptosis in normal prostate, hyperplasia or tumor in TRAMP mice was not significantly 

affected by age. Others have reported that apoptotic index did not significantly change at different ages 

in 4-5, 7-9, and 10-14 month-old PSA-Cre;Pten-loxP/+ mice prostate [52]. This, in addition to our 

results, suggest that increased apoptosis occurred at the early stages of tumor development. On the 

contrary, others found ageing in mice induced apoptosis in ventral prostate [53]. The higher apoptosis 

in hyperplasia compared to tumor in our study, is consistent with elevated apoptosis in preneoplastic 

lesions in a previous study [54], and this may prevent prostate cancer development.  

There was a marked decrease in androgen receptor expression in all tumors compared to normal 

prostate and hyperplasia. In other studies, there was a decrease in androgen receptor staining intensity 

as a function of age in rat ventral lobe, but the staining intensity increased in the dorsal and lateral lobes 

with age [55]. The loss of androgen receptor expression in tumors may be due to them bypassing 

androgen receptor pathway for growth, or a reduction in the stability of androgen receptor protein that 

decreases the androgen receptor protein level to one difficult to detect immunohistologically [16]. In 

humans, epigenetic silencing of androgen receptor expression by methylation has been observed in 8% 

of primary prostate cancers [56]. In our study, the increase in androgen receptor expression in 
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hyperplasia could promote prostate cancer development. Androgen receptor expression in normal 

prostate, hyperplasia and tumor did not increase with age in 8 to 20-week-old mice which suggests that 

androgen receptor levels do not vary during the different stages of PIN and prostate cancer development.  

The decreased 5α-reductase 1 and 5α-reductase 2 expression in 8 to 20-week-old mice tumor 

suggests that in this age group, both isoenzymes may be downregulated by age or during prostate cancer 

development. The decreased 5α-reductase 1 expression in tumor contrasts with what has been reported 

previously [5-8], where 5α-reductase 1 was increased in prostate cancer. It is too early to draw any 

conclusions from 5α-reductase qualitative results, hence quantifying expression levels will help 

determine how age, and finasteride and dutasteride treatments changed the expression prolife of 5α-

reductase isoenzymes to alter cytologic and architectural features of TRAMP mice prostate. 

 Conclusions 

Our results suggest that formation of large genitourinary tract is influenced more by cell 

proliferation, rather than androgen receptor or apoptosis in tumor, indicating that in large lesions, 

proliferation is most crucial and this imbalance between proliferation, apoptosis and androgen receptor 

may be responsible for the development of large tumors. The timing of finasteride and dutasteride 

treatments may be critical in decreasing proliferation and androgen receptor expression, and increasing 

apoptosis in normal prostate, hyperplasia and tumor to prevent prostate cancer in TRAMP mice. Mice 

age may not be significantly important in regulating proliferation, androgen receptor and apoptosis to 

promote tumor growth.
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Table 4.1 Quantitative immunohistochemical expression of Ki-67 in finasteride and dutasteride treated TRAMP mice. The values are the mean 

total Ki-67 positive cells per tissue area (µm2) ± SEM in normal prostate, hyperplasia or tumor. 

 TRAMP mice with genitourinary weight less than 1 gram  

Group n Prostate Hyperplasia Tumor 

Control 5 0.2 ± 0.2 0.2 ± 0.1 0.07 ± 0.05 

Pre-Finasteride 5 0.4 ± 0.2 1.2 ± 0.9 0.2 ± 0.2 

Post-Finasteride 5 0.3 ± 0.2 1.1 ± 0.5 0.2 ± 0.2 

Pre-Dutasteride 5 0.5 ± 0.3 1.4 ± 0.7            0.01 ± 0.0 

Post-Dutasteride 5 1.1 ± 0.7 0.7 ± 0.3 0.07 ± 0.07 

TRAMP mice with genitourinary weight greater than 1 gram 

Control 4 0.6 ± 0.6   2.1 ± 0.5* 0.6 ± 0.4 

Pre-Finasteride 4 0.7 ± 0.7 1.9 ± 1.0 0.4 ± 0.1 

Post-Finasteride 4  0.0 ± 0.01  2.2 ± 0.02  0.4 ± 0.11 

Pre-Dutasteride 2 0.0 ± 0.0              0.0 ± 0.0 0.5 ± 0.4 

Post-Dutasteride 4  0.0 ± 0.01     2.7 ± 0.5*,2  0.6 ± 0.31 
 

p<0.05 vs. normal prostate, hyperplasia and tumor within group (numbers), and genitourinary weight less than 1 gram compared to greater than 

1 gram (asterisk).  
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Table 4.2 Quantitative immunohistochemical expression of apoptosis in finasteride and dutasteride treated TRAMP mice. The values are the 

mean total apoptosis positive cells per tissue area (µm2) ± SEM in normal prostate, hyperplasia or tumor. 

 TRAMP mice with genitourinary weight less than 1 gram  

Group n Prostate Hyperplasia Tumor 

Control 5 0.4 ± 0.3a 0.3 ± 0.06  0.1 ± 0.08a 

Pre-Finasteride 5   0.0 ± 0.0b,1  0.4 ± 0.061      0.2 ± 0.2a,b,1,2 

Post-Finasteride 5   0.0 ± 0.0b,1             0.3 ± 0.12  0.01 ± 0.01a,1 

Pre-Dutasteride 5 0.0 ± 0.0b             0.5 ± 0.2             1.0 ± 0.7b 

Post-Dutasteride 5     0.05 ± 0.05a,b,1             0.5 ± 0.22    0.1 ± 0.1a,1,2 

TRAMP mice with genitourinary weight greater than 1 gram 

Control 4 0.0 ± 0.0a             0.7 ± 0.3a             0.9 ± 0.4 

Pre-Finasteride 4   0.0 ± 0.0a,1  0.2 ± 0.1a,1   1.1 ± 0.3*,2 

Post-Finasteride 4 0.0 ± 0.0a             0.0 ± 0.0a 0.3 ± 0.1* 

Pre-Dutasteride 2   0.5 ± 0.0b*  3.5 ± 0.0b*             0.9 ± 0.2 

Post-Dutasteride 4 0.08 ± 0.08a             0.4 ± 0.4a             0.4 ± 0.1 

 

p<0.05 vs. normal prostate, hyperplasia and tumor within group (numbers), across groups (letters), and genitourinary weight less than 1 gram 

compared to greater than 1 gram (asterisk).  
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Table 4.3 Quantitative immunohistochemical expression of androgen receptor in finasteride and dutasteride treated TRAMP mice. The values are 

the mean total androgen receptor positive cells per tissue area (µm2) ± SEM in normal prostate, hyperplasia or tumor. 

 TRAMP mice with genitourinary weight less than 1 gram  

Group n Prostate Hyperplasia Tumor 

Control 5  5.2 ± 0.51  9.6 ± 0.4a,2  4.4 ± 4.41 

Pre-Finasteride 5  6.8 ± 0.51  7.0 ± 0.7b,1  1.7 ± 1.52 

Post-Finasteride 5  7.5 ± 1.21  9.1 ± 0.8a,1  0.01 ± 0.012 

Pre-Dutasteride 5  5.7 ± 0.81  9.1 ± 0.9a,2  2.9 ± 2.91 

Post-Dutasteride 5              5.7 ± 1.4  7.9 ± 0.3a,b              5.4 ± 0.0 

TRAMP mice with genitourinary weight greater than 1 gram 

Control 4    8.3 ± 2.21,2             8.8 ± 1.52  2.1 ± 1.51 

Pre-Finasteride 4  7.3 ± 0.91             8.8 ± 0.91  0.4 ± 0.22 

Post-Finasteride 4  6.8 ± 0.01             9.4 ± 0.02  0.2 ± 0.13 

Pre-Dutasteride 2 9.8 ± 0.0             8.9 ± 0.0 1.5 ± 1.4 

Post-Dutasteride 4  8.8 ± 0.71   9.9 ± 0.7*,1     0.7 ± 0.5*,2 

 

p<0.05 vs. normal prostate, hyperplasia and tumor within group (numbers), across groups (letters), and genitourinary weight less than 1 gram 

compared to greater than 1 gram (asterisk).  
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Table 4.4 Qualitative in situ hybridization expression of 5α-reductase 1 and 5α-reductase 2 in finasteride and dutasteride treated TRAMP mice. 

The values are the number of prostate sections from the total number of prostate sections within that group positive for 5α-reductase 1 or 5α-

reductase 2 in normal prostate, hyperplasia, tumor, prostate epithelia or stroma, and expressed as a percent in parenthesis. 

TRAMP mice with genitourinary weight less than 1 gram 

  5α-reductase 1 5α-reductase 2 

Group n Prostate (%) Hyperplasia (%) Tumor (%) Prostate 

epithelia (%) 

Prostate stroma (%) Prostate (%) Hyperplasia (%) Tumor (%) Prostate 

epithelia (%) 

Prostate stroma (%) 

Control 5 5 (100%) 5 (100%) 1 (20%) 5 (100%) 0 (0%) 5 (100%) 5 (100%) 1 (20%) 5 (100%) 5 (100%) 

Pre-Finasteride 5 4 (80%) 4 (80%) 2 (40%) 4 (80%) 0 (0%) 3 (60%) 4 (80%) 2 (40%) 5 (100%) 5 (100%) 

Post-Finasteride 5 5 (100%) 4 (80%) 2 (40%) 3 (60%) 0 (0%) 4 (80%) 3 (60%) 0 (0%) 5 (100%)  5 (100%) 

Pre-Dutasteride 5 3 (60%) 3 (60%) 2 (40%) 2 (40%) 0 (0%) 3 (60%) 3 (60%) 3 (60%) 4 (100%) 4 (100%) 

Post-Dutasteride 5 4 (80%) 5 (100%) 0 (0%) 5 (100%) 0 (0%) 3 (60%) 3 (60%) 0 (0%) 3 (60%) 4 (80%) 

TRAMP mice with genitourinary weight greater than 1 gram 
Control 4 3 (75%) 3 (75%) 4 (100%) 3 (75%) 0 (0%) 2 (50%) 2 (50%) 4 (100%) 2 (50%) 2 (50%) 

Pre-Finasteride 4 3 (75%) 3 (75%) 4 (100%) 3 (75%) 0 (0%) 3 (75%) 3 (75%) 4 (100%) 3 (75%) 3 (75%) 

Post-Finasteride 4 1 (25%) 1 (25%) 4 (100%) 1 (25%) 0 (0%) 1 (25%) 1 (25%) 4 (100%) 1 (25%) 1 (25%) 

Pre-Dutasteride 2 1 (50%) 2 (100%) 2 (100%) 2 (100%) 1 (50%) 2 (100%) 2 (50%) 2 (100%) 2 (100%) 2 (100%) 

Post-Dutasteride 4 3 (75%) 3 (75%) 4 (100%) 3 (75%) 1 (25%) 2 (50%) 2 (50%) 4 (100%) 2 (50%) 2 (50%) 
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Table 4.5 Raw and adjusted mean most severe lesion scores for the anterior, dorsal, lateral, and ventral prostate lobes (n = 5–12)1. 

 Anterior prostate Dorsal prostate Lateral prostate Ventral prostate 

Group Raw Adjusted Raw Adjusted Raw Adjusted Raw Adjusted 

8-weeks 2.10 ± 0.28a   4.10 ± 0.86a 2.50 ± 0.17a 6.10 ± 0.38a 1.90 ± 0.10a 4.80 ± 0.47a 1.60 ± 0.16a  4.30 ± 0.63a 

12-weeks 2.56 ± 0.13a   6.13 ± 0.30a 3.00 ± 0.29a 7.38 ± 0.81a 3.00 ± 0.41a 7.50 ± 1.15a 1.56 ± 0.27a  3.56 ± 0.67a 

16-weeks 2.39 ± 0.31a   5.78 ± 0.95a 3.78 ± 0.42a 10.17 ± 1.39a 5.17 ± 0.50b 14.44 ± 1.62b 4.83 ± 0.59b 13.66 ± 1.87b 

20-weeks 4.92 ± 0.51b 14.21 ± 1.65b 5.63 ± 0.43b 16.33 ± 1.38b 5.42 ± 0.51b 15.88 ± 1.62b 4.86 ± 0.61b 14.18 ± 1.93b 

1Data are mean ± SEM; values with different letters are statistically different from one another (p<0.05).  

 

 

 

 

 

Table 4.6 Raw and adjusted mean most common lesion scores for the anterior, dorsal, lateral, and ventral prostate lobes (n = 5–12)1. 

 Anterior prostate Dorsal prostate Lateral prostate Ventral prostate 

Group Raw Adjusted Raw    Adjusted Raw   Adjusted Raw   Adjusted 

8-weeks 1.30 ± 0.21a   2.70 ± 0.58a 2.00 ± 0.00a   5.20 ± 0.13a,b 1.50 ± 0.17a   3.70 ± 0.65a 1.60 ± 0.16a   4.30 ± 0.63a 

12-weeks 1.81 ± 0.14a   4.44 ± 0.41a 2.00 ± 0.00a   5.50 ± 0.26a 1.63 ± 0.13a   4.25 ± 0.46a 1.25 ± 0.21a   3.13 ± 0.62a 

16-weeks 1.83 ± 0.34a   4.56 ± 1.01a 3.22 ± 0.50a   9.39 ± 1.49b 4.11 ± 0.63b 11.94 ± 1.93b 4.22 ± 0.60b 12.28 ± 1.87b 

20-weeks 4.83 ± 0.53b 14.04 ± 1.69b 4.75 ± 0.50b 14.00 ± 1.55c 5.21 ± 0.52b 15.25 ± 1.67b 4.77 ± 0.63b 14.09 ± 1.96b 

1Data are mean ± SEM; values with different letters are statistically different from one another (p<0.05).  
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Table 4.7 Histopathological analysis (most common lesion) of individual prostate lobes in 8-20-week-old AIN-93G-fed TRAMP mice1, 2. 

                                        Prostatic intraepithelial neoplasia Adenocarcinoma           Prostate cancer 

   n LG MG  HG WD MD  PD (WD-PD) 

Anterior prostate        

8-weeks 5 80%a 10%a 10% 0% 0% 0%a 0%a 

12-weeks 8 25%b,c 69%b 6% 0% 0% 0%a 0%a 

16-weeks 9 50%a,b 39%a 6% 0% 0% 6%a 6%a 

20-weeks 12 13%c 21%a 8% 0% 4% 54%b   58%b 

Dorsal prostate         

8-weeks 5 0% 100%a 0%a 0% 0% 0%a 0%a 

12-weeks  8 0% 100%a 0%a 0% 0% 0%a 0%a 

16-weeks  9 0% 67%b 11%b 0% 0% 22%b   22%a 

20-weeks  12 0% 38%b 8%c 0% 4% 50%c   54%b 

Lateral prostate         

8-weeks 5 50% 50% 0% 0% 0% 0%a 0%a 

12-weeks 8 38% 63% 0% 0% 0% 0%a 0%a 

16-weeks 9 11% 44% 0% 0% 0% 44%b   44%b 

20-weeks 12 17% 8% 8% 0% 4% 63%c   67%c 

Ventral prostate         

8-weeks 5 40% 60%a 0% 0% 0% 0%a 0%a 

12-weeks 8 25% 50%a 0% 0% 0% 0%a 0%a 

16-weeks 9 0% 56%a 0% 0% 0% 44%b   44%b 

20-weeks 12 17% 8%b 0% 0% 4% 54%c   58%c 
 

1Values with different letters are statistically different from one another (p<0.05).  
2LG = low-grade, MG = moderate-grade, HG = high-grade, PIN = prostatic intraepithelial neoplasia, WD = well-differentiated, MD = moderately 

differentiated, PD = poorly differentiated. 
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Table 4.8 Histopathological analysis (most severe lesion) of individual prostate lobes in 8-20-week-old AIN-93G-fed TRAMP mice1, 2. 

                                        Prostatic intraepithelial neoplasia Adenocarcinoma           Prostate cancer 

   n LG MG  HG WD MD  PD (WD-PD) 

Anterior prostate        

8-weeks 5 30%a 30% 40% 0% 0% 0%a 0%a 

12-weeks 8 0%b 44% 56% 0% 0% 0%a 0%a 

16-weeks 9 17%a,b 50% 28% 0% 0% 6%a 6%a 

20-weeks 12 8%b 8% 17% 0% 4% 54%b   58%b 

Dorsal prostate         

8-weeks 5 0% 50% 50%a,b 0% 0% 0%a 0%a 

12-weeks  8 0% 25% 69%a 0% 0% 6%a 6%a 

16-weeks  9 0% 11% 67%a 0% 0% 22%b   22%b 

20-weeks  12 0% 17% 13%b 0% 4% 67%c   71%c 

Lateral prostate         

8-weeks 5 10% 90%a 0%a 0% 0% 0%a 0%a 

12-weeks 8 0% 50%b 38%b 0% 0% 13%a   13%b 

16-weeks 9 0% 6%c 39%b 0% 0% 56%b   56%c 

20-weeks 12 17% 4%c 8%a 0% 4% 67%b   71%d 

Ventral prostate         

8-weeks 5 40%a 60%a 0%a 0% 0% 0%a 0%a 

12-weeks 8 13%a,b 44%b 18.75%b 0% 0% 0%a 0%a 

16-weeks 9 0%b 39%b 5.6%a,b 0% 0% 56%b   56%b 

20-weeks 12 8%b 17%c 0%a 0% 4% 54%b   58%c 
 

1Values with different letters are statistically different from one another (p<0.05).  
2LG = low-grade, MG = moderate-grade, HG = high-grade, PIN = prostatic intraepithelial neoplasia, WD = well-differentiated, MD = moderately 

differentiated, PD = poorly differentiated. 
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Table 4.9 Quantitative immunohistochemical expression of Ki-67, apoptosis and androgen receptor in 8, 12, 16 and 20-week-old TRAMP mice. 

The values are the mean total androgen receptor, Ki-67 or apoptosis positive cells per tissue area (µm2) ± SEM in normal prostate, hyperplasia or 

tumor. 

Genitourinary weight from 8 to 20 weeks 
  Cell proliferation (Ki-67) Apoptosis Androgen receptor 

Group n Prostate Hyperplasia Tumor Prostate Hyperplasia Tumor Prostate Hyperplasia Tumor 

8-weeks 5 1.6 ± 0.5a 3.3 ± 0.9a --- 0.0 ± 0.01    0.4 ± 0.12 ---  5.9 ± 1.1 7.1 ± 0.7 --- 

12-weeks 5   1.1 ± 0.4a,b   1.6 ± 0.6a,b 0.5 ± 0.0     0.0 ± 0.0    0.8 ± 0.5 0.1 ± 0.0   7.9 ± 0.61   8.5 ± 0.21 0.1 ± 0.02 

16-weeks 5 0.3 ± 0.3b 0.5 ± 0.4b 0.2 ± 0.1     0.0 ± 0.0    0.5 ± 0.2   0.2 ± 0.02   6.7 ± 0.51   9.3 ± 0.92 3.9 ± 0.21 

20-weeks 5   0.3 ± 0.2b,1   1.2 ± 0.2b,2    0.2 ± 0.091 0.0 ± 0.01   0.1 ± 0.051,2     0.2 ± 0.072   7.5 ± 1.21   9.2 ± 1.31 1.5 ± 0.82 

 

p<0.05 vs. normal prostate, hyperplasia and tumor within group (numbers) and across groups (letters).  

 

 

 

 

 

 

 

 

 

Table 4.10 Qualitative in situ hybridization expression of 5α-reductase 1 and 5α-reductase 2 in 8, 12, 16 and 20-week-old TRAMP mice. The 

values are the number of prostate sections from the total number of prostate sections within that group positive for 5α-reductase 1 or 5α-reductase 

2 in normal prostate, hyperplasia, tumor, prostate epithelia or stroma, and expressed as a percent in parenthesis. 

  5α-reductase 1 5α-reductase 2 

Group 
n Prostate 

(%) 

Hyperplasia 

(%) 

Tumor (%) Prostate epithelia 

(%) 

Prostate stroma 

(%) 

Prostate 

(%) 

Hyperplasia 

(%) 

Tumor 

(%) 

Prostate epithelia 

(%) 

Prostate stroma 

(%) 

8-weeks 5 3 (60%) 5 (100%) 1 (20%) 5 (100%) 0 (0%) 4 (80%) 4 (80%) 0 (0%) 4 (80%) 4 (80%) 

12-weeks 5 4 (80%) 5 (100%) 4 (80%) 5 (100%) 0 (0%) 4 (80%) 5 (100%) 3 (60%) 5 (100%) 5 (100%) 

16-weeks 5 2 (40%) 4 (80%) 1 (20%) 5 (100%) 0 (0%) 1 (20%) 4 (80%) 2 (40%) 5 (100%) 5 (100%) 

20-weeks 5 3 (60%) 3 (60%) 3 (60%) 3 (60%) 1 (20%) 3 (60%) 3 (60%) 4 (80%) 3 (60%) 3 (60%) 
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Figure 4.1 Representative staining for Ki-67 in (A) normal prostate showing single layer of cells, (B) hyperplasia showing cells with lost polarity 

and piled up on one another, and (C) tumor showing diffuse sheets of cells with no organization and characterized by neoplastic cellular 

characteristics. The rectangular boxes within the different tissue specific cell types are representative sections that were selected by a board-

certified veterinary pathologist and digitized (annotated) with Halo software to identify and quantify Ki-67 immunopositive staining in (E) normal 

prostate, (F) hyperplasia and (G) tumor. 
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Figure 4.2 Representative TUNEL staining in (A) normal prostate showing single layer of cells, (B) hyperplasia showing cells with lost polarity 

and piled up on one another, and (C) tumor showing diffuse sheets of cells with no organization and characterized by neoplastic cellular 

characteristics. The rectangular boxes within the different tissue specific cell types are representative sections that were selected by a board-

certified veterinary pathologist and digitized (annotated) with Halo software to identify and quantify TUNEL immunopositive staining in (E) 

normal prostate, (F) hyperplasia and (G) tumor. 
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Figure 4.3 Representative staining for androgen receptor in (A) normal prostate showing single layer of cells, (B) hyperplasia showing cells with 

lost polarity and piled up on one another, and (C) tumor showing diffuse sheets of cells with no organization and characterized by neoplastic 

cellular characteristics. The rectangular boxes within the different tissue specific cell types are representative sections that were selected by a 

board-certified veterinary pathologist and digitized (annotated) with Halo software to identify and quantify androgen receptor immunopositive 

staining in (E) normal prostate, (F) hyperplasia and (G) tumor. 
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Figure 4.4 Representative staining for 5α-reductase 1 mRNA and for 5α-reductase 2 mRNA (A and D, respectively) in normal prostate showing 

single layer of cells, (B and E, respectively) hyperplasia showing cells with lost polarity and piled up on one another, and (C and F, respectively) 

tumor showing diffuse sheets of cells with no organization and characterized by neoplastic cellular characteristics. The circles and ovals within 

select tissues are representative sections showing 5α-reductase 1 mRNA staining. 
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Figure 4.5 Representative staining for 5α-reductase 1 (A) and 5α-reductase 2 (B) mRNA in prostate stroma which is composed of smooth muscle 

cells, fibroblasts, myofibroblasts, endothelial cells and immune cells.  
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 Chapter 5-Summary and future directions 

 In Chapter 2, saw palmetto supplements treatments caused a notable, but nonsignificant reduction 

in the difference between the left and right flank organ areas in the testosterone-treated SPS groups. The 

same level of inhibition was not seen in the dihydrotestosterone-treated SPS groups. This study was 

unable to answer the question about which fatty acid or phytosterol compounds and their concentrations 

are responsible for the growth-inhibitory effect of saw palmetto supplements in androgen-sensitive 

LNCaP cells and Syrian hamster flank organs. In vitro results suggest the high medium-chain fatty acids-

low phytosterols was most effective in decreasing LNCaP cell number, while in vivo results suggest the 

high long-chain fatty acids-low phytosterols saw palmetto supplement may be the most promising 

supplement for inhibiting the growth of androgen-sensitive flank organ of Syrian hamsters in response to 

androgen treatment. Future studies should determine which saw palmetto supplements bioactive 

components and/or their synergistic relationship are responsible for the supplements growth-inhibitory 

potential on Syrian hamster androgen-sensitive flank organs. This could be done by basing the saw 

palmetto supplement concentration not only on total fatty acids, but on total phytosterols only, and on 

both fatty acids and phytosterols, and then test their efficacy on androgen-sensitive prostate cancer cells 

and prostate cancer animal model. Additionally, increasing the sample size of saw palmetto supplement 

groups, and animals could lead to outcomes of the study becoming significant. Immunohistochemistry 

and in situ hybridization should be performed on the flank organs of the Syrian hamsters to determine 

cancer biomarkers (5α-reductase 1, 5α-reductase 2, androgen receptor, Ki-67 and apoptosis) to determine 

why saw palmetto supplements reduced the difference between the left and right flank organ growth more 

in the testosterone-treated SPS groups more than the dihydrotestosterone (DHT)-treated SPS groups. 

Results from these studies would provide knowledge on the efficacy of fatty acids and phytosterols, and 

whether they are better at inhibiting the conversion of testosterone to DHT, or preventing binding of DHT 

to androgen receptors in androgen-sensitive tissues. If the efficacy of SPS is established in hamster 

models, supplements could be administered through diet to a more reliable prostate cancer model like the 
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transgenic adenocarcinoma of the mouse prostate (TRAMP) mice to determine their efficacy in inhibiting 

prostate cancer development. Since TRAMP mice mimic the progressive development of prostate cancer 

in humans, results from this study will provide evidence about the potential of saw palmetto supplements 

in decreasing prostate cancer growth in humans.  

 In Chapter 3, the Post-Dutasteride group showed the greatest inhibition of prostatic intraepithelial 

neoplasia progression and prostate cancer development. The Post-Dutasteride group showed improved 

outcomes compared with the Pre-Dutasteride group, which had increased incidence of high-grade 

adenocarcinoma as the most common and most severe lesions in a majority of prostate lobes. There was 

little benefit from the finasteride diets, and they increased the incidence of high-grade adenocarcinoma. 

Future studies should determine the effect of finasteride and dutasteride on TRAMP mice prostate cancer 

beyond the 20-week termination to determine the effect on prostate cancer metastasis. This study will 

simulate the effect of these 5α-reductase inhibitors on growth of metastasized prostate cancer in men. 

Also, the body weight–scaled human oral dose of finasteride and dutasteride was approximately 80 

mg/day, which is higher than the dutasteride (0.5 mg/day) and finasteride (5 mg/day) doses that most men 

take. Scaling down these doses used in animal studies to levels administered in men should mimic the 

effect of these drugs in men.  

 In Chapter 4, this study determined the molecular changes in TRAMP mice from a previous study 

[1] to elucidate the discordant response in the Pre-Dutasteride and both finasteride groups and determine 

why Post-Dutasteride treatment was more effective. The cell-type specific expression patterns of 5α-

reductase 1 and 5α-reductase 2 using in situ hybridization; and androgen receptor, cell proliferation and 

apoptosis using immunohistochemistry were determined in formalin-fixed, paraffin-embedded tissue 

sections of finasteride and dutasteride treated TRAMP mice prostates. . The percent positive for 5α-

reductase 1 and 5α-reductase 2 was high and expressed similarly in normal prostate and hyperplasia, but 

higher than the percent positive in tumor of mice with GU weight less than 1 gram, and lower than the 

percent positive in tumor of mice with GU weight greater than 1 gram. There was a decrease in 5α-
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reductase 1 and 5α-reductase mRNA expression in tumor compared to normal prostate and hyperplasia 

in 8 to 20-week-old TRAMP mice. These are qualitative results, therefore future studies should focus on 

annotating and quantifying 5α-reductase 1 and 5α-reductase mRNA expression in these mice to better 

understand how their levels vary in finasteride- and dutasteride-treated TRAMP mice, and at different 

ages and stages of prostate carcinogenesis. These results could provide evidence on the efficacy of 

finasteride and dutasteride in decreasing early stage prostate cancer (GU weights less than 1 gram), and 

advanced stage prostate cancer (GU weights greater than 1 gram). Quantifying expression in 8 to 20-

week-old TRAMP mice would establish the levels to which 5α-reductase isoenzymes are expressed in 

tumors as mice age, and this knowledge could be used to develop 5α-reductase inhibitors to preventively 

or therapeutically inhibit prostate cancer growth in men at various ages and stages of prostate cancer 

development. Also, studying the effect of 5α-reductase inhibitors in a model (e.g. PSP94/tag mouse 

model) in which prostate cancer originates from an epithelial origin [2,3] rather than neuroendocrine (e.g. 

TRAMP mice) [4-6] will provide results replicable to that seen in the epithelial regions of human prostate 

cancer. 
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