
Preclinical and phase I studies of phenoxodiol: a translational
approach for the development of a novel isoflavone for the
treatment of prostate cancer

Author:
de Souza, Paul Linus

Publication Date:
2009

DOI:
https://doi.org/10.26190/unsworks/22434

License:
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/44510 in https://
unsworks.unsw.edu.au on 2024-04-20

http://dx.doi.org/https://doi.org/10.26190/unsworks/22434
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
http://hdl.handle.net/1959.4/44510
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au


  i

Preclinical and Phase I studies of Phenoxodiol: A 

translational approach for the development of a 

novel isoflavone for the treatment of prostate cancer 

 

 

 

 

 

Paul L de Souza 

 

 

 

 

 

 

A thesis submitted in fulfilment 

of the requirements for the degree of 

Doctor of Philosophy 

 

Department of Medicine, St George Hospital Clinical School 

 

University of New South Wales 



  ii

Abstract 

Isoflavones are phytoestrogens that have pleiotropic effects in a wide variety of cancer 

cell lines. Many of these biological effects involve key components of signal 

transduction pathways within cancer cells, including prostate cancer cells. 

Epidemiological studies have raised the hypothesis that isoflavones may play an 

important part in the prevention and modulation of prostate cancer growth. Randomized 

Phase III trials of isoflavones in prostate cancer prevention are lacking, and the best 

evidence (albeit modest) for this concept is provided by case - control studies. On the 

other hand, in vitro data are much more convincing than clinical studies in regard to the 

potential anticancer activity of a number of isoflavones. As a result of this body of 

work, flavopiridol, genistein, and phenoxodiol are now being developed as potential 

treatments for cancer. In addition, their activity in combination with cytotoxics or 

radiotherapy warrants further investigation. 

 

The clinical pharmacology of isoflavones demonstrates that this group of compounds 

are orally bioavailable, and have a complex pharmacokinetic profile. In general, the 

absorption and distribution of these compounds is extensive, and only a small 

proportion of the many metabolites generated in the body have been studied in any 

detail. The bowel microbiological environment appears to be important in determining 

both absorption and the mix of metabolites generated, though pharmacogenomic 

mechanisms have not been ruled out. Genistein is the prototypical isoflavone that has 

been best studied. Its half-life is short, and the drug is extensively conjugated. Most of 

the product appears in the urine within hours of ingestion. There is some evidence to 

suggest that the prostate can concentrate isoflavones, possibly up to ten times the 
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concentration found in the plasma. A number of studies have attempted to show the 

ability of isoflavone preparations to slow the development or progression of prostate 

cancer, often by measuring PSA changes over time, but almost universally, the studies 

have been grossly underpowered and are suboptimal with regard to design. 

 

The Akt pathway, or more accurately, network, has assumed increasing importance with 

the understanding that it represents a key role in cancer cell survival and proliferation. 

Intense efforts to target proteins and enzymes within this pathway with highly selective 

compounds have led to the development of diverse agents now in Phase I – III clinical 

trials. Moreover, the notion that exploitation of multiple “druggable” targets 

simultaneously or in the appropriate drug sequence may provide better anti-tumour 

effects than single drugs holds promise that chemoresistance may be overcome, at least 

in part. Chapter 2 also reviews important aspects of the Akt network and why 

isoflavones and in particular phenoxodiol, might affect this pathway, with a particular 

focus on prostate cancer biology. 

 

Phenoxodiol is a novel isoflav-3-ene, currently undergoing clinical trials, which has 

broad in vitro activity against a number of human cancer cell lines. Phenoxodiol alone 

inhibited the human prostate cancer cell lines DU145 and PC3 in a dose and time - 

dependent manner with IC50s of 8 ± 1 μM and 38 ± 9 μM, respectively. The 

combination of phenoxodiol and cisplatin was synergistic in DU145 cells, and additive 

in PC3 cells, as assessed by the Chou–Talalay method. Carboplatin was also synergistic 

in combination with phenoxodiol in DU145 cells. The activity of the phenoxodiol and 

cisplatin combination was confirmed in vivo using a DU145 xenograft model in nude 

mice. Pharmacokinetic data from these mice suggest that the mechanism of synergy 



  iv

may occur through a pharmacodynamic mechanism. An intracellular cisplatin 

accumulation assay showed a 35 % (p < 0.05) increase in uptake of cisplatin when it 

was combined in a ratio of 1 μM cisplatin: 5 μM phenoxodiol, resulting in a 300 % (p < 

0.05) increase in DNA adducts. Western blot experiments show, for the first time, that 

phenoxodiol inhibits both phospho-Akt and mTOR function in DU145 cells, and 

phospho-Akt in PC3 cells. Taken together, our results suggest that phenoxodiol has 

interesting signal transduction inhibitory properties that make combination therapy with 

cisplatin or carboplatin appealing. 

 

The pharmacokinetics of phenoxodiol was studied in patients with advanced cancer 

following single administrations of an intravenous bolus and during a continuous 

intravenous infusion in a first-in-human clinical trial. Three men with prostate cancer 

and three women with breast cancer received an intravenous bolus injection of 

phenoxodiol at 5mg/kg and plasma was sampled for 12 hours for the measurement of 

free and total (free plus conjugated) phenoxodiol levels. On a separate occasion, five of 

the same patients received a continuous intravenous infusion of phenoxodiol at 

2mg/kg/h for up to 5 hours and plasma was sampled as above. Phenoxodiol was 

measured using gradient HPLC with ultraviolet detection. Following bolus injection, 

free and total phenoxodiol appeared to follow first order pharmacokinetics. The 

elimination half-lives for free and total phenoxodiol were 0.67 ± 0.53 h and 3.19 ± 1.93 

h respectively, while the total plasma clearance rates were 2.48 ± 2.33 L/h and 0.15 ± 

0.08 L/h, respectively. The respective apparent volumes of distribution were 1.55 ± 0.69 

L/kg and 0.64 ± 0.51 L/kg. During continuous intravenous infusion, free levels of 

phenoxodiol accumulated rapidly to reach a mean concentration at steady state of 0.79 ± 
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0.14 μg/ml after 0.87 ± 0.18 h. The apparent accumulation half life of free phenoxodiol 

was 0.17 ± 0.04 h while the plasma clearance during continuous infusion was 1.29 ± 

0.23 L/h. Total phenoxodiol accumulated at a slower rate during continuous infusion 

and in two of the subjects did not reach steady state during the period of the infusion. 

Phenoxodiol has a short plasma half-life, particularly in the free form, leading to a rapid 

attainment of steady state levels during continuous intravenous infusion. 

 

In a Phase I study of phenoxodiol given intravenously weekly to patients with advanced 

cancer, we wished to define the maximum tolerated dose (MTD), toxicity, and 

pharmacokinetics of this novel isoflavone. Twenty-one patients with advanced cancers 

were treated with weekly phenoxodiol at escalating dose levels with 1-4 patients at each 

dose cohort.  Plasma sampling was undertaken to characterize the pharmacokinetic (PK) 

profile of the compound. Toxicity was minimal, with asymptomatic Grade 3 

lymphocytopenia occurring in nine patients.  Nine patients developed Grade 1 nausea, 

six patients developed Grade 1 increases in alkaline phosphatase, and six patients 

developed Grade 1 increases in transaminases.  Two patients experienced 

hypersensitivity reactions.  The MTD was not reached.  Most patients had progressive 

disease on treatment but eight completed 12 weeks and two completed 24 weeks of 

treatment.  The best response was stable disease of 6 months duration.  The plasma half-

life (T1/2), clearance (Cl), and volume of distribution (VD) were 304 (± 91) minutes, 82 

(± 19) mL/min and 32663 (± 7199) mL respectively, for total phenoxodiol. Phenoxodiol 

is well tolerated and can be given safely as an intravenous infusion over 1-2 hours at a 

dose of at least 30 mg/kg. 
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We also conducted a dose escalation Phase I trial to determine the safety and 

bioavailability of a novel formulation of oral phenoxodiol combined with either 

cisplatin (cis) or carboplatin (carbo). Patient eligibility included at least one prior 

systemic therapy, and adequate bone marrow, renal and hepatic function. Cisplatin (50 

mg/m2 iv on days 2 and 9) or carboplatin (AUC=5 iv on day 2) was given in a 21-day 

cycle. Phenoxodiol was given orally three times daily from days 1-10. Cohorts of 6 

patients (3 cisplatin, 3 carboplatin in each) were treated at each of 50 mg, 100 mg, 400 

mg and 800 mg phenoxodiol dose levels. Pharmacokinetic assessments were made 

before or during cycle 1. Twenty five patients were recruited. Dose limiting toxicity 

(DLT) was reached at the 800 mg phenoxodiol dose level. Grade 4 toxicity occurred in 

two patients at this dose level: exacerbation of airways disease, and ventricular 

tachycardia (prior implantable defibrillator for ventricular tachycardia). Grade 3 non-

hematologic toxicity included fatigue, nausea/vomiting, diarrhea, hypotension, pain, 

raised ALP, raised ALT/AST, raised GGT, and hyperglycemia. Hematological toxicity 

was modest (Grade 3 at worst). Best responses included one patient with a complete 

response (CR based on CA125 marker criteria), three minor tumour marker responses 

not enough to qualify for partial response (PR), 11 patients with stable disease (SD), 10 

patients with progressive disease (PD), and three who were not assessable for response. 

Mean maximum concentration (Cmax), area under the curve (AUC), and T1/2 for total 

phenoxodiol was 18.4 μg/mL, 1637 hr*μg/mL, and 7.2h respectively, for an intravenous 

dose of 400 mg. Bioavailability of oral phenoxodiol was estimated to be 17.5%. The 

combination of carboplatin or cisplatin and oral phenoxodiol is well tolerated. The dose 

limiting toxicity is 800 mg oral phenoxodiol three times daily when given together with 

cisplatin or carboplatin in these schedules. 
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1.  Introduction and Aims 

1.1 Background 
1.1.1 Prostate cancer 

 

Prostate cancer is the most commonly diagnosed internal malignancy in men. For those 

with localized disease who choose either surgery or radiation as primary therapy, a 

significant proportion will relapse some years later with rising prostate specific antigen 

(PSA) levels. At that stage, androgen deprivation usually allows control of the disease 

for some time, but eventually a castrate-resistant state develops, at which point median 

survival shortens to around 12-15 months. So far, docetaxel is the only agent that has 

been shown to improve median survival of patients with castrate-resistant prostate 

cancer, albeit by a modest 3 months (Petrylak, Tangen et al. 2004; Tannock, de Wit et 

al. 2004). Hence there is a clear need to find new treatments that prolong survival 

without unduly increasing the side effect burden. On the other hand, if the right 

treatment was available, it could be argued that primary prevention of prostate cancer 

may be an even more efficacious and cost-effective approach to the problem. For this 

reason, a number of compounds, including phytoestrogens, have been put forward as 

suitable candidates for the prevention of prostate cancer, based largely on their 

relatively non-toxic safety profile. 

 

1.1.2 Isoflavones 

 

Isoflavones are phytoestrogens that have pleiotropic effects in a wide range of cancer 

cell lines. Many of these biological effects involve key components of signal 
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transduction pathways within cancer cells, including prostate cancer cells. 

Epidemiological studies have raised the suggestion that isoflavones may thus play an 

important part in the prevention and modulation of prostate cancer cell growth. 

However, there are no randomized Phase III trials testing the utility of isoflavones in 

prostate cancer, and the best evidence for this concept is provided by Level III (case 

control) studies. In vitro data provide a more convincing argument for the growth 

inhibitory effect of a range of isoflavone analogues on cancer cell lines, which has led to 

the development of genistein and flavopiridol, for example, in the clinic as potential 

treatments for cancer. In addition, their potential activity in combination with cytotoxics 

or radiotherapy warrants further investigation. 

 

1.1.3 The Akt pathway and its relevance for prostate cancer and isoflavones 

 

The Akt pathway, or more accurately, network, has assumed increasing importance with 

the understanding that it represents a key role in cancer cell survival and proliferation. 

Intense efforts to target proteins and enzymes within this pathway with highly selective 

compounds have led to the development of diverse agents now in Phase I – III clinical 

trials. Moreover, the notion that exploitation of multiple “druggable” targets 

simultaneously or in the appropriate sequence may provide better anti-tumor effects 

than single drugs holds promise that chemoresistance may be overcome, at least in part. 

This thesis reviews important aspects of the Akt network, with a particular focus on 

prostate cancer biology. 

 

1.2 Structure and flow of thesis 
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As the title of the thesis suggests, this work is based on developing a compound for the 

potential treatment of prostate cancer. The translational aspect, by definition, crosses the 

boundary between, and marries together, both the preclinical and basic science, and 

early clinical studies. As a result, this thesis is laid out in a manner similar to a way an 

Investigator’s Brochure for a new compound might be written: literature review 

followed by preclinical work, followed in turn by clinical studies. In reality, questions 

that arose before the compound was tested in humans were answered in the Phase I 

studies (pharmacokinetics), but this raised questions in turn which were answered by 

going back to the preclinical setting (the relevance of achievable concentrations, and 

therefore, whether the compound might be better paired with another chemotherapeutic 

drug). This lead to the synergy studies with cisplatin and carboplatin, and in turn, back 

to clinical studies with another Phase I clinical trial to investigate the safety and 

tolerability of such a combination. The iteration (and translation between preclinical and 

clinical work) thus closely parallels the drug development paradigm, and the way new 

compounds are commonly developed for the clinic. Although phenoxodiol is now in 

Phase III clinical trials for ovarian cancer, it is hoped that funding will extend to 

prostate cancer studies in the future. 
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2.  Literature Review 

2.1.1 Clinical pharmacology of isoflavones and its relevance for the 

potential treatment of prostate cancer 
 

2.1.2 Introduction 

 

Given the large body of epidemiological data noting the low incidence of prostate 

cancer in Asian men in comparison to the incidence in Western countries, it has been 

widely hypothesized that a variety of phytochemicals, and specifically isoflavones, 

could be used as chemopreventative agents for this disease. Although many 

epidemiological studies are supportive of the potential benefit of isoflavones for the 

prevention of prostate cancer, there are also a significant proportion of negative studies 

that suggest a cautious approach to widescale use is probably appropriate (Sirtori et al, 

2005; Bosetti et al, 2006; Ward et al, 2008). 

 

Although much of the literature is based on the premise that isoflavones may be 

potentially useful in the chemoprevention of prostate cancer (see Adlercreutz 2002; 

Castle and Thrasher 2002; Chan et al, 2005; Messina et al, 2006; Von Low et al, 2007 

and many others for reviews), this review will focus on the pharmacology of isoflavones 

and their potential use as treatment for established prostate cancer.  Only a summary of 

the extensive epidemiological and biological data for isoflavones is intended. 

 

2.1.3 Isoflavones 
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2.1.3.1 Source and contents 

Fruits and vegetables, and some herbs, contain phytochemicals that include a group of 

compounds that have potential for the chemoprevention of a number of diseases. These 

naturally occurring phytochemicals can be essentially divided into flavonoids and 

lignans (Adlercreutz, 2002). Foods such as soy and soy products, rye bread, and red 

clover are particularly rich sources of flavonoids.  Flavonoids can be further classified 

into flavones, flavonols, isoflavones, flavonones, catechins, anthocyanins, and 

chalcones. Of these, the isoflavones are by far the most extensively studied. They have 

weak estrogenic activity, and can interfere with intracellular steroid metabolism 

(Miksicek 1993; Collins et al, 1997; Adlercreutz 2002).  Soybeans are a rich source of 

isoflavones, but also contain lipids and linoleic acid and α-linolenic acid (Jian, 2009).  

Isoflavone content ranges from 0.3 mg/g protein to 5.5 mg/g protein depending on the 

preparation (eg. dry isolate compared to soy flour) (Franke et al, 1995; Anderson et al, 

1999). Isoflavone intake in Asian countries is approximately 50 mg daily, about ten 

times more than in Western countries (Messina et al, 2006b). The main isoflavones 

derived from most soy foods are (in order of proportion) genistein, daidzein and 

glycitein, but there are also many intermediates and metabolites produced in humans 

(particularly of daidzein), some of which have demonstrated anticancer activity. 

 

2.1.3.2 Chemistry 

The basic structure of isoflavones involves two benzene rings connected by a pyrone 

ring (Figure 1 A).  Four chemical forms of the three main isoflavones exist: glycosides 

(genistin, daidzin, glycitin), aglycones (genistein, daidzein, glycitein), acetylglucosides, 

and malonylglucosides (Jian, 2009). Formononetin and Biochanin A (found in some 

legumes) are precursors of genistein (Figure 1B) and daidzein (Figure 1C), respectively. 
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Isoflavones generally exist as glycosides, but these are not well absorbed through the 

gut due to their hydrophilic nature (Hur et al, 2000), though there is some debate about 

whether this is true (Zubik & Meydani, 2003). Isoflavones are further metabolized in 

the body to many different intermediates including equol, which is perhaps the best 

studied metabolite of daidzein. Phenoxodiol (Figure 1D) is an intermediate in the 

metabolism of daidzein to equol (Joannou et al, 1995). 

 

Figure 1A: Isoflavone general chemical structure 

 

Figure 1B: Chemical structure of genistein 
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Figure 1C: Chemical structure of daidzein 

 

 

Figure 1D: Chemical structure of phenoxodiol 

 

 

2.1.3.3 Absorption and distribution 

After ingestion, the absorption of isoflavones across the gut membrane requires 

hydrolysis and the action of β-glucosidase provided by gut bacteria, which facilitates 

the conversion of glycosides to aglycones (Hur et al, 2000; Setchell et al, 2002; Yuan et 

al, 2007; Zubik & Meydani, 2003), which are then absorbed into the bloodstream. Some 

entererohepatic circulation ensues however, so that the remaining glycosylated, sulfated 

and glucuronidated forms, in addition to excretion of aglycones from the small intestine, 

reach the colon and are available for further metabolism by gut bacteria (Yuan et al, 

2007; Zubik & Meydani, 2003). It is this highly variable gut microbacterial environment 
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between individuals that has led to the explanation for the variability in absorption of 

isoflavones found in many studies, and therefore highly variable results. However, little 

is known about this aspect of isoflavone bioavailability. Interestingly, β-glucosidase has 

been shown to be induced by a high soy diet (Wiseman et al, 2004), suggesting that 

changing the diet could change gut microflora, and in turn improve absorption of 

isoflavones. 

 

Recent literature has focused on equol as a possible mediator of isoflavone benefits. It 

has been shown for example, that the ability to produce equol, or equol per se, is 

inversely related to the incidence of prostate cancer (Akaza et al, 2004), and that 

consumption of isoflavones by Western men can increase their ability to produce equol 

(Hedlund et al, 2005). Equol itself, though a metabolite of daidzein, is up to ten times 

more potent in inhibiting prostate cancer cell growth (Hedlund et al, 2003). It is also a 

more potent estrogen receptor (ER) binder and anti-oxidant than its parent, possibly 

explaining its mechanism of action (Wiseman, 2000). It is estimated that only 30-50% 

of the population are equol producers (Atkinson et al, 2005). 

 

2.1.4 Anti-cancer properties of isoflavones 

2.1.4.1 In vitro data 

The similarity of various isoflavone structures (Figure 1A-D) might lead to the 

prediction that biological properties are also very similar. However, whilst there appears 

to be considerable overlap, there are also some material differences. For example, 

genistein has been shown to bind up to 4% of ERα and 87% of ERβ relative to estrogen 

(Kuiper et al, 1998), but daidzein has less potency in binding ERβ.  Further, equol has 
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tighter binding to estrogen receptors than its parent, and more potency for inhibiting 

cancer cell growth (Hedlund et al, 2003). 

 

Many potential mechanisms of action have been found for isoflavones in a variety of in 

vitro model systems. Table 1 lists some of the biological properties of isoflavones, and 

more specifically, genistein, in prostate cancer cells. Genistein inhibits the growth of 

prostate cancer cells (Peterson & Barnes, 1993), and causes apoptosis (Kyle et al, 

1997). However, there may be a biphasic effect in that low doses promote cell growth 

while higher doses inhibit growth (Zhang et al, 2003b); whether this is a real 

phenomenon or a limitation of the growth inhibition assay remains to be confirmed. 

While isoflavone-induced downregulation of Bcl-2 in prostate cancer cells has not been 

shown, Bcl-x(L), another anti-apoptotic protein, is downregulated by genistein in PC3 

prostate cancer cells, abrogating its resistance to apoptosis (Li et al, 2001). Inhibition of 

proteasome activity in LNCaP prostate cancer cells is accompanied by accumulation of 

the cyclin-dependent kinase inhibitor, p27(Kip1), inhibitor of nuclear factor-kappa B, 

NFκB (I kappa B-alpha, IκBα), and the pro-apoptotic protein Bax (Kazi et al, 2003). 

Further, genistein reduces NFκB binding in LNCaP and PC3 cells (Davis et al, 1999) 

and inhibits phosphorylation of the inhibitory protein IκBα, thereby blocking the 

nuclear translocation of NFκB. In essence, genistein promotes the function of NFκB 

regulators in keeping NFκB in check, and stunting its role in apoptosis resistance and 

control of cell growth and differentiation (Banerjee et al, 2008). Since NFκB is a target 

of Akt signaling (Ozes et al, 1999; Romashkova and Makarov 1999), it is not difficult 

to postulate that this potential mechanism for the action of genistein is an important one, 

and could have a number of far-reaching effects on downstream effectors, given a key 

role for NFκB in linking signal transduction and transcription. Indeed, Li and Sarkar (Li 
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& Sarkar, 2002) showed that phosphorylation of Akt was directly inhibited by genistein 

in PC3 cells. 

 
Table 1. Selected molecular targets of isoflavones in prostate cancer cells. To date, all 
but three (caspaes, XIAP, sphingosine kinase) of the targets listed here have been 
documented in prostate cancer cell lines.  
 

 Isoflavone References 
Signal transduction   
Protein tyrosine kinase Inhibition of EGF tyrosine kinase 

activation by genistein 
(Akiyama et al, 1987) 

PTEN Expression is induced by 
genistein and daidzein in PC3 
and LNCaP 

(Cao et al, 2006b) 

Akt Inhibited by genistein (Li and Sarkar 2002c; 
Bemis et al, 2004; Park et 
al, 2005; El Touny and 
Banerjee 2007) 

mTOR Inhibited by genistein (Tepper et al, 2007) 
MAPK MAPK inhibited by genistein (Huang et al, 2005; Xu and 

Bergan 2006) 
ERK1/2 Inhibited by genistein; 

induced by isoflavones 
(Agarwal 2000; Bhatia and 
Agarwal 2001; Wang et al, 
2004; Wang et al, 2006; 
Clubbs and Bomser 2007);  
(Gopalakrishnan et al, 
2006) 

JNK Activation by genistein (Lazarevic et al, 2008) 
NFκB Inhibited by genistein and soy 

isoflavones 
(Davis et al, 1999; Li and 
Sarkar 2002; Raffoul et al, 
2007b; Singh-Gupta et al, 
2009) 

IGF-1/R Inhibition by genistein (Wang et al, 2003a; 
Takahashi et al, 2006b) 

Stat Activated by genistein (Pinski et al, 2006) 
TGFβ TGFβ inhibited by genistein (Xu and Bergan 2006) 
Apoptosis   
Mdm2 Downregulated by genistein (Li et al, 2005b) 
Bax Increased by genistein (Kazi et al, 2003) 
Bcl-x(L) Downregulated by genistein (Li et al, 2001) 
XIAP Inhibited by phenoxodiol in 

ovarian cancer cells and 
melanoma cells 

(Kamsteeg et al, 2003; 
Sapi et al, 2004; Alvero et 
al, 2006; Herst et al, 2007; 
Kluger et al, 2007) 

Caspases Activated and caspase inhibition 
overcome by phenoxodiol in 
HN12 cells; 
Caspase mediation by genistein 
induced apoptosis 

(Aguero et al, 2005; 
Choueiri et al, 2006b); 
(Kumi-Diaka and Butler 
2000; Kumi-Diaka et al 
2000) 

Other targets   
HIF1α Inhibition by genistein in PC3 

cancer cells 
(Singh-Gupta et al, 2009) 

VEGF Downregulated by genistein (Li and Sarkar 2002; Cao 
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et al, 2006; Guo et al, 
2007) 

ERβ Antagonism and partial agonism 
by genistein; expression 
reduced by genistein 

(Kuiper et al, 1998; Pike et 
al, 1999; Booth et al, 2006; 
Cao et al, 2006; Wang et 
al, 2006) 

5α reductase Inhibited by genistein (Evans et al, 1995) 
PART-1 Prostate androgen regulated 

transcript 1 inhibited by 
genistein and daidzein 

(Yu et al, 2003) 

AR Transcriptionally downregulated 
by genistein 

(Davis et al, 2000; 
Takahashi et al, 2006; 
Tepper et al, 2007) 

PSA mRNA expression and secretion 
reduced by genistein 

(Davis et al, 2000; Rice et 
al, 2007) 

Cyclins Cyclin B downregulated by 
genistein 

(Davis et al, 1998) 

Myt-1 Upregulated by genistein (Touny and Banerjee 
2006) 

Wee-1 Phosphorylation reduced by 
genistein 

(Touny and Banerjee 
2006) 

p21WAF1 Upregulated by genistein (Davis et al, 1998; Lian et 
al, 1998) 

P27(Kip1) Increased by genistein (Bhatia and Agarwal 2001; 
Kazi et al, 2003; Rice et al, 
2007) 

MMP MMP2 and 9 downregulated by 
genistein; 
MMP2 expression inhibited by 
phenoxodiol 

(Li and Sarkar 2002; 
Huang et al, 2005; Kumi-
Diaka et al, 2006; Xu and 
Bergan 2006); 
(Gamble et al, 2006) 

COX-2 mRNA and protein expression 
reduced by genistein in LNCaP 
and PC3 

(Swami et al, 2008) 

Sphingosine Kinase Inhibited by phenoxodiol in 
endothelial cells 

(Gamble et al, 2006) 

TNOX Inhibited by phenoxodiol (De Luca et al, 2005; 
Davies and Bozzo 2006) 

Focal adhesion kinase Activity reduced by genistein (Kyle et al, 1997) 
Hypermethylation Reversal of DNA 

methyltransferase activity by 
genistein 

(Fang et al, 2005; Fang et 
al, 2007) 

Urokinase plasminogen 
activator 

Inhibited by genistein (Skogseth et al, 2005) 

 
 

 

Early studies found that genistein was a specific inhibitor of protein tyrosine kinases 

(Akiyama et al, 1987), which are known to be upregulated in many different cancer cell 

types. Control of tyrosine kinase phosphorylation may therefore result in increased 

apoptosis or inhibited cell growth. For example, reduction of focal adhesion kinase 
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(FAK) activity just prior to apoptosis induced by genistein has been described (Kyle et 

al, 1997), though others have noted transient activation of the FAK: beta–1–integrin 

complex (Bergan et al, 1996; Liu et al, 2000) by genistein, consistent with its 

theoretical ability to reduce metastases. These effects were independent of genistein’s 

known estrogenic activity (Kyle et al, 1997). Other studies (Agarwal et al, 2000) noted 

that DU145 growth inhibition was associated with reduction in the activity of ERK1/2 

and various cyclin dependent kinases, but whether doses of the polyphenol extract 

studied (10 – 100 μg/mL) are clinically relevant is questionable. Nevertheless, 

confirmation of these data with EGCG (flavonol, a major component of green tea), 

genistein, and silymarin (flavonone, derived from milk thistle) in DU145 prostate 

cancer cells suggests significant interaction with a number of important cell signaling 

pathways  (Agarwal, 2000). 

 

Axanova (Axanova et al, 2005) recently showed that the tumor-specific NADH oxidase 

(tNOX) inhibitors capsaicin, EGCG, capsibiol T, and phenoxodiol could inhibit the 

growth of LNCaP, though the effect was attenuated when co-cultured in the presence of 

osteoblasts. TNOX is thought to be expressed in cancer tissue, but not normal cells, and 

this differential has been proposed as the basis for its selective activity (Yagiz et al, 

2007).  

 

A range of other potential mechanisms for the growth-inhibiting effects of isoflavones 

has been described, including inhibition of NFκB activation (Davis et al, 1999), 

inhibition of cyclin-dependent kinase (Shen et al, 2000), induction of glutathione 

peroxidase leading to downregulation of the expression of a range of genes (Suzuki et 

al, 2002), reduction of androgen receptor transcription (Gao et al, 2004), and down 
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regulation of prostate androgen-regulated transcript-1 (PART-1) gene expression (Yu et 

al, 2003). 

 

Effects on cell cycle regulation appear to be an important contributor to genistein’s 

mechanism of action. Genistein induces G2/M arrest in PC3 and LNCaP cells (Davis et 

al, 1998), possibly due to downregulation of Cyclin B. However, kinases upstream of 

Cyclin B also appear to be affected, particularly increased levels of Myt-1 and reduced 

phosphorylation of Wee-1 (Touny and Banerjee, 2006). 

 

Interestingly, genistein appears to increase the binding of STAT3 to the telomerase 

reverse transcriptase promoter in the TRAMP model, at least at physiological 

concentrations (Chau et al, 2007), which would ultimately be expected to promote the 

growth of prostate cancer cells. 

 

2.1.4.2 In vivo data 

Soy protein or Biochanin A administration has been shown to inhibit growth and 

increase apoptosis in LNCaP prostate cancer cell xenografts in athymic nude mice 

(Bylund et al, 2000; Rice et al, 2002). Dietary genistein supplementation has been 

reported to reduce the incidence of poorly differentiated adenocarcinoma in a transgenic 

strain of mice in which prostate cancer occurs almost universally after 28-30 weeks of 

age (Mentor-Marcel et al, 2001). Further, survival in these mice is improved by 

genistein, possibly through suppression of osteopontin expression (Mentor-Marcel et al, 

2005). Taking a different approach, others have shown that the administration of soy 

protein or genistein reduces the incidence of prostate cancer induced by the chemical 

carcinogens methyl nitrosourea (NMU) or 3,2-dimethyl-4-aminobiphenyl (DMAB)  in 
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rats (Pollard and Luckert 1997; Onozawa et al, 1999; Kato et al, 2000; Wang et al, 

2002; McCormick et al, 2007). A soy protein isolate / isoflavone diet can also reduce 

the spontaneous recurrence of prostate cancer in Lombard-Wistar rats (a strain 

genetically prone to prostate cancer) from 30% to 3% (Pollard & Wolter, 2000). 

Traditional xenograft experiments with LNCaP cells in subacute combined 

immunodeficiency (SCID) mice support the growth inhibitory effect of an isoflavone - 

enriched diet (Aronson et al, 1999), though in these experiments, strict caloric control 

may have also played a part as the best data were achieved in mice on a low fat + soy 

protein + isoflavone extract diet. Mechanistic studies suggest that dietary genistein 

downregulates the expression of both androgen and estrogen receptors in the 

ventrolateral rat prostate, a factor which could potentially explain the epidemiological 

differences in prostate cancer between populations with low and high phytoestrogens in 

the diet (Fritz et al, 2002). Short-term studies of soy in the adult male neoDES mouse 

model do not show evidence of anti-estrogenic action (Makela et al, 1995a) but could 

impact prostate development in neonatal mice (Makela et al, 1995b). Yet other studies 

suggest that relatively short-term, high dose phytoestrogens (containing 600µg 

isoflavones) can reduce mice bodyweight, prostate size, and androgen levels without 

affecting gonadotrophin function (Weber et al, 2001). In elegant dose - response studies 

in subcutaneously and orthotopically implanted tumours in mice, Zhou and colleagues 

(Zhou, Gugger et al, 1999; Zhou, Yu et al, 2002) demonstrated clear reduction of 

tumour growth with a variety of isoflavone preparations, in association with reduced 

IGF-1, testosterone, and  microvessel density whereas p53 expression and apoptosis 

were increased. However, these changes were not consistent, and depended on the type 

of isoflavone preparation, suggesting that multiple mechanisms were in play. 

 



  15

Injecting a note of caution, Cohen (Cohen et al, 2003)  found that a soy protein isolate 

in combination with linoleic acid (LA) enhanced the growth of androgen-independent 

R-3327-AT-1 rat prostate tumor cells inoculated ectopically into male Copenhagen rats. 

However, another in vivo study suggested that LA could enhance the effect of androgen 

ablation on inducing apoptosis (McEntee et al, 2008), and a clinical study showed that 

serum linoleic acid levels were associated with a reduced risk of prostate cancer 

(Chavarro et al, 2007), suggesting the role of LA is far from clear. It is possible that 

specific isomers of linoleic acid, cis9, trans11 (c9, t11-LA) or trans10, cis12-CLA (t10, 

c12-LA) may have quite varying cellular effects including tumour growth promotion or 

inhibition (see Kelley et al, 2007 for review). 

 

2.1.5 Combinations of isoflavones and other drugs 

 

By definition, since many preclinical studies involve unspecified soy isoflavones or 

unspecified dose combinations of soy protein (eg. genistein / daidzein / glycitein), it is 

not possible to conclude whether true synergistic growth inhibition occurs when other 

drugs are used in combination. Studies in which purified genistein or any other 

isoflavone are used as single agents are therefore easier to interpret for possible synergy, 

since the contribution of each agent to cell growth inhibition can be calculated. Indeed, 

this is necessary for determining synergy, additivity, or antagonism when more than one 

compound is combined under the Chou-Talalay scheme (Chou and Talalay, 1984). With 

this caveat in mind, it is possible to find in vitro data that support the notion of 

synergistic combination therapy with isoflavones in the treatment of various cancer cell 

lines, including prostate cancer. Synergy or enhanced activity has been reported in 

prostate cancer cell lines using genistein in combination with paclitaxel (Ping et al, 
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2008), radiation (Raffoul et al, 2007), calcitriol (Swami et al, 2005), perifosine (Vinall 

et al, 2007), docetaxel (Burich et al, 2008), bicalutamide (Burich et al, 2008), beta – 

lapachone (Kumi-Diaka 2002; Kumi-Diaka et al, 2004), and thearubigin (Sakamoto, 

2000). However, conjugated linoleic acid and a soy protein isolate were found to 

increase the growth of prostate cancer cell lines in a mouse model (Cohen et al, 2003). 

Phenoxodiol  in combination with cisplatin has been shown to be synergistic against 

DU145 cells and probably additive in PC3 cells (McPherson et al, 2009). 

 

In vivo combination therapy of soy isoflavones and radiation for prostate cancer has also 

been investigated, with favourable effects on the control of the disease (Wang et al, 

2006; Raffoul et al, 2007). Interestingly, pure genistein increased the incidence of para-

aortic nodal metastases in this orthotopic mouse model. Nevertheless, the notion that 

isoflavones may be best used clinically in drug combinations is appealing, and warrants 

further investigation.  The advantage of this approach is that the benefit: risk ratio may 

increase if compounds being combined are more effective (synergistic) without 

necessarily being more toxic, particularly if they are known to be well tolerated as 

single agents. 

 

2.1.6 Epidemiology of isoflavones in prostate cancer 

 

The potential anticancer activity of isoflavones and their metabolites on prostate cancer 

cells in vitro was first noted nearly 20 years ago (Adlercreutz 1990; Peterson and Barnes 

1993; Naik et al, 1994), and continues to provide the rationale for their use in the 

prevention of prostate cancer (Rokhlin and Cohen 1995; Santibanez et al, 1997; Geller 

et al, 1998; Hempstock et al, 1998; Onozawa et al, 1998; Davis et al, 1999; Kumi-
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Diaka et al, 2000; Mitchell et al, 2000; Shen et al, 2000; Kumi-Diaka 2002; Suzuki et 

al, 2002; Hedlund et al, 2003; Gao et al, 2004).  A number of epidemiological studies 

have reported an inverse association between isoflavone consumption and the risk of 

prostate cancer (Jacobsen et al, 1998; Strom et al, 1999; Lee et al, 2003; Ozasa et al, 

2004; Ozasa et al, 2005; Kurahashi et al, 2007; Kurahashi et al, 2008). In common with 

each other, these studies have been largely based on dietary questionnaires, which of 

course have limitations in terms of properly defining isoflavone exposure. Attempts to 

improve the quality of these studies by using nested case-control designs, prospectively 

followed cohorts (particularly in relatively homogenous genetic populations such as 

Chinese and Japanese men) and correlation with serum phytoestrogen levels (eg. 

genistein, diadzein, equol) have generally supported and strengthened the conclusion of 

a dose-response effect. Although the degree of statistical significance varies between 

studies, some of these data are impressive: a prospective cohort study in the United 

States involving over 12,000 Seventh Day Adventist men found that the consumption of 

soy milk more than once per day was associated with a striking 70% reduction in the 

risk of prostate cancer after approximately 20 years of follow up, despite extensive 

adjustment for potential confounding factors (Jacobsen et al, 1998). Four other studies 

demonstrate that dose-dependent serum isoflavone levels are associated with a reduction 

in the risk of prostate cancer (Lee et al, 2003; Ozasa et al, 2004; Kurahashi et al, 2007; 

Nagata et al, 2007). As a corollary, a study of a cohort of 2000 Chinese men showed a 

strong inverse association between isoflavone intake and the presence of lower urinary 

tract symptoms (Wong et al, 2007), after exclusion of patients with previous bladder 

surgery or prostate cancer.  In contrast, one study found a positive association between 

dietary intake of the non-isoflavone phytoestrogens campesterol and stigmasterol and 

prostate cancer, and no significant relationship between genistein and prostate cancer 
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(Strom et al, 1999). However, this was a small study (n=83 cases, 107 controls), 

unlikely to provide sufficient statistical power. Further, the study was performed in a 

Caucasian population in which the dose of ingested isoflavones was likely to be low. 

Akaza showed for example, that the mean serum concentration of daidzein and 

genistein in American men was around 3 ng/mL and 2 ng/mL respectively, compared to 

a Japanese and Korean population, where the corresponding concentrations were 10 

times higher for daidzein and 20 times higher for genistein (Akaza et al, 2004). By 

contrast, Adlercreutz (Adlercreutz et al, 1993)  found that plasma levels of genistein 

reached a geometric mean of 0.276 μM (=74 ng/mL) following a soy rich diet in 

Japanese men.  Perhaps not surprisingly, low baseline urinary isoflavone levels in 

Western men (daidzein, genistein, enterolactone, equol) do not correlate with the risk of 

localized prostate cancer progression (Venkitaraman et al, 2008). A very recent meta – 

analysis of the epidemiological literature provides strong support for the potential 

protective effect of isoflavones on the development of prostate cancer (Yan & 

Spitznagel, 2009). 

 

The pleiotropic biological effects of isoflavones seem to occur at widely varying doses, 

raising the question of whether these concentrations are actually achievable in humans, 

and whether the biological effects are relevant. Since concentrations vary widely during 

the day after intermittent consumption and between individuals, it is very difficult to 

conclude what might be “relevant” concentrations, and whether complex in vivo 

conditions might reasonably compare with controlled laboratory conditions. At least 

some of these effects, however, can occur at concentrations that are found in the 

prostate (Hedlund et al, 2003; Hedlund et al, 2006). Lower genistein concentrations in 

the prostate were also found in Austrian men with prostate cancer compared to benign 
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prostatic hypertrophy (Brossner et al, 2004), suggesting an inverse association. Other 

case-controlled studies support the concept of a protective effect of soy foods for 

prostate cancer (Jacobsen et al, 1998; Heald et al, 2007), possibly because the prostate 

contains higher concentrations of isoflavones than the corresponding plasma (Hedlund 

et al, 2005; Rannikko et al, 2006b; Gardner et al, 2009). 

 

2.1.7 Clinical Pharmacology of Isoflavones 

2.1.7.1 Pharmacokinetics 

Pharmacokinetic studies of isoflavones are limited, and most involve only single dose 

designs. Isoflavones are generally rapidly absorbed from the gut, and aglycones appear 

in the bile and plasma within two hours (Franke et al, 1995; Setchell, Brown et al, 2001; 

Richelle et al, 2002; Atkinson et al, 2005). A second peak concentration at 4-8h after 

ingestion suggests enterohepatic circulation. Approximately 48h after ingestion, plasma 

levels are no longer detectable after a single dose. Peak plasma concentrations (Cmax) 

for aglycones occurred at 4-7h, whereas the corresponding time for glycosides was 8-

11h, suggesting that the rate limiting step for absorption was initial hydrolysis of the 

isoflavone (Setchell et al, 2001; Zubik & Meydani, 2003). In a formal carbon-labeled 

isoflavone study, peak plasma genistein concentrations occurred earlier than those of 

daidzein (Setchell et al, 2003), with Cmax observed at 5.5h and 7.4h, respectively. 

Pharmacokinetic parameters were not linear when higher doses were given, suggesting 

that uptake was rate-limiting and saturable. The mean volume of distribution corrected 

for bioavailability (Vd/F), clearance rate, and half-life of [13C]-daidzein were 336.25 L, 

30.09 L/h, and 7.75h, respectively; the corresponding values for [13C]-genistein were 

258.76 L, 21.85 L/h, and 7.77h (Setchell et al, 2003). A study of long term 

administration of red clover (a total of approximately 80 mg isoflavones daily) 
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suggested that once-a-day administration was sufficient to give concentrations of 

genistein and daidzein consistent with that found in patients on a high isoflavone diet 

(Howes et al, 2002). 

 

In a recent well-conducted study, pure daidzein in its aglycone and glycoside forms 

were given in a single oral dose of 1 mg/kg to 7 volunteer men in a randomized, double-

blind fashion (Rufer et al, 2008). The study showed that bioavailability of the glycoside 

form was 3-6 times higher than that of the aglycone form, based on data from the Cmax, 

AUC, and recovery of isoflavone in the urine. Half-life was measured at 6.4h for the 

glycoside, and 8.9h for the aglycone. Cmax for the glycoside and aglycone forms were 

2.5 µM and 0.4 µM, respectively. The data also lent credence to the idea of the 

importance of gut microflora generation of metabolites, given the lag in their 

appearance in the blood, and their later recovery in the urine. Inter-individual variability 

in pharmacokinetic parameters was very high for these metabolites, up to 320 fold for 

dihydrodaidzein, which clearly could not be explained by differences in 

pharmacogenomic factors, due to the randomized crossover design. 

 

2.1.7.2 Dose escalation studies 

In a dose-escalation, single dose study of one of two isoflavone preparations in men 

(Busby et al, 2002), other than mild increases in lipoprotein lipase and 

hypophosphatemia, miminal toxicity was noted although one patient did develop 

NCICTC Grade 2 neutropenia at the highest dose level. The preparations contained 

different ratios of genistein: daidzein: glycitein (90: 10: 1 compared to 43: 21: 2) but 

interestingly, Cmax and AUC were consistently higher for the 43: 21: 2 formulation, 

dose for dose. This implies that absorption of isoflavones could vary depending on the 
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proportion of proteins presented in the preparation. Doses of 1, 2, 4, 8, or 16 mg/kg 

isoflavone were administered, so that the highest absolute dose (1520 mg) was given to 

a 95kg man, far in excess of many other trials. Cmax for total genistein and total 

daidzein were 27.5 µM and 16.9 µM, respectively, at the 16 mg/kg dose level. 

Bioavailability estimates ranged from 27% to 49% for genistein, and 25% to 56% for 

daidzein. The same group reported a similarly designed single dose study in 24 healthy 

postmenopausal women (Bloedon et al, 2002) in which doses of up to 16 mg/kg were 

explored. Toxicity again was minimal, with only 4 mild (Grade 1) adverse reactions 

suspected to be possibly related to drug: pedal edema (n=2), nausea (n=1), and breast 

tenderness (n=1). On average, a 7% fall in systolic and diastolic blood pressure was 

noted within 24h, as well as a decrease in neutrophil count over the 30 days of 

observation. While there was no statistical difference between the two formulations, 

changes seen with the 43: 21: 2 formulation seemed to be generally of lesser degree. In 

three patients in whom biomarkers were studied, Akt – 1 activity was increased at 3h 

post - dosing, but protein tyrosine phosphorylation was reduced, consistent with one of 

the proposed mechanisms of action for genistein. No change in the rate of lymphocyte 

apoptosis was noted. The half-lives for free genistein, free daidzein, and free glycitein 

were estimated to be 3.8h, 7.7h, and 3.4h, respectively, similar to the results obtained in 

men. The terminal half-lives for total genistein and daidzein (10.1h and 10.8h 

respectively) in women were not different from those found in men (9.2h and 8.2h, 

respectively). Much shorter corresponding half-lives of around 3-6h for genistein and 3-

6h for daidzein were reported earlier by others (King & Bursill, 1998; Lu & Anderson, 

1998), though these were much smaller studies. Cmax for total genistein and daidzein 

(28.2 µM and 8.9 µM, respectively) were also similar to those found in men (Bloedon et 

al, 2002). These data are broadly in line with those found by Takimoto (Takimoto et al, 
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2003), who studied  two different preparations of unconjugated soy isoflavones (PTI G-

2535 containing 43% genistein and PTI G-4660 containing 90% genistein) in a single 

dose study of escalating doses from 2 mg/kg to 8 mg/kg. Cmax for total genistein and 

half -life for PTI G-2535 and PTI G-4660 were 4.3 µM and 16.3 µM, and 15h and 22h, 

respectively.  Bioavailability was again estimated from urinary excretion of isoflavones, 

but seemed to be higher in women than previously noted in men (Bloedon et al, 2002). 

Since there was no intravenous formulation in all of these studies to compare with AUC 

achieved with oral administration, bioavailability can only be estimated. Certainly, the 

use of higher dose cohorts in these pharmacokinetic studies appears to give rise to 

plasma concentrations of isoflavones that are commensurate with in vitro anti-cancer 

activity. 

 

2.1.8 Potential mechanisms of action in the clinical setting 

 

The clinical mechanism for the proposed protective effect of isoflavones for prostate 

cancer is unknown. Some authors have suggested an endocrine mechanism, for 

example, the weak anti-estrogenic activity of isoflavones, whereas others have 

suggested something other than isoflavones from the diet may carry more importance 

(for example lignans or resveratrol, or other flavones including metabolites). One 

provocative study randomised 40 men post-prostatectomy to a low fat / high isoflavone 

diet (Li et al, 2008). After 4 years of follow up, lower 6 month IGF-1 concentrations 

were found in the treatment group; further, sera from treated patients were able to 

reduce LNCaP growth by 20%. A favourable suppressive effect for soy has been found 

for localized prostate cancer, but not for advanced disease (Kurahashi et al, 2007), 

suggesting that one reason why studies have not consistently shown benefit for 
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isoflavones is that prostate cancer is a heterogenous disease, and therefore may respond 

differently depending on the underlying biology. A pharmacogenomic mechanism has 

also been proposed by the work of Akaza and others (Akaza et al, 2002; Akaza et al, 

2004) . In their study, 141 prostate cancer patients and 112 control subjects provided 

blood for the estimation of serum concentrations of genistein, daidzein, and equol. In 

exploratory analyses, 25% of patients with poorly differentiated prostate cancers were 

found to be daidzein metabolisers, in contrast to 44% of those with well or moderately 

differentiated cancers. In another study, serum and plasma equol were found to correlate 

with the TT polymorphism in the CYP19 gene (associated with sex hormones) but did 

not correlate with the CT or CC polymorphism (Low et al, 2005). Thus the reduction in 

risk of prostate cancer may be positively associated with a greater ability to produce 

equol from other isoflavones. A recent nested case-control study would seem to support 

this notion (Kurahashi et al, 2008).  “Nutrigenomic” factors may therefore play an 

important part in predicting those who might benefit from phytoestrogen 

supplementation (Steiner et al, 2008). Certainly, the ability of more potent metabolites 

of various phytoestrogens to mediate tumour suppression have by no means been 

excluded (Xiang et al, 2002). Another study suggested that the prostate has the ability to 

concentrate isoflavones relative to plasma levels (Rannikko et al, 2006), even after short 

term administration,  which could also help to explain their mechanism of action.  

 

2.1.9 Effect of isoflavone administration on prostate specific antigen (PSA) levels 

 

Showing material differences in favour of isoflavones in a prostate cancer prevention 

trial would ideally involve a prospective, randomized, placebo-controlled trial, most 

likely requiring tens of thousands of men, and at least 15 years of follow up. In the 
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absence of such a trial, attempts have been made to investigate the effect of isoflavone 

administration in men with established prostate cancer (Table 2). The lack of 

standardization of endpoints (eg. PSA, sex hormone changes) and other design features 

across these trials makes any interpretation difficult, if not impossible. One open – label 

study of a genistein-rich supplementation diet over a 6 month period found no 

convincing evidence of suppression of PSA levels in 62 men (deVere White et al, 

2004). Another randomized, placebo-controlled trial in 76 men with early prostate 

cancer found that PSA levels after 12 weeks  of therapy with genistein did not 

significantly differ between the active and placebo groups (Kumar et al, 2004), although 

the authors suggested that surrogate measures were being affected by treatment. In a 

study of 20 men with rising PSA levels after local therapy, soy milk three times per day 

for 12 months was associated with a slowing of the rate of rise of PSA relative to the 

previous rate of rise (Pendleton et al, 2008). There are other trials that support the idea 

that isoflavones, even given over relatively short periods of time, can possibly slow the 

rate of rise of PSA, though no statistically significant conclusions can be drawn 

(Hussain et al, 2003; Dalais et al, 2004; Maskarinec et al, 2006) due to the small size of 

these studies. 

 
Table 2. Clinical studies of isoflavone administration in patients with prostate cancer 
 
Intervention/Diet Design Outcome Reference 
ISP (high dose vs 
low dose 
genistein and 
daidzein) 

n=34. Randomised 
crossover trial. 6 
week intervention 

Reduced cholesterol but no 
change in PSA 

(Urban et al, 2001) 

Single dose 
formulations of 
genistein, 
daidzein, glycitein 

Pharmacokinetic 
study 

Mean elimination half – lives 
of genistein was 3.2h and 
daidzein was 4.2h 

(Busby et al, 2002) 

160mg daily of 
red clover 
isoflavone 
preparation 
(genistein, 
daidzein,  

n=38, pilot study of 
treatment prior to 
prostatectomy. 18 
treated vs 18 
untreated patients. 
Non – randomized 

Apoptosis in treated patient 
specimens significantly higher 
than controls. No changes in 
PSA, testosterone. 

(Jarred et al, 2002) 
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formonetin,  
biochanin A) 

and non – blinded 
study 

Soy isoflavone 
preparation for 3 – 
6 months 

n=41, Pilot study in 
3 groups (watchful 
waiting, rising PSA 
after local therapy, 
hormone 
insensitive) 

Reduction in rate of rise of 
PSA in whole group. Serum 
genistein concentrations 
increased from 0.11 to 
0.65µM and daidzein from 
0.11 to 0.51µM.  PSA 
stabilization in 83% of 
hormone sensitive group and 
35% hormone insensitive 
patients 

(Hussain et al, 
2003) 

Single doses of 
two soy isoflavone 
preparations 

n=13. Phase I dose 
escalation with 
genistein at 2, 4, 
8mg/kg 

Cmax between 4.3 and 
16.3µM, half – life between 
15 and 22h. 

(Takimoto et al, 
2003) 

Approximately 
300mg or 600mg 
genistein and 
daidzein in soy 
formulation 

n=20. Phase I 
multiple dose, orally 
over 84 days  

31% reduction in 
dehydroepiandrosterone. 
Possibly slowing of PSA  rise 
(non – significant) 

(Fischer et al, 
2004) 

Soy vs Soy + 
linseed vs wheat 
in bread diet 

n=29, Pilot study. 
randomised 
comparison prior to 
prostatectomy 

-12% and 24% change in 
PSA and free/total ratio 
respectively. In favour of 
phytoestrogen activity. 

(Dalais et al, 2004) 

Genistein – rich 
extract for 6 
months 

n=62, range of 
rising PSA states 
including post – 
prostatectomy, off 
cycle during 
intermittent 
hormones, 
surveillance 

One patient had PSA decline 
>50% and 8 patients had 
PSA decline <50%. 

(deVere White et 
al, 2004) 

60mg soy 
isoflavone 
preparation 

n=59 evaluable 
patients who 
completed 12 
weeks treatment. 
Gleason grade 6 or 
less 

Reduction of testosterone in 
61% of treatment group vs 
33% of controls. PSA 
stabilization in 69% of 
treatment group vs 55% 
controls. 

(Kumar et al, 2004) 

Supplement of 
soy, isoflavones, 
lycopene, 
silymarin, 
antioxidants 

n=46 (intent to 
treat). Randomised, 
double blind, 
crossover analysis. 
10 week treatment 
periods separated 
by 4 week washout  

Statistically significant 
reduction in slope of PSA 
induced by treatment. 
Increase in PSA doubling 
time from 445 to 1150 days 
(2.6 fold) with supplement 

(Schroder et al, 
2005) 

240mg clover 
phytoestrogens 
daily for 2 weeks 
prior to 
prostatectomy 

n=20, pilot study, 
placebo controlled 

Non – significant decline in 
testosterone levels, but 
compensated rise in LH levels 

(Rannikko et al, 
2006) 

High or low  soy 
diet for 3 months 

n=24, randomized 
crossover to 
alternative diet after 
1 month washout 

Decline of PSA (not 
significant) of 14% while on 
high soy diet 

(Maskarinec et al, 
2006) 

Lycopene with or 
without soy 
isoflavones for 6 
months 

n=71, includes 
hormone sensitive 
and resistant 
patients. 

95% of patients in lycopene 
group and 67% of patients in 
the combined group achieved 
PSA stabilization. 

(Vaishampayan et 
al, 2007) 
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Randomised trial. 
Soy protein 
isolate diet (high 
or low dose 
isoflavones) 

n=58. Randomised 
study, 6 months 
duration 

Significant reduction of 
androgen receptor expression 
in prostates of men taking 
high dose isoflavones 

(Hamilton-Reeves 
et al, 2007) 

80mg daily, 
purified 
isoflavones 

n=50 men with 
prostate cancer 
Gleason grad 6 or 
less completed 
treatment. 
Randomised, 
placebo controlled, 
double blind 

No changes in sex hormones 
or PSA over 12 weeks 

(Kumar et al, 2007) 

Soy milk 3 times 
daily for 12 
months 

N=20, open label 
study observing 
rate of PSA rise 
after local therapy 

Regression modeling showed 
slowing of the rate of PSA 
rise, from  56% per year to 
20% per year while on study 

(Pendleton et al, 
2008) 

Soy isoflavone 
supplement for 2 -
4 weeks prior to 
prostatectomy 

N=25 (12 placebo, 
13 soy). 
Randomised, 
double blind, 
placebo controlled 

Tissue COX-2 mRNA 
expression were reduced by 
soy isoflavones. Statistically 
significant correlation 
between isoflavone levels and 
p21 mRNA expression in the 
treatment group. 

(Swami et al, 2008) 

 

 

Clinical trials in normal men (Jenkins et al, 2003; Adams et al, 2004) and in elderly 

men with elevated PSA levels (Urban et al, 2001) found that dietary soy 

supplementation at doses sufficient to alter plasma lipid levels did not significantly 

reduce PSA levels. This would imply that the underlying rate of PSA secretion was not 

changed by isoflavones, and a direct effect on prostate cancer cells may exist. 

Interestingly, there is some in vitro evidence to suggest that genistein reduces PSA 

mRNA expression and secretion, but also inhibits prostate cancer cell growth 

independently of its effects on PSA secretion (Davis et al, 2000). The implication from 

this study is that genistein has effects independent of the androgen responsiveness of the 

cell line. On the other hand, Habito and others showed that there may have been minor 

sex hormone changes when a meat diet was swapped for a tofu diet (Habito et al, 2000). 

In an exploratory study of over 600 British men, no correlation was found between soy 

milk consumption and changes in sex hormone levels (Allen et al, 2001). For many 
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studies published to date, however, drawbacks include short term isoflavone 

administration, highly varying isoflavone preparations and combinations, small patient 

numbers, and possibly insufficient doses. 

 

The question of dose was addressed by a Phase I and pharmacokinetic study in which 

up to 600mg genistein was administred daily to men with prostate cancer (Fischer et al, 

2004). Serum dehydroepiandrosterone fell by by 31.7% (P = 0.0004) at the end of the 

study, and estrogenic side effects were encountered (hot flashes, breast changes), but 

essentially no statistically significant PSA changes were noted. In another Phase I study 

of genistein - enriched isoflavone extracts, Takimoto (Takimoto et al, 2003) showed 

that peak plasma concentrations reached between 4.3 and 16.3 uM at doses up to 8 

mg/kg orally (equivalent to 560mg for a 70kg person), commensurate with in vitro 

activity. From these studies, it would seem that relatively high doses of isoflavones, 

higher than used in many published studies, are required to ensure plasma 

concentrations sufficient for activity as predicted from preclinical work. 

 

2.1.10 Phenoxodiol 

 

Phenoxodiol is a novel isoflavone derived from equol (Brown et al, 2005). Unlike in 

many other studies on isoflavones noted above, this compound has been purified and 

studied as a single agent. Another notable difference is the study population (advanced 

cancer patients) and its repeated dose (compared to single dose) design in the early 

Phase I studies (Choueiri et al, 2006a; de Souza et al, 2006). When administered in a 

continuous infusion schedule over 7 days, steady state concentrations of phenoxodiol 

reached 60 µg/mL at the 27 mg/kg/24h dose cohort (Choueiri et al, 2006), higher than 
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that required for in vitro activity. The mean time to steady state concentration was 53h, 

and the mean accumulation half-life was 10.6h. No objective tumour responses were 

noted with this schedule, although one patient with metastatic renal cancer had stable 

disease for 6 months. Toxicity was generally mild, with only two patients experiencing 

Grade III toxicity (emesis, rash). In another Phase I study, repeated weekly infusions of 

phenoxodiol administered over 1-2h was again well tolerated, with Grade III 

lymphopenia noted in 9 patients (de Souza et al, 2006). Two patients completed 24 

weeks of treatment, including one patient with advanced renal cancer who had stable 

disease over this period. The mean half – life of total phenoxodiol was 5h, whereas 

Cmax at the highest dose cohort (30 mg/kg) reached a mean of 88.7µg/ml (de Souza et 

al, 2006). Other studies of phenoxodiol have been reported only in abstract form at 

present, including two other Phase I studies, and a Phase I/II study in patients with 

hormone refractory cancer (Kelly, 2004). In this study, doses of 20 mg to 800 mg three 

times a day in 5 dose cohorts were studied in a 21 out of 28 day schedule. No objective 

responses were noted, although 37% of the 24 patients enrolled had stable disease. 

 

2.1.11 Conclusions 

 

Ultimately, relatively low patient numbers and the methodological limitations of case-

controlled studies reduce the clinical impact of these studies. To date, there have been 

no published prospective, randomized clinical trials with sufficient statistical power to 

assess whether isoflavone administration can reduce the development or delay the 

progression of prostate cancer. 
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Much evidence suggests that isoflavones have growth modulating effects on cancer 

cells that may be divergent in nature and which may result from a wide range of 

mechanisms. Suppression or facilitation of cancer cell growth may occur depending 

upon the specific isoflavone, combination of isoflavones present in the preparation, the 

concentration (or dose) of isoflavones, bioavailability, and host factors such as 

individual variation in absorption and the ability to form equol (pharmacogenomics). To 

complicate matters, the design of many clinical trials to date has been less than ideal, 

with small patient numbers, lack of randomization, and short duration amongst some of 

the issues that cloud interpretation of results. Of course, it is entirely possible to 

conclude that despite the wealth of preclinical literature supporting its use, isoflavones 

may simply be insufficiently effective in inhibiting or treating prostate cancer “in the 

real world”. Interesting in vitro studies suggest that genistein may have biphasic 

properties with low doses stimulating cancer growth and higher doses retarding growth 

(see Magee & Rowland, 2004 for review). This observation could form a basis for the 

provocative reverse hypothesis that low doses of phytoestrogens, such as those found in 

Western diets, might promote prostate cancer growth, whereas higher doses are 

protective in Asian men, thereby potentially explaining the disparity of prostate cancer 

incidence in Asian and non-Asian countries noted in many epidemiological studies. 

 

Although there is generally good preclinical data to suggest that isoflavones may be of 

benefit in the prevention or treatment of prostate cancer, clinical trials of the effects of 

isoflavone administration in prostate cancer have so far been disappointing. Under the 

current circumstances it would be prudent to guard against any public health 

recommendations about the value of increasing dietary isoflavone intake or the use of 

commercial isoflavone supplements for the prevention of cancer. There may be a role 
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for the use of isoflavone supplementation for the treatment or prevention of particular 

cancers in specific populations such as prostatic cancer in older men, but these have yet 

to be adequately defined. There is also a potential role for isoflavones to be used in 

combination with other treatments or radiation therapy in certain circumstances, but this 

requires further evaluation. Efforts to study purified compounds such as phenoxodiol 

and flavopridol in the traditional drug development approach (Phase I, II, III) should be 

encouraged in view of the high quality of evidence obtained clinically. Although 

isoflavones such as phenoxodiol show promising activity in the clinic, it is still too early 

to tell whether the drug will prove effective for the treatment of prostate cancer. In the 

event that it is only modestly active, it can still be developed for use as preventive 

therapy, but this will require a much longer timeframe, as well as very large studies that 

may be beyond the scope of pharmaceutical companies. In view of the inconsistency of 

clinical data, and the lack of Level I or II evidence, isoflavones cannot yet be 

recommended for the prevention or treatment of prostate cancer. 
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2.2  Role of the Akt pathway in prostate cancer  
 

2.2.1 Introduction 

 

Intracellular pathways utilized by cancer cells have become the focus of intense 

research over the past couple of decades. Mutations in two key pathways, the Ras and 

phosphatidylinositol 3 – kinase (PI3K) pathways, are activated in many cancers. These 

pathways act in a complex network of lipids, proteins and enzymes that coordinate 

multiple cellular processes to regulate cell growth and survival (Nicholson and 

Anderson, 2002; Shaw and Cantley, 2006). However, cell signaling is not 

straightforward, and there is a significant interaction between these, as well as other 

pathways. PI3K is activated by both Ras and receptor tyrosine kinases (Shaw and 

Cantley, 2006), and functions as an important conduit through which lipid second 

messengers and other substrates are activated. 

 

Akt was initially identified as an oncogene from a T cell lymphoma (Staal and Hartley, 

1988) and was later shown to have pleckstrin homology (PH) and serine / threonine 

kinase domains. It is also referred to as Protein Kinase B (PKB) because its catalytic 

domain is related to Protein Kinase A (PKA) and Protein Kinase C (PKC) family 

members. The kinase activity of Akt is stimulated by a variety of signals including 

growth factors, cytokines, integrin engagement, and T cell receptor activation. 

Activation of Akt leads to phosphorylation and regulation of a large number of 

substrates involved in numerous cellular processes including cell survival, cell growth, 

cell differentiation, cell cycle progression, cell proliferation and cellular metabolism. 
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Akt has a central role in a number of cell signaling pathways that are important in 

cancer cells. Upstream components of the Akt pathway include PI3K, Phosphatase and 

Tensin homologue deleted on chromosome Ten (PTEN), Neurofibromin 1 (NF1), and 

the tumour suppressor gene product responsible for Peutz-Jeghers syndrome (LKB1). 

Downstream components include tuberous sclerosis complex 2 (TSC2), Forkhead Box 

Class O (FOXO), and eukaryotic initiation factor 4E (eIF4E) (Altomare and Testa, 

2005). Some of these components can be considered as activators (Akt, eIF4E, and both 

the catalytic p110 and regulatory p85 subunits of Akt) or tumour suppressors (PTEN, 

FOXO, LKB1, TSC1/TSC2, NF1, and Von Hippel Lindau or VHL). 

 

Recent studies show that the PI3K -Akt pathway is a major survival signaling pathway 

in many cancers (see Blume-Jensen and Hunter, 2001; Testa and Bellacosa, 2001; 

Cantley, 2002; Nicholson and Anderson, 2002; Vivanco and Sawyers 2002; Paez and 

Sellers, 2003; Shaw and Cantley, 2006 for reviews). It has been estimated that up to 

30% of all cancers harbour a mutation of a component in this pathway (Luo et al, 2003) 

and a higher percentage of activated Akt is found in many cancers (Altomare and Testa, 

2005), so it arguably represents one of the most important signal transduction pathway 

in cancer cells, particularly in the way it links multiple other pathways. 

 

2.2.2 Regulation of PI3K 

 

The importance of PI3K was highlighted by the discovery of amplified genes encoding 

its p110 α catalytic subunit and Akt2 in ovarian, breast and pancreatic cancer (Luo et al, 

2003). Moreover, mutations in the p85α regulatory subunit of PI3K were found in 

primary ovarian and colon tumours (Bader et al, 2005). The most frequent mutations of 
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the p110 α catalytic subunit show gain of function (Samuels et al, 2005). This results in 

the generation of the lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate 

(PI3,4,5-P3), and ultimately the activation of Akt. The most important regulator of 

PI3K, however, is the status of the phosphatase and tensin homolog (PTEN). 

 

PTEN is a phosphatase that converts PI3,4,5-P3 to PI4,5-P2 by removal of the D3 

phosphate which dampens the stimulatory effects of PI3K on the Akt signaling cascade. 

The SHIP phosphatases (SHIP 1 and SHIP 2) also dephosphorylate PI3,4,5-P3, but 

convert it to phosphatidylinositol 3,4-bisphosphate (PI3,4-P2), which can still function 

as a second messenger to recruit PH-domain-containing proteins, including Akt. PTEN, 

however, is the primary negative regulator of the PI3-K-Akt pathway (Wu et al, 1998; 

Cantley and Neel, 1999; Dahia, 2000; Di Cristofano and Pandolfi, 2000; Leslie and 

Downes, 2002) (Figure 2). In normal mammalian cells, the levels of the second 

messengers PI3,4,5-P3 and PI3,4-P2 are controlled by PI3K regulation as well as 

several other PI3,4,5-P3 / PI3,4-P2 phosphatases. 

 

Figure 2. Activation of Akt. Binding of ligands such as insulin, EGF, PDGF, FGF to 
tyrosine kinase receptors leads to activation of PI3K followed by binding of Akt by lipid 
second messengers. This induces a conformational change and relocation of Akt from 
the cytosol to the cell membrane, where it is phosphorylated at Thr308 (by PDK1) and 
Ser473 (by an unknown mechanism, shown here with “?”). Activated Akt translocates 
to the nucleus, leading to downstream effects such as cell survival, angiogenesis, cell 
motility, and proliferation. PTEN dephosphorylates PI3,4,5-P3, and is the dominant 
negative regulator of Akt. 
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The importance of PTEN is highlighted by the discovery of phakomatoses 

(neurocutaneous syndromes) such as Cowden’s disease and Bannayan Zonana 

syndrome, due to dominantly inherited germline mutations in PTEN that allow the 

growth of multiple hamartomas. Sporadic mutations of PTEN are also found in some 

cancers such as breast, ovarian and colon as well as glioblastoma (Cantley and Neel, 

1999). 

 

2.2.3 Regulation of Akt 

 

Akt has an N - terminal domain, a catalytic domain, and a C-terminal regulatory 

domain. In humans, there are 3 highly homologous members Akt1, Akt2, and Akt3 

(Nicholson and Anderson, 2002). Whether all 3 isoforms are important in human 
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cancers is controversial; all appear to be expressed in normal tissue / cancer pairs when 

examined by RT-PCR (Zinda et al, 2001), though there are some conflicting studies 

suggesting differing influences of each isoform (Barnett et al, 2005; Le Page et al, 

2006; Maroulakou et al, 2007). In unstimulated cells, Akt mainly resides in the cytosol. 

After activation of PI3-K by tyrosine kinase receptor or other cell surface receptor 

binding to ligands such as insulin, platelet- derived growth factor (PDGF), epidermal 

growth factor (EGF), or fibroblast growth factors (FGFs), the resulting second 

messenger phospholipids, PI3,4,5-P3 or PI3,4-P2, recruit Akt to the cell membrane, and 

bind to its N - terminal domain. This leads to a conformational change of Akt, making it 

favourable for phosphorylation at Thr308 by 3-phosphoinositide-dependent kinase 

(PDK1) and phosphorylation at Ser473 by TORC2 (see below). Ser473 phosphorylation 

is required for full activation of Akt, which then dissociates from the membrane and 

travels to the nucleus and other subcellular components to regulate functions such as 

proliferation, survival, motility and angiogenesis (Figure 2) (Testa and Bellacosa, 2001; 

Paez and Sellers, 2003; Brazil et al, 2004). PHLPP is a recently - described phosphatase 

that specifically dephosphorylates Ser473 of Akt (Gao et al, 2005). 

 

Phosphorylation of Akt can also be controlled by serine / threonine / protein 

phosphatases (Figure 3). PP1 and PP2A are two major classes of serine / threonine 

protein with the capacity to dephosphorylate substrates, including Akt, that are involved 

in many different cellular processes including oxygen metabolism, cell cycle regulation, 

protein synthesis, RNA splicing, and signal transduction. The activation of PP2A by N-

ethylmaleimide, ceramide, palmitate or integrin α2β1 inhibits Akt phosphorylation. 

Conversely, the inhibition of PP2A by okadaic acid increases Akt function (Cazzolli et 

al, 2001; Teruel et al, 2001; Ivaska et al, 2002; Yellaturu et al, 2002). 
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Figure 3. Phosphorylation of Akt. Phosphorylation of Akt at Thr308 (by PDK1) and 
Ser473 (by an unknown mechanism, shown here with “?”). Both PP1 and PP2A are 
serine/threonine phosphatases that dephosphorylate Akt. N-ethylmaleimide, ceramide, 
palmitate or integrin α2β1 can activate PP2A, thereby inhibiting Akt phosphorylation. 
Maintenance of Akt in phosphorylated form has been shown with Okadaic acid, which 
inhibits PP2A, as well as Caveolin 1, which interacts with PP2A but it is not clear 
whether it directly inhibits PP2A (shown here with “?). 

 

Caveolin-1 (cav-1) expression is elevated in a number of cancers, including prostate 

cancer (Yang et al, 1998; Tso et al, 2000; Davidson et al, 2001; Fine et al, 2001; Goh et 

al, 2001; Rajjayabun et al, 2001; Tahir et al, 2001; Ito et al, 2002; Kato et al, 2002). 

Caveolae are invaginations of the cell membrane involved in critical cellular processes 

including regulation and transportation of lipids, endocytosis, and signal transduction 

(see Sternberg and Schmid, 1999; Schroeder et al, 2001; Ikonen et al, 2004 for 

reviews). Li and others (Li et al, 2003) found that Caveolin-1 participated in the 

maintenance of Akt by keeping it in the phosphorylated (active) form. LNCaP prostate 
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cancer cells transfected with the cav-1 gene show higher activities of Akt and are more 

resistant to apoptosis than cav-1 negative vector control LNCaP cells (Li et al, 2003). 

PP1 and PP2A interact with cav-1, leading to inhibition of PP1 and PP2A activity 

thereby favouring the maintenance of Akt phosphorylation (Figure 3). It appears that 

both PP1 and PP2A can dephosphorylate Akt, but PP2A may be the predominant 

phosphatase (Li et al, 2003). Furthermore, caveolin-1 can function in an autocrine 

manner to stimulate LNCaP cell growth (Tahir et al, 2001). 

 

2.2.4 Downstream regulation of Akt function 

 

One of the major roles of Akt is promotion of cell survival by targeting molecules 

regulating pro-survival genes. Akt plays a key role in the anti-apoptotic cascade by 

regulation of a variety of downstream targets, as described below. 

  

2.2.4.1 The FOXO subfamily 

FOXO transcription factors belong to the Forkhead family of proteins which have a 

common DNA-binding domain called the “forkhead box” (Kaestner et al, 2000). There 

are 19 subgroups (FOX for “Forkhead Box A to S”), of which the FOXO subgroup is of 

most interest in cancer (Greer and Brunet, 2005). FOXO1 (also known as FKHR), 

FOXO3 / FKHRL1, and FOXO4 / AFX are expressed abundantly in adipose tissue, 

brain, and heart, respectively. These FOXO transcription factors are direct substrates of 

Akt (Greer and Brunet, 2005). Following cell stimulation by growth factors or insulin, 

PI3K, and in turn, Akt and the related SGK (serum and glucocorticoid inducible kinase) 

are activated. Phosphorylation of FOXO proteins by Akt triggers their relocalisation 

from the nucleus to the cytoplasm, chaperoned by 14-3-3 proteins (Brunet et al, 1999; 
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Brunet et al, 2002). This inhibits FOXO – dependent transcription, and allows cell 

proliferation, stress sensitivity, and cell survival (Figure 4). 

 

Figure 4. Downstream pathways of Akt. Phosphorylated Akt results in multiple 
downstream events, some of which are depicted here. Antagonism of FOXO 
transcription factors, as well as enhancing their degradation by ubiquitin promotes cell 
proliferation, increased stress sensitivity, and cell survival. Inhibition of the TSC2/TSC1 
complex allows the accumulation of mTOR, which in turn promotes enhanced cell 
growth through p70S6K and inhibition of 4E-BP1. Other effects include the regulation 
of GSK3β, which in turn regulates a number of tumorigenic proteins, thereby permitting 
cell growth and also increased apoptotic resistance. 
 

 

 

Within the cytoplasm, FOXO1 and FOXO3 transcription factors are degraded by 

ubiquitin - dependent mechanisms regulated by Akt (Plas and Thompson, 2003), 

whereas FOXO3 is also phosphorylated by I kappaB kinase β (IKKβ). IKKβ causes 

degradation of FOXO factors (Hu et al, 2004), and is known to activate the transcription 
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factor NF- κB through the phosphorylation and subsequent degradation of IκB, itself an 

inhibitor of NF- κB (reviewed in Karin et al, 2002). To add to the complexity of this 

regulation, Akt can phosphorylate IκB kinase, leading to its degradation, leaving NF-κB 

free to translocate to the nucleus and activate its target genes (Romashkova and 

Makarov, 1999). NF-κB transcription factor is an important promoter of cell survival in 

response to several apoptotic stimuli. 

 

Activation of the Akt/SGK pathway inhibits the function of FOXO factors, so it is not 

surprising that many functions of FOXO factors oppose those of Akt/SGK (Greer and 

Brunet, 2005). These include cell cycle arrest in G1/S by upregulation of cell cycle 

inhibitors p27 and p21 as well as repressing cell cycle activators (cyclin D1/D2), 

promotion of DNA repair through upregulation of target genes such as GADD45, 

detoxification of reactive oxygen species, promotion of cellular differentiation, 

mediation of apoptosis via genes such as BIM, a pro-apoptotic BH3 family member, 

and promotion of gluconeogenesis (reviewed in Greer and Brunet, 2005). Although the 

functions of different FOXO factors are likely to overlap, the complex interaction and 

overall thrust of these roles supports the notion that this family of proteins act as tumour 

suppressors. 

 

2.2.4.2 TORC1 and TORC 2 

Akt directly inhibits tuberous sclerosis 2 (TSC2) function by phosphorylation (Dan et 

al, 2002). TSC2 is a GTPase – activating protein (GAP) that, in association with TSC1, 

inactivates the small G protein Rheb (Garami et al, 2003; Inoki et al, 2003; Zhang et al, 

2003a). Thus, Akt activation allows Rheb to accumulate in a GTP - bound state that, in 

turn, activates the kinase activity of the mammalian target of rapamycin (mTOR). 
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mTOR is a serine / threonine kinase that complexes with the raptor adaptor protein 

(mTOR:raptor or mTORC1) that regulates cell growth by activating p70 ribosomal S6 

kinase (p70S6K or RSK), which promotes the translation of mRNA with 5′  

polypyrimidine tracts. mTOR:raptor also inhibits 4E-BP1, which can act as a 

translational inhibitor of some types of mRNAs (Vivanco and Sawyers, 2002). In 

addition, mTOR regulates transcription of c-Myc and activation of Stat 3, PKCα, and 

PKCδ, all involved in tumorigenesis (Schmelzle and Hall, 2000; Blume-Jensen and 

Hunter, 2001). mTORC1 is inhibited by rapamycin and its analogues, but mTORC2, the 

second mTOR complex, is rapamycin insensitive. mTORC2 is required for 

phosphorylation of the ser473 site of Akt, but whether inhibition of this target is 

important for cancer therapeutics remains to be seen (Sarbassov et al, 2005). TSC1 and 

TSC2 association can be markedly impaired by extracellular regulated kinase (ERK), 

reducing its ability to inhibit mTOR signaling (Ma et al, 2005), and placing the Ras / 

MAPK pathway upstream of the mTORC1 complex. Akt activation via a number of 

upstream events thus profoundly influences mTOR signaling, which ultimately 

enhances cell growth (Figure 4). 

 

2.2.4.3 Other downstream targets 

CREB is a group of transcription factors that modulate the expression of genes 

containing promoters with cyclic AMP response elements. Activation of CREB by Akt 

phosphorylation recruits the coactivator CREB – binding protein (CBP) (Chrivia et al, 

1993) and promotes transcription of pro-survival genes such as Bcl-2 (Wilson et al, 

1996). 
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GSK3β is a kinase involved in glycogen synthesis, but is also a regulator for many cell 

functions, including cell cycle elements such as c-Myc, cyclin D and cyclin E. It also 

regulates transcription factors such as β-catenin, CREB, NF-κB, GLI, Notch, Snail and 

Sterol regulatory element binding transcription factor (SREBP1). Some of these in turn 

are implicated and overexpressed in certain types of cancers. Phosphorylation and 

inactivation of GSK by Akt favours increased activity of these downstream kinases and 

proteins that affect survival through multiple mechanisms (Grimes and Jope, 2001; 

Shaw and Cantley, 2006) (Figure 4). Akt has been reported to upregulate the expression 

of insulin-like growth factor I receptor (IGF-IR), leading to enhanced invasiveness and 

increased survival of pancreatic cancer cells (Tanno et al, 2001). 

 

Akt can also influence the activity of the tumour suppressor protein p53, through 

binding of Mdm2. Although Mdm2 is regulated by p53, it can also regulate p53 and 

promote its degradation. Phosphorylation of Mdm2 by Akt promotes its translocation to 

the nucleus where it binds to p53 and inhibits its ability to regulate cell cycle (Mayo and 

Donner, 2001). Moreover, mTOR can promote translation of Mdm2, and inhibition of 

either mTOR or Mdm2 is sufficient to block cell survival by growth factor receptors 

such as Met (Moumen et al, 2007). PTEN appears to protect p53 function (Mayo et al, 

2002), possibly by controlling Mdm2 promoter activity (Chang et al, 2004). 

 

Overexpression of nuclear receptor coactivator, SRC-3, is found in prostate cancer 

tissues relative to normal tissue levels (Gnanapragasam et al, 2001).  SRC-3 stimulates 

cell proliferation, cell size, increases invasiveness, and suppresses apoptosis in prostate 

cancer cells (Zhou et al, 2003) through induction of Akt expression and its activation. 



  42

SRC-3 null mutant mice have lower Akt levels and activity compared to their wild – 

type litter mates, supporting the observed link between SRC and Akt (Zhou et al, 2003). 

 

2.2.5 Akt and the Androgen receptor 

 

Akt can interact directly (Wen et al, 2000) or indirectly (Chesire et al, 2002; Salas et al, 

2004) to interfere with the androgen receptor (AR) pathway at multiple levels upstream 

and downstream of Akt (Reddy et al, 2006; Wang et al, 2007). There is also good 

evidence that androgens can promote Akt activity independent of PI3K, possibly 

through the formation of an extranuclear complex within lipid rafts in the cell 

membrane (Cinar et al, 2007). Li and others (Li et al, 2003) found that caveolin-1 (cav-

1) induced phosphorylation of the androgen receptor led to nuclear translocation in cav-

1 negative LNCaP cells at both low and physiological levels of testosterone. More 

evidence linking the Akt pathway and androgen receptor regulation was provided by 

Lin (Lin et al, 2004) who found that PTEN repressed AR in a dose - dependent manner 

in LNCaP, PC3, and DU145 prostate cancer cells. In low passage numbers in LNCaP, 

PTEN regulates AR function in a PI3K/Akt independent manner, but in a PI3K/Akt 

dependent manner in high passage numbers. Others showed that the PI3K / Akt pathway 

is required for basal and dihydrotestosterone-induced AR protein expression (Manin et 

al, 2002). Akt can phosphorylate AR and suppress binding of AR coactivators (Lin et 

al, 2001). Furthermore, FOXO3a has been shown to induce AR expression in LNCaP 

cells (Yang et al, 2005). Interestingly, blocking PI3K by LY294002 induces G1 arrest, 

but introducing siRNA to inhibit AR function leads to dramatic cell death, providing a 

model of AR / PI3K / Akt cooperation in the control of LNCaP survival (Yang et al, 

2005). Notably, the close cooperation between Akt and AR pathways occurs in other 
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prostate cancer cell lines (Vinall et al, 2007), and can interact synergistically to promote 

carcinogenesis and override the effect of androgen ablation (Xin et al, 2006). Akt may 

indeed provide an important reactionary means of prostate cancer cell survival in the 

face of androgen deprivation (Mikhailova et al, 2008). The complex nature of Akt 

regulated AR function, and in turn, an AR independent Akt mediated “escape” pathway 

through crosstalk with other pathways is reviewed in detail elsewhere (Wang et al, 

2007). In PTEN deficient cells, AR function may also play an enabling role to prevent 

feedback inhibition of mTOR through expression of proteins enhancing nutrient 

availability (Xu et al, 2006). The potential clinical relevance of the AR and Akt 

pathways has also been investigated in an immunohistochemical study in Japanese men, 

where a positive correlation between Akt, pAkt, AR expression and high grade cancer 

was noted (Shimizu et al, 2007). Taken together, there is strong evidence for the 

importance of AR and Akt pathway cooperation in the progression of prostate cancer in 

both androgen dependent and independent model systems (Figure 5). 

 

Figure 5. Interaction between Akt and the androgen receptor. The complex interaction 
between the androgen receptor (AR) and Akt pathways are not fully understood. PI3K – 
dependent (via Growth Factor Receptor, GFR) and independent (via AR / GFR 
associated complex within the lipid raft) mechanisms (shown here with “?”) for 
influencing AR expression and function have been proposed. Akt can phosphorylate AR 
directly, but other elements of the Akt pathway (eg. FOXO3a, GSK3β, βcatenin) could 
also be important. Post-translational modification of AR induced activity may also 
influence cellular signaling. 
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2.2.6 Akt and cellular metabolism 

 

Signal transduction cascades mediate the metabolism of tissues such as liver, skeletal 

muscle, and adipose tissue in response to insulin (Plas & Thompson, 2005). Akt is 

responsible for transducing these signals triggered by insulin receptor binding to 

metabolic and transcriptional programs within the cell (Burgering and Coffer, 1995; 

Brazil et al, 2004). Activated Akt can cause increased transcription and plasma 

membrane localization of GLUT1, the principle glucose transporter in most cell types 

(Barnes et al, 2005). Interestingly, transgenic mice with deficient Akt function show 

impaired glucose tolerance due to defective insulin secretion (Bernal-Mizrachi et al, 

2004). This finding is consistent with the observation that Akt promotes the shift 

towards aerobic glycolysis in glioblastoma and leukemia cell lines (Elstrom et al, 2004), 
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which occurs without a corresponding increase in oxidative phosphorylation. 

Presumably, the increase in glycolysis induced by Akt is necessary to supply nutrients 

for mitochondrial processes caused by cell stress, such as that induced by growth factor 

withdrawal (Plas et al, 2001). It would appear that activation of the Akt pathway is a 

prominent feature of many cancers, whereas defects in the pathway contribute to Type 

II diabetes (Cantley, 2002). Some of the control of cellular metabolism by Akt may be 

mediated by FOXO factors (Plas & Thompson, 2005). 

 

2.2.7 Akt and apoptosis 

 

A number of observations suggest that Akt actively promotes cell survival by reducing 

the impact of the apoptotic machinery. BAD is a pro-apoptotic member of the Bcl-2 

family of proteins that promotes cell death by forming a nonfunctional heterodimer with 

the pro-survival molecule Bcl-X(L). Phosphorylation of BAD by Akt prevents its 

association with Bcl-X(L), thereby allowing Bcl-X(L) to function and promote cell 

survival (Datta et al, 1997). Further, Akt inhibits the conformational change of other 

pro-apoptotic members of Bcl-2 family proteins, thus preventing the disruption of 

mitochondrial membranes and the activation of caspase 3 (Yamaguchi and Wang, 

2001). Finally, phosphorylation of caspase 9 by Akt abrogates cytochrome c - induced 

proteolytic processing of procaspase 9, which prevents activation of downstream 

effector caspases (Cardone et al, 1998), and ultimately reduces apoptosis. 

 

2.2.8 Akt, cell cycle and angiogenesis 
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Akt also affects key components of the tumour cell environment, including extracellular 

matrix and angiogenic factors. Stimulation of the secretion of matrix metalloproteinase 

9 has been described (Thant et al, 2000) which can lead to increased tumour cell 

invasiveness. In addition, Akt is known to mediate vascular endothelial growth factor 

(VEGF) stimulated endothelial cell proliferation (Chan et al, 2002). 

 

The tumour suppressor p21WAF1 is a p53 target gene that acts as a cell cycle inhibitor 

when prompted to respond following induction of p53 in response to stress signals such 

as DNA damage. Phosphorylation of  p21WAF1 by Akt prevents its nuclear localization, 

effectively quarantining it from its target cyclin – dependent kinase genes, and leads to 

abrogation of cell cycle arrest (Zhou & Hung, 2002). In a similar manner, p27Kip1 

phosphorylation by Akt traps the molecule in the cytoplasm allowing its sequestration 

by the 14.3.3 scaffolding protein, thereby preventing its cell cycle inhibiting function 

(Viglietto et al, 2002). The Akt – mediated reduction of free p27Kip1 protein is 

associated with accelerated growth of prostate xenografts (Graff et al, 2000). 

 

Activation of Akt can also enhance tumour angiogenesis. Loss of PTEN in prostate 

cancer is associated with increased microvessel density in prostate cancer tissue, 

consistent with promotion of angiogenesis (Giri & Ittmann, 1999). Re-introduction of 

PTEN into PC3 and LNCaP cells causes decreased VEGF secretion (Koul et al, 2002). 

Akt increases hypoxia inducible factor 1 alpha (HIF-1α) and its transcriptional targets 

such as VEGF. Further, Akt can promote angiogenesis by stimulating production of 

nitric oxide within endothelial cells. It achieves this through phosphorylation of 

endothelial nitric oxide synthase (eNOS), which is responsible for maintaining systemic 

blood pressure, vascular remodeling, and angiogenesis (Dimmeler et al, 1999; Fulton et 
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al, 1999). Arsham  (Arsham et al, 2004), however, found that transfection of Akt into a 

hepatoma cell line lacking in HIF-1α is still able to induce VEGF secretion and tumour 

vascularization, suggesting that not all angiogenic effects of Akt are mediated by HIF-

1α. 

 

2.2.9 Dysregulation of the PI3-Akt pathway 

 

Whether Akt is constitutively active in many cancers due to amplification of the gene or 

amplification / mutation of Akt regulator genes is controversial (Testa and Bellacosa, 

2001; Vivanco and Sawyers, 2002; Luo et al, 2003). An earlier micro-array study 

suggested that Akt gene amplification can occur in prostate cancer (Edwards et al, 2003) 

as well as in other cancers including breast (Bellacosa et al, 1995) and ovarian cancer 

(Cheng et al, 1992). However, a more recent publication suggests that amplification of 

Akt genes in any malignancy is a rare event (Altomare & Testa, 2005). Rather, elevated 

Akt expression and activity are associated with poor prognosis in human prostate and 

breast cancer (Nakatani et al, 1999; Sun et al, 2001; Edwards et al, 2003; Liao et al, 

2003). 

 

Amplification of genes controlling components of the signal transduction pathway 

upstream of Akt has also been described. PI3K amplification has been reported for 

prostate (Edwards et al, 2003) as well as for other cancers. Taking the pathway further, 

several protein tyrosine kinases upstream of PI3K have been found to be overexpressed 

in prostate cancer. These include FGFR1, which is overexpressed in localized prostate 

cancer and amplified in hormone – resistant prostate cancer (Edwards et al, 2003), as 
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well as Erb2 (HER2) (Edwards et al, 2006) and IGF1-R, which are overexpressed in 

prostate cancer and other cancers. 

 

An important observation in recent years is the association of the functional loss of 

PTEN with many types of cancer (Cantley and Neel ,1999; Di Cristofano and Pandolfi, 

2000), including prostate cancer (Deocampo et al, 2003). In prostate cancer, 3 

mechanisms have been identified for loss of PTEN: chromosome deletion or loss of 

heterozygozity (Rubin et al, 2000; Dong, 2001; Latini et al, 2001), somatic mutations 

(Feilotter et al, 1998; Gray et al, 1998; Pesche et al, 1998) and epigenetic abnormalities 

(Rennie and Nelson, 1998; Whang et al, 1998). Key prostate cancer cell lines such as 

LNCaP also show loss of PTEN function. The PTEN tumour suppressor gene maps to 

10q23.3 where loss of heterozygosity has been detected in up to 49% of matched 

normal prostate and prostate cancers (Feilotter et al, 1998). Immunohistochemical 

studies show complete loss of PTEN in 15-20% of clinically localized prostate cancers, 

with another proportion showing reduction in expression (Li et al, 2005a). Loss of 

PTEN is associated with hormone refractory (Wang et al, 2003b) as well as advanced 

stage disease (McMenamin et al, 1999; Yang et al, 2002). 

 

Overexpression of caveolin-1 is common in prostate cancer (Yang et al, 1998; Goh et 

al, 2001). As previously shown by Li et al (Li et al, 2003), caveolin-1 is linked to Akt 

by inhibition of PP1 and PP2A, phosphatases which would otherwise regulate Akt. This 

leaves Akt in an activated form. 

 

2.2.10 Clinical biomarkers of Akt activity in prostate cancer 
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Increased expression or phosphorylation of Akt is linked to the development of 

androgen-independent disease, and is also predictive of a more aggressive course of 

prostate cancer in patients. Use of microarray (Ayala et al, 2004) has shown that high 

levels of phosphorylated Akt correlated with a higher probability of recurrence of 

prostate cancer. The relationship holds even within the group of patients with Gleason 

grade 6-7 disease. Of interest, the presence of high levels of phosphorylated Akt in non-

neoplastic tissue is also predictive of recurrence. The cytoplasmic or nuclear 

localization of Akt isoforms may also have a bearing on patient outcome (Le Page et al, 

2006). Increased phospho-Akt, alone or together with decreased phospho-ERK, is 

predictive of PSA failure in patients up to 5 years post-prostatectomy (Kreisberg et al, 

2004), and also in a subset of patients that recur locally in the setting of androgen - 

independent disease (Assikis et al, 2004). Amplification of MAPK and PI3K / Akt 

pathway genes are associated with the development of clinical hormonal resistance 

(Edwards et al, 2003). Complete loss of PTEN in prostate cancer tissue has been 

proposed as an early marker for aggressive prostate cancer (Schmitz, Grignard et al. 

2007), an observation supported by a number of preclinical studies (Nakatani et al, 

1999; Ghosh et al, 2005; Gao et al, 2006; Shi et al, 2006; Li et al, 2007). However, 

biomarker studies may be subject to chance and bias, because many are retrospective 

studies on available tissues, and therefore tend to be conducted in selected populations. 

Prospective assessment of the clinical validity of phospho-Akt overexpression as a 

prognostic or predictive factor in clinical studies is awaited. 

 

2.2.11 Akt and autophagy 
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Autophagy (“self-digestion”) is a well-regulated process whereby cells that are stressed 

(through lack of nutrition or by drugs or other means) induce lysosomal degradation of 

cytoplasmic organelles. Although described as both a means of cell death as well as cell 

survival, it appears that this process is linked to but not synonymous with apoptosis, and 

allows cells to survive by shutting down general protein translation, though the ultimate 

effect is to halt tumour growth (Jin et al, 2007; Levine, 2007). Inhibition of the Akt and 

mTOR pathway results not only in increased apoptosis, but also in increased autophagy. 

The exact mechanisms for entering either program are not clear, but appear to closely 

involve mTOR. Recent reviews suggest that Akt and mTOR are central linking 

components of different pathways involving cell survival as well as cell metabolism. 

This centrality allows it to play critical roles in how a cell responds to threats to both 

survival and metabolic stress (Arico et al, 2001; Takeuchi et al, 2005; Cao et al, 2006b; 

Lavieu et al, 2006; Aoki et al. 2007; Gossner et al, 2007). 

 

2.2.12 The PI3K – Akt pathway as a target for treatment 

Wortmanin and LY290042 have been used to inhibit the p110 catalytic subunit of PI3K 

in vitro, but have not been tested in the clinic. LY290042 can also inhibit other p110 

isoforms and possibly other kinases. A more specific approach is to inhibit the 

phosphotyrosine binding domain in the p85 subunit of PI3K, thereby preventing  

activation of PI3K. Isoliquiritigenin (a flavonoid) for example, can inhibit the 

recruitment of the p85 subunit of PI3K to ErbB3, thereby inhibiting Akt in DU45 

prostate cancer cells (Jung et al, 2006). 

 

Blocking the binding of Akt to PI-3,4,5-P3 or PI-3,4-P2 is appealing, as it would 

prevent Akt recruitment to the cell membrane and subsequent activation by PDK1. 
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Other targets upstream of Akt include caveolin-1. An antibody to caveolin-1 has been 

shown to inhibit tumour growth and metastases in vivo (Tahir et al, 2001). 

 

Targeting mTOR has been the focus of intense research over the past few years. 

Rapamycin analogues such as temsirolimus, AP23573 and everolimus are now in Phase 

II and III clinical trials for cancer (Easton and Houghton, 2004; Easton and Houghton, 

2006). All have been shown to have significant growth inhibitory properties in vitro and 

in vivo against a broad array of cancer types (Dudkin et al, 2001; Neshat et al, 2001; 

Podsypanina et al, 2001; Yu et al, 2001). However, these compounds are considered 

cytostatic, even though significant tumour shrinkage is seen in a small minority of 

patients. Presumably, the cross-talk and redundancy between the Akt and Ras pathways, 

which intersect in a number of ways, renders some cancers relatively resistant to single 

drug insults (Figure 6). 

 

Figure 6. Interaction of Akt and Ras pathways. Inhibition of mTOR can lead to 
feedback stimulation of phosphorylated Akt mediated by PI3K. The exact mechanism 
for this is not clear, but appears to be via S6K. In addition, mTOR inhibition leads to 
increased IRS1 expression (mechanism unknown, shown here with “?”), which in turn 
stimulates Akt. The details of both pathways are unclear.  Activated Ras, through ERK 
and RSK, can interfere with mTORC1 function, leading to increased Rheb 
accumulation. Other examples of cross – talk and feedback inhibition have been 
described, adding to the complexity of Akt pathway regulation. 
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Feedback stimulation of PI3K / Akt induced by mTOR inhibitors is a source of concern 

clinically (Sun et al, 2005), and may be a means by which the tumour escapes control of 

chronically administered agents (O'Reilly et al, 2006). The mechanism for feedback 

inhibition may involve PI3K, as administration of LY294002, a PI3K inhibitor, 

abolishes the increase in phospho-Akt by mTOR inhibition (Sun et al, 2005).  Perhaps 

the best use of PI3K/Akt pathway inhibitors, therefore, is by targeting multiple signal 

transduction pathways or different parts of the same pathway by combining compounds 

that produce synergistic growth inhibition or apoptosis. This approach has been taken 

by a number of authors (Boulay et al, 2005; Takeuchi et al, 2005; Tanaka et al, 2005). 

Hypothetically, not only might this approach afford better efficacy in the treatment of 

prostate cancer, but the need to use each agent at full dose (and therefore the risks for 

side effects) is potentially alleviated.  There is also good evidence that the Akt pathway 
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plays an important part in chemoresistance, at least in vitro, in a variety of cancers 

including prostate cancer, so inhibition of this pathway is an attractive approach 

(Beuvink et al, 2005; Engelman et al, 2007; Kim et al, 2007; Takeuchi et al, 2005; 

Tanaka et al, 2000; Tanaka et al, 2005). 

 

2.2.13 Akt and isoflavones in prostate cancer 

 

Isoflavones are plant-derived compounds that have been proposed for use as treatment 

and prevention of prostate cancer (Sarkar and Li, 2002; Hussain et al, 2003; Kelly and 

Husband, 2003; Brown et al, 2005; Pollard and Suckow, 2006; Sarkar et al, 2006). 

Recently, the potential of isoflavones to inhibit important components of the PI3K / Akt 

pathway has been examined. Genistein and daidzein can induce PTEN in prostate 

cancer cell lines (Cao et al, 2006), while genistein polysaccharide inhibits prostate 

cancer cell lines in a dose-dependent manner, suppresses mTOR signaling and reduces 

AR signaling (Tepper et al, 2007), and slows the growth of LNCaP in vivo (Bemis et al, 

2004). Genistein has also been shown to inhibit VEGF signaling via reduction of HIFα  

accumulation in PC3 and HUVEC cells (Guo et al, 2006). Interestingly, genistein has 

been shown to reduce phosphorylated Akt and induce autophagy, at least in ovarian 

cancer cells (Gossner et al, 2007). The dual activity of isoflavones on both the Akt and 

AR pathways make them attractive therapeutic agents for prostate cancer (Tepper et al, 

2007). Degeulin, another flavonoid, has been reported to inhibit Akt as well as NFκB, 

and endothelial cell migration (Dell'Eva et al, 2007). Phenoxodiol, an analogue of 

genistein, also appears to inhibit Akt function via inhibition of FLICE inhibitory protein 

(FLIP) (Kamsteeg et al, 2003). Like other flavonoids, however, phenoxodiol may have 

effects on other signal transduction pathways (Alvero et al, 2006; Yu et al, 2006). 
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Isoflavones readily lend themselves to combination studies in view of their relatively 

low toxicity and pleiotropic effects on cancer cells, including the apparent ability to 

overcome chemoresistance (Sapi et al, 2004). 

 

2.2.14 Perspective 

 

Better understanding of the signal transduction machinery of cancers has already led to 

the introduction of specific inhibitors for clinical practice. The success of angiogenesis 

inhibitors as single agents in renal cancer for example (Escudier et al, 2007; Motzer et 

al, 2007) implies the relative “addiction” of these cancer cells to the HIF1α and VEGF 

pathways, which is perhaps not surprising given the key role of the Von – Hippel 

Lindau mutation in over 50% of sporadic renal cell cancers. Cancers that have 

redundant pathways, however, or complex cross-talk between pathways, may be more 

resistant to attempts to block single targets (Shaw and Cantley, 2006; Wang et al, 2007). 

This may be one explanation for the relative chemoresistance of prostate cancer to 

treatments, despite the progress that has been made in terms of greater understanding of 

prostate cancer biology in recent years. Combination therapy targeting of the Akt and 

associated pathways may therefore provide novel and logical ways to improve treatment 

efficacy for prostate cancer. Another issue is the potential conflict between studies in 

cell lines and studies of the molecular pathology of prostate cancer. Improved 

techniques and methods over time can seem to reduce the impact of findings from 

earlier (particularly in vitro) studies, and well-worked signal transduction hypotheses 

can later prove to be unimportant or unfounded in pathological specimens. Further, 

although knowledge regarding Akt signaling has been drawn from many sources 

including yeast studies, the significance of much of the pathway is yet to be confirmed 
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in prostate cancer. Given the limitations of both the in vitro and molecular pathological 

approaches, neither may be valid models for the spectrum of prostate cancer disease, the 

molecular basis of which still remains poorly understood. In order to improve this state 

of affairs, we would propose that more prospective biomarker and translational sub-

studies as part of clinical trials of novel agents and combinations are required. 
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3. Aims 

Our hypotheses were: 

1) That phenoxodiol has preclinical activity against prostate cancer cells 

2) That phenoxodiol has synergistic activity in combination with either cisplatin or 

carboplatin 

3) That phenoxodiol inhibits phospho-Akt and mTOR 

4) That phenoxodiol has a short half-life in humans 

5) That weekly intravenous phenoxodiol is well tolerated 

6) That oral phenoxodiol would be bioavailable in concentrations that match in vitro 

activity 

7) That the combination of oral phenoxodiol and intravenous cisplatin or carboplatin has 

acceptable toxicity  

 

Therefore, the aims of this thesis were to: 

1) Review the literature regarding isoflavones, the Akt pathway, and their relevance to 

prostate cancer 

2) Investigate the preclinical activity of phenoxodiol in regard to its ability to to inhibit 

the growth of prostate cancer cell lines: 

- perform growth inhibition assays with phenoxodiol alone and in combination 

with other drugs, particularly cisplatin and carboplatin 

- investigate potential drug combinations of phenoxodiol that could be taken into 

clinical trials 

- investigate the potential mechanism of synergy between phenoxodiol and 

cisplatin, particularly in regard to the Akt pathway 
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3) Perform a first-in-man clinical trial of phenoxodiol given intravenously to determine 

pharmacokinetic characteristics of the compound 

4) Perform a Phase I and pharmacokinetic clinical trial of intravenous phenoxodiol 

administered weekly to patients with advanced cancer 

5) Perform a Phase I and biovailability study of oral phenoxodiol given in combination 

with either cisplatin or carboplatin to patients with advanced cancer. 
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4. Preclinical activity of phenoxodiol alone and in 

combination with cisplatin in prostate cancer cell lines 

4.1 Introduction 
 

Hormone refractory prostate cancer (HRPC) carries a poor prognosis, with an expected 

median survival of around 12 months in symptomatic patients. Recently, docetaxel in 

combination with either prednisone or estramustine has been shown to improve survival 

when compared to the combination of mitoxantrone and prednisone in Phase III trials 

(Petrylak et al, 2004; Tannock et al, 2004). In these trials, median survival in the 

mitoxantrone/prednisone control arm was only 16 months. Given that many men are 

unsuitable for chemotherapy, either because they are elderly or have comorbidities, 

there is still a pressing need to evaluate better tolerated and more effective compounds 

and combinations for the treatment of this disease. 

 

Epidemiological studies suggest an inverse relationship between isoflavone 

consumption and the risk of prostate cancer (Jacobsen et al, 1998; Strom et al, 1999). A 

significant (70%) reduction of the risk of prostate cancer was associated with the 

consumption of soy milk in a cohort of over 12,000 Seventh Day Adventist men 

(Jacobsen et al, 1998). While there are, as yet, no randomized trials of isoflavones in 

treatment or prevention of prostate cancer, there is strong in vitro evidence of the 

activity of a variety of isoflavones on hormone sensitive and insensitive prostate cancer 

cell lines (Hempstock et al, 1998; Mitchell et al, 2000; Hedlund et al, 2003) and in vivo 
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in rats (Risbridger et al, 2001). Isoflavones appear to have pleiotropic effects on 

prostate cancer cells, including an ability to exert hormonal influences. 

 

Phenoxodiol is a synthetic isoflav-3-ene metabolite that is a natural intermediate 

(dehydroequol, 7,4’-dihydroxyisoflav-3-ene) in the metabolism of daidzein to equol 

(Joannou et al, 1995).  It is cytotoxic to a variety of cancer cell lines in vitro (Novogen 

Research Pty Ltd 2000; Mor et al, 2006) and in vivo in rats (Constantinou et al, 2003; 

Mor et al, 2006). It may be capable of re-sensitising platinum and taxane resistant 

ovarian cancer cells in vitro (Kamsteeg et al, 2003; Sapi et al, 2004; Kluger et al, 2007) 

and in humans (Rutherford et al, 2004) and appears to have antiangiogenic (Gamble et 

al, 2006) and anti-inflammatory properties (Widyarini et al, 2001). It has improved 

bioavailability when compared to genistein (Kelly and Husband, 2003) and low toxicity 

in clinical trials (Joshua et al, 2003; Choueiri et al, 2006; de Souza et al, 2006). 

 

Phenoxodiol appears to create a ‘pro-death’ environment in cancer cells by activating 

the caspase cascade through up-regulation of pro-apoptotic Bax (Alvero et al, 2006). It 

inhibits cellular FLICE-inhibitory proteins (c-FLIP), thereby activating the FAS 

apoptotic pathway, and causes down-regulation and cleavage of X-linked inhibitor of 

apoptosis (XIAP) (Kamsteeg et al, 2003; Kluger et al, 2007), leading to further 

activation of the caspases (Straszewski-Chavez et al, 2004). Phenoxodiol also causes 

cell cycle arrest at G1 due to loss of cdk2 activity by p53 independent induction of the 

cdk inhibitor p21WAF1/CIP1 (Aguero et al, 2005). Cell cycle interference occurs through 

inhibition of topoisomerase II  (Constantinou & Husband, 2002). The molecular target 

for growth inhibition by phenoxodiol is unclear, but may involve tumour-associated 

NADH oxidase (tNOX) (Yagiz et al, 2007). Given the ability of genistein to inhibit Akt 
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(Li and Sarkar, 2002c; Bemis et al, 2004; Park et al, 2005; El Touny and Banerjee 

2007), we hypothesized that phenoxodiol might also be able to inhibit phosphorylation 

of Akt and mTOR. 

 

Our aim was to determine the in vitro growth-inhibitory ability of phenoxodiol against 

prostate cancer cells, to identify whether cisplatin could enhance these abilities, and 

investigate whether intracellular cisplatin uptake was altered by phenoxodiol. We also 

hypothesized that the degree of inhibition of Akt or mTOR could possibly explain any 

synergistic action noted between cisplatin or carboplatin and phenoxodiol. 

 

4.2 Material and Methods 
4.2.1 Drugs and Chemicals 

 

Phenoxodiol was supplied by Novogen Research Pty Limited (Sydney, Australia). 

Cisplatin and carboplatin were purchased from Sigma Chemicals (St Louis, Mo, USA). 

Cell culture reagents and consumables were obtained from Sigma Chemicals (Perth, 

Australia) or Invitrogen (Melbourne, Australia). All other chemicals not otherwise 

specified were of the highest grade and purchased from local suppliers.  

 

4.2.2 Cell culture 

 

Growth of the human androgen-independent prostate cancer cell lines DU145 and PC3, 

as well as HepG2 (hepatoma) and 786-0 (renal), was maintained in an atmosphere of 

5% CO2 at 370C. DU145 cells were cultured in MEM Eagle media, while PC3 cells 

were maintained in high glucose RPMI-1640 media. All media were supplemented with 
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fetal calf serum (10 % v/v), 10 mM Hepes, 1.5 g/L sodium bicarbonate and penicillin-

streptomycin-glutamine (1 % v/v). DU145 and PC3 cells were from the American 

Tissue Culture Collection (ATCC) originally and were obtained from Professor David 

Morris, (Department of Surgery, St George Hospital, Sydney, Australia). 

 

4.2.3 Growth inhibition experiments 

 

Cells were plated in 96-well plates (Falcon, Becton Dickinson, Lincoln Park, NJ) at 

3,000 cells per well in culture medium and incubated for 24 hours. Drug stock solutions 

were diluted in culture medium and added (100 μL per well) in triplicate to achieve 

final concentrations ranging from 0.1–10 μM phenoxodiol, 0.001–100 μM cisplatin, and 

1 – 100 μM carboplatin. Drugs were investigated for their activity as single agents, and 

in various combinations and concentrations. After incubation for 72 h, cell viability was 

measured by the sulforhodamine B (SRB) assay as previously described (Skehan et al, 

1990) . Growth inhibition was expressed as % control (media alone, no drugs) and 

quantitated by IC50 values. All experiments were repeated in triplicate; results are 

shown as mean ± standard error of the mean (± SEM). Schedule dependency of the 

phenoxodiol and cisplatin combination was also investigated by exposing cells 

simultaneously to both drugs for 72 hours or sequentially to phenoxodiol first for 2 or 

24 hours followed by the addition of cisplatin for a further 48 hours, or vice versa. 

 

4.2.4 Chou – Talalay analysis for synergy 

 

Methods for assessing synergy were used as previously described (de Souza et al, 

1997). Briefly, Calcusyn (version 2.0), a Windows® - based computer program 
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automating the multiple drug effect analysis of Chou and Talalay, based on the median - 

effect principle (Chou and Talalay, 1984), was used to calculate combined drug effects. 

The combination index (CI) equation CI = (D)1/(Dx)1 +(D)2/(Dx)2 was then used to 

determine synergy, additivity or antagonism. Data are expressed as CI ± SEM from 

multiple experiments. Combination indices of <1, =1 and >1 represent synergy, 

additivity or antagonism respectively. Mutually non-exclusive CIs are shown because 

this does not assume knowledge of the mechanism of action of the drugs in 

combination. 

 

4.2.5 Whole cell platinum accumulation and DNA binding studies 

 

DU145 cells were treated with cisplatin alone and in combination (1 and 10 μM) with 

phenoxodiol at 5 μM for 24 hours, harvested by trypsin, then washed twice with ice 

cold PBS. Samples for whole cell analysis of platinum accumulation were lysed with 

500 μL of water and analysed for total protein content by the biochinchonic acid protein 

assay kit (Sigma). Samples for measurement of platinum DNA binding were lysed in 

100 mM Tris HCl, 5 mM EDTA, 0.2 % SDS, 200 mM NaCl with 100 μg proteinase K 

per mL added immediately before use. DNA was precipitated with ice cold isopropanol 

and the sample digested in 500 μL TE (10 mM Tris HCl pH 7.5, 0.1 mM EDTA,) and 

shaken overnight at 37 °C. A total DNA measure was performed by analysis at 260/280 

OD.  Experiments were repeated in triplicate. Samples were diluted 1:5 with 0.1 % 

nitric acid and analysed for platinum content by ICP-MS as described below. Platinum 

measurements were standardized as relevant to per mg protein and per μg DNA before 

comparisons between treatment groups were made. 
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4.2.6 In vivo experiments 

 

Male Nu-Nu Balb/c mice (15-20 g) were obtained from the Animal Resource Centre 

(Perth, Australia), housed in sterile filter-topped micro-isolation cages and maintained 

on sterile water and a sterile isoflavone-free diet (Gordon’s Speciality Stockfeeds, 

Australia) ad libitum. Mice were monitored until a bodyweight of 20-25g was reached. 

Xenografts were established by the dual subcutaneous injection of 1 x 106 DU145 cells 

in serum - free MEM and Matrigel (1:1) on each hind flank under inhalation anaesthesia 

(induced with 5% isofluorane / 95% oxygen and maintained with 1-2% isofluorane). 

The xenografts were left to grow until approximately 20 mm2 in size before mice were 

randomised into four treatment groups (at least n=6 per group): vehicle only, cisplatin 

(1 mg.kg-1), phenoxodiol (5 mg.kg-1), and cisplatin plus phenoxodiol (0.5 mg.kg-1, 2.5 

mg.kg-1 respectively). Cisplatin was prepared fresh each day, dissolved in 0.9% saline 

(0.1 mg/mL) whilst stock phenoxodiol was prepared in 20% hydroxypropyl b-

cyclodextrin (HPBCD) 5 mg/mL) solubilised at 120°C. Phenoxodiol was diluted daily 

in 0.9% saline. Drugs were given via the intraperitoneal route daily on days 1-5 and 8-

12. Doses of cisplatin and phenoxodiol were chosen to give plasma concentrations that 

would approximate the concentrations used in in vitro experiments from literature 

(Litterst and Magin, 1988) and bioavailability data supplied by Novogen. Xenograft 

diameters were measured daily (except on weekends) with vernier callipers and 

volumes calculated by the formula Volume = Length x Width2/2. Toxicity of the drugs 

was determined by inspection of mice and bodyweight analysis. 

 

4.2.7 Derivation of drug doses for in vivo experiments 
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Doses were halved for both drugs in the cisplatin / phenoxodiol group in order to allow 

the demonstration of synergy, if present, as previously described (de Souza et al, 1997). 

Thus, if the combination proved to be as, or more effective than either agent alone at 

double the dose of each agent in the combination, we could conclude that the 

combination showed additive, or synergistic activity, respectively. The evidence for this 

decision is based on the Chou – Talalay equation: 

CI = (Dcomb)1 / (Dalone)1 + (Dcomb)2 / (Dalone)2 +  α(Dcomb)1 (Dcomb)2 / 

(Dalone)1 (Dalone)2 

where (Dalone)1 is the dose of drug 1 alone required for a given effect (fa), 

(Dcomb)1 is the dose of drug 1 in the combination required for a given effect (fa), 

(Dalone)2 is the dose of drug 2  alone required for a given effect (fa), 

(Dcomb)2 is the dose of drug 2 in the combination required for a given effect (fa), 

CI = combination index, a measure of the degree of synergy, 

and α = 0 if the effects of the two drugs are mutually exclusive. 

 

Let (Dalone)1 = some concentration p, 

(Dalone)2 = some concentration q, 

(Dcomb)1 = 0.5p, 

(Dcomb)2 = 0.5q, 

Then CI = 0.5p / p + 0.5q / 5 + α(0.5p)(0.5q) / pq 

= 0.5pq / pq + 0.5pq / pq + 0.25pq / pq 

If the term α = 0, which is likely given the different mechanisms of action of cisplatin 

and phenoxodiol, then CI = 1, the definition of additivity. The advantage of this method 

is that it is dose - independent, and does not rely on the arbitrary definition of time to 

recurrence / regrowth of tumours in vivo, for which there is no mathematical definition 
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of synergy. As a result, only four treatment arms are required (vehicle control, Drug A 

single agent control, Drug B single agent control, 0.5xDrug A + 0.5xDrug B in 

combination) for in vivo studies to test synergy. 

 

4.2.8 Whole tissue platinum analysis 

 

Total platinum in the plasma, kidney and tumours was analysed by inductively coupled 

plasma mass spectrometry (ICP-MS) as previously described (Screnci et al, 1998). 

Tissues were prepared by nitric acid digestion overnight and for 2 hours at 90°C in a 

closed container. Sample volume was adjusted to 10 mL with MilliQ and the platinum 

content analysed. Plasma (50 μL) was diluted in 1.2 mL lysis buffer before analysis by 

ICP-MS.  Calibration was against a platinum standard curve from 0.1-10000 ng.mL-1. 

Individual weights of tumours and kidneys were also recorded. 

 

4.2.9 Pharmacokinetics 

 

Upon completion of the study, mice were killed at specified time points after cisplatin 

dosing by cervical dislocation for pharmacokinetic analysis. Cardiac puncture was 

performed immediately and blood was centrifuged at 2000g for 5 mins and the plasma 

supernatant stored at -800C for cisplatin concentration measurements. At the same 

specified time points, the xenograft, liver and kidney tissue were also removed, washed 

in PBS (pH 7.6) and stored at -800C. The data were analysed using 2-way repeated 

measures ANOVA performed using STATVIEW version V (Abacus Concepts, Inc., 

Berkley, CA., USA). Fishers Post-hoc tests were performed on all significant data. 

Pharmacokinetic parameters were determined using non-compartmental analysis. Total 
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platinum adjusted for tissue weight was plotted against time of sample. Cmax 

(maximum platinum concentration) and Tmax (time of maximum platinum 

concentration) were measured and the area under the concentration versus time curve 

(AUC) was calculated by the trapezoid rule (GraphPad Prism v3.00 for Windows, San 

Diego, CA, USA).  

 

4.2.10 Western blot experiments 

 

PC3 and DU145 cells were grown in medium supplemented with 10% fetal calf serum, 

100 U/mL penicillin and 100 μg/mL of streptomycin at a constant temperature in a 

humidified atmosphere (370C, 5% CO2) as previously described. Phenoxodiol, cisplatin 

and carboplatin were prepared fresh for each experiment. Anti-β actin and horseradish 

peroxidase (HRP)-linked anti-goat antibody were purchased from Santa Cruz 

Biotechnology (CA, USA), whereas anti-phospho-Akt, anti-phospho-ERK1/2, anti-S6, 

anti-XIAP, and HRP-linked anti-Rabbit and anti-mouse secondary antibodies were 

purchased from Cell Signaling Technology (MA, USA). Cells were allowed to reach 

70% confluence, followed by drug treatment in a serum-free medium for another 24 

hours. Cells were then washed with cold PBS buffer and lysed in buffer containing 50m 

M Tris-HCI (ph7.5), 150 mM NaCI (150 mM), EGTA (1 mM), EDTA (2 mM), 

2.5%(V/V) glycerol, NaF (10 mM), 0.2%(V/V) Triton X-100, 0.3% (V/V) NP40, 

aprotinin (5 μg/mL), Leupeptin (10 μg/mL), pepstatin (10 μg/mL), activated NaVO3 (2 

mM) and PMSF (1 mM). Lysates were sonicated in an ice water bath for 20 seconds; 

the supernatant containing protein was separated from the insoluble material by 

centrifugation at 10,000 rpm for 10 minutes at 400C. The total protein in each sample 

was then quantified using the Bicinchoninic Acid Kit (Sigma-Aldrich, Sydney) by 
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following the manufacurer’s protocol. Samples containing equal amounts of protein 

were mixed with loading buffer and boiled for 5 minutes. Proteins were then separated 

by SDS-PAGE, and the proteins on the gels were transferred to PVDF-Membrane 

(Amersham Biosciences, Sydney) and incubated with different antibodies. After 

incubation with HRP-conjugated secondary antibodies, the primary antibody binding 

was visualized with Western LightningTM Chemiluminescence (PerkinElmer, 

Melbourne).  A semi-quantitative estimate of density was obtained by scanning the blot 

intensity and comparing it with control (GEL DOC 2000, Bio-Rad, Sydney). 

 

4.3 Results 
4.3.1 Growth inhibition by phenoxodiol 

 

Phenoxodiol was active against DU145 and PC3 cells, with IC50s of 8 ± 1 µM and 38 ± 

9 µM, respectively (Figure 7).  Cell growth inhibition of both cell lines was dependent 

on both duration of exposure and concentration of phenoxodiol. 

 

Figure 7. Cell viability curve following 72 hour exposure to 0.1 – 100 μM Phenoxodiol 
in  PC3 and  DU145 cells. Dashed line marks IC50. 
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4.3.2 Synergy analysis by the Chou – Talalay method 

 

Cisplatin and phenoxodiol generally showed synergistic activity against DU145 cells 

(Figure 8A) with combination indices less than 1.0. Although there were some 

combination ratios that suggested antagonism, these occurred at the extremes of the 

dose-response curves and are therefore subject to error and the limitations of the 

experimental technique. Phenoxodiol and cisplatin combined in PC3 cells to produce a 

mixed (synergistic, additive, antagonistic) effect that overall suggested addtivity at best 

(Figure 8B). Synergy was also noted with carboplatin at all concentrations of 

phenoxodiol 0.1 μM – 20 μM against DU145 cells (Figure 8C). Mostly synergistic 

interactions were found in other (Hepatoma HepG2 and Renal 786-0) cell lines (data not 

shown). 
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Figure 8. Combination Indices (CI, mutually non-exclusive) for cisplatin and 
phenoxodiol in (A) DU145 cells and (B) PC3 prostate cancer cells, and (C) carboplatin 
and phenoxodiol in DU145 cells. CI<1 denotes synergism, CI=1 additivity, and CI>1 
antagonism. Combination indices > 3 are not shown. Phenoxodiol concentrations in (A), 
(B), and (C) are as follows:  0.1 μM ,  1 μM,  3 μM,  5 μM,  7 μM,  10 
μM,  20 μM. All cells were exposed to simultaneous drug combinations for 72 hours. 
Horizontal dashed line highlights CI = 1.  
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Sequence of administration of the drugs was important. A 24 hour delay between the 

administration of cisplatin followed by phenoxodiol significantly decreased the 

synergism measured (p < 0.05), resulting in an antagonistic combination (average CI 1.8 

± 0.5 vs. 0.8 ± 0.15). A 2 hour delay did not affect synergism between phenoxodiol and 

cisplatin nor did administering phenoxodiol 24 hours prior to cisplatin (Data not 

shown). 

 

4.3.3 Cisplatinum whole cell accumulation and DNA binding 

 

A greater than 300 % increase (p < 0.05) in platinum binding to DNA was measured in 

DU145 cells following treatment with 1 μM cisplatin and 5 μM phenoxodiol compared 

to 1 μM cisplatin alone (Figure 9A). A 35 % increase (p < 0.05) in the whole cell 

accumulation of platinum was measured in DU145 cells at the same concentrations 

(Figure 9B). No significant difference in whole cell accumulation of platinum or DNA 

platinum binding was seen with 10 μM cisplatin after the addition of phenoxodiol. 
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Figure 9. Comparison of (A) cisplatin DNA adducts, measured as the concentration of 
platinum bound to the DNA (pg platinum.μg DNA-1) and (B) whole cell platinum 
accumulation, recorded as the measure of platinum present in the whole cell sample (pg 
platinum.μg protein-1) following exposure to no drug (control), phenoxodiol (5 μM), 
cisplatin (Cis) (1 μM) or cisplatin (Cis) (1 μM) in combination with phenoxodiol (5 
μM). Data shown is average level ± SEM, * p < 0.05. 
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4.3.4 Xenograft studies 

 

Both cisplatin (1 mg.kg-1) alone and the combination of phenoxodiol (2.5 mg.kg-1) and 

cisplatin (0.5 mg.kg-1) inhibited (p<0.01) the rate of absolute xenograft growth 

compared to vehicle control (Figure 10A). There was no statistically significant 

difference between cisplatin alone and the combination arms. Toxicity of cisplatin was 

monitored by recording weight loss. A statistically significant average 3.4 ± 0.3 % loss 

of weight was recorded for mice treated with cisplatin alone (p < 0.01), compared to 

other arms (Figure 10B). Mice in the phenoxodiol and cisplatin group had less weight 

loss (p < 0.01) compared to the cisplatin alone group. No mice were removed from 

treatment groups because of excessive weight loss (>10% bodyweight). There was no 

difference between mice in the vehicle control and phenoxodiol groups, where weight 

gain was observed in the mice. 

 

Figure 10. DU 145 xenograft tumor volumes (mm3) (A) and nude mice % bodyweight 
changes (B) recorded over 12 day treatment period for the four treatment groups:  
control,  phenoxodiol alone (5 mg.kg-1),  cisplatin alone (1 mg.kg-1), and  the 
combination of cisplatin (0.5 mg.kg-1) and phenoxodiol (2.5 mg.kg-1). ** denotes a 
statistically significant difference (p<0.01) for the cisplatin arm and the combination 
arm compared to control; only statistically significant differences are shown (See 
Results). 
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4.3.5 Cisplatin pharmacokinetics 

 

Phenoxodiol did not appear to affect cisplatin plasma pharmacokinetics. Tmax was 

rapid and occurred at 25 minutes for both cisplatin alone and the cisplatin-phenoxodiol 

combination. The Cmax for the combination of cisplatin (0.5 mg.mL-1) with 

phenoxodiol (2.5 mg.mL-1) was 782 ± 115 ng.mL-1 (Figure 11). This was about 75% of 

the Cmax of cisplatin alone at twice the concentration (1 mg.mL-1) (1041 ± 21 ng.mL-1).  
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The plasma AUC of cisplatin dosed at 0.5 mg.mL-1 was approximately half that of the 1 

mg.mL–1 group (21950 ng.mL-1*hr at 0.5 mg.mL-1 in combination with phenoxodiol 

versus 40740 ng.mL-1*hr at 1 mg.mL-1 alone). 

Figure 11. Nude Mouse plasma cisplatin concentration-time curves for  cisplatin 
alone (1 mg.kg-1) and  the combination of cisplatin (0.5 mg.kg-1) and phenoxodiol 
(2.5 mg.kg-1). Halving the cisplatin dose results in approximately half the area under the 
concentration x time curve (AUC). 
 

 

 

In kidney and tumor tissue there was also no apparent difference in circulating levels of 

free platinum with measured area under the concentration x time curve (AUC) for 

cisplatin at 0.5 mg.mL-1 in combination with phenoxodiol approximately half the AUC 

of cisplatin 1 mg.mL-1 alone (2914 concentration*time and 4294 concentration*time for 

the kidney and 812.4 concentration*time and 1861 concentration*time for the tumour 

respectively, data not shown). 

 

4.3.6 Western blot experiments 
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Figure 12 shows that phenoxodiol alone does not reduce p-Akt at 6 or 24hrs treatment 

in DU145 cells, but cisplatin inhibits p-Akt at 24hrs. Phospho-Akt was markedly 

reduced by the combination of cisplatin and phenoxodiol. Phospho-ERK 1/2 expression 

was unaffected by both drugs. 

 

 

Figure 12. Inhibition of p-Akt. DU145 cells were treated with 50 μM phenoxodiol 
(NV06) alone for 6 or 24hrs and 50 μM cisplatin alone for 6 or 24hrs, or the 
combination for the same durations. The first lane represents untreated controls. Beta 
actin was used as the loading control. 
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Figure 13.  Inhibition of c-FLIP. DU145 cells were treated with phenoxodiol (NV06) 
alone, or cisplatin alone, or carboplatin alone, at the concentrations specified. When 
platinum and phenoxodiol were combined, only 20 μM concentrations of both drugs 
were used. The first lane represents untreated controls (Ctrl), with a density of 1. Beta 
actin was used as the loading control. 

 

Figure 13 shows that c-FLIP is inhibited by both phenoxodiol and carboplatin in DU145 

cells, by approximately 48-55% and 50-76%, respectively, depending on the 

concentrations used. Cisplatin does not appear to affect c-FLIP expression. Phospho – 

S6, used as a surrogate for mTOR inhibition, was reduced by phenoxodiol at both 20 

μM and 40 μM, whereas carboplatin only reduced p-S6 at 40 μM. The combination of 

phenoxodiol and either cisplatin or carboplatin markedly reduced C-FLIP expression, 

but had relatively little effect on p-S6, except for the combination of cisplatin and 

phenoxodiol, which appeared to reduce p-S6 expression significantly. 
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Figure 14.  Inhibition of pAkt. PC3 cells were treated with 50 μM phenoxodiol (NV06) 
alone or 50 μM cisplatin (C) alone, or the combination, for the durations specified. The 
first lane represents untreated controls. Beta actin was used as the loading control. 

 

Similar findings were noted for PC3 cells (Figure 14), in that p-Akt was reduced by the 

combination of phenoxodiol and cisplatin, though the changes were less marked than 

for DU145 cells. Phospho-ERK 1/2 expression was unaffected by phenoxodiol or 

cisplatin in PC3 cells (data not shown). 

 

4.4 Discussion 
 

Phenoxodiol has promising in vitro activity against the prostate cancer cell lines DU145 

and PC3, with DU145 being more sensitive than PC3. Complete inhibition of DU145 

was achieved whereas only 60% inhibition of PC3 could be achieved at the maximum 

possible solubility of phenoxodiol. Differences in sensitivity may be due to phenotypic 

or genetic differences between the cell lines but may also be dependent on the ability of 
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phenoxodiol to enhance apoptosis induction. For example, PC3 cells express more Bcl-

2 than DU145 cells (Skjoth and Issinger, 2006), and this may explain the relative 

resistance to treatment. 

  

Our data show that the combination of phenoxodiol / cisplatin is highly synergistic in 

inhibiting growth of DU145 cells in vitro (Figure 8A). Chou-Talalay analysis of the 

combination shows a degree of synergy consistent with that noted when other 

isoflavones are combined with cisplatin (Bible and Kaufmann, 1997; Khoshyomn et al, 

2000), suggesting that this may be a class effect. Phenoxodiol was also synergistic with 

carboplatin, perhaps not surprisingly, given its similar mechanism of action to cisplatin. 

In our hands, synergism between phenoxodiol and cisplatin is schedule-dependent with 

the optimal schedule appearing to be the co-administration of phenoxodiol and cisplatin, 

or at least phenoxodiol prior to cisplatin. This is consistent with the finding that 

cisplatin reduces cyclin D1 (Skjoth and Issinger, 2006), thereby inhibiting cell cycle 

progression and reducing the number of actively dividing cells available for 

phenoxodiol-induced apoptosis. 

 

We hypothesize that phenoxodiol may interact with cisplatin in a number of ways to 

produce synergy in DU145 cells. DU145 cells overexpress c-FLIP, which may in part 

contribute to their chemoresistance (Hyer et al, 2002), and inhibition of c-FLIP by 

phenoxodiol has been shown in ovarian cancer cells (Kamsteeg et al, 2003). Here, we 

show that c-FLIP is inhibited by phenoxodiol and carboplatin (Figure 13) in DU145 

cells, thereby reducing inherent chemoresistance, and this may be one explanation for 

the synergy observed in this cell line. On the other hand, we have also shown that one of 

the downstream targets of mTOR, p-S6, is reduced by phenoxodiol, suggesting that 
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phenoxodiol may also act as an mTOR inhibitor. Further, the combination of 

phenoxodiol and either cisplatin (in PC3 cells) or carboplatin (in DU145 cells) can 

inhibit phosphorylation of Akt (Figures 12 and 14). Since Akt and mTOR are key 

components of cancer cell signaling pathways that are important for cell growth and 

survival, it is possible that the combination may affect upstream and downstream targets 

in this pathway, ultimately causing apoptosis. 

 

Other potential mechanisms for the synergy observed between phenoxodiol and 

cisplatin may exist. For instance, phenoxodiol also induces Bax transcription (Hutson et 

al, 2003), and could therefore potentiate the sensitivity of DU145 to cisplatin (Skjoth 

and Issinger, 2006) since transfection of Bax in DU145 cells (naturally deficient in Bax) 

has been shown to significantly enhance apoptosis to a variety of chemotherapy agents 

including cisplatin (Honda et al, 2002). Modulation of sphingosine-1-phosphate (S-1-P) 

by phenoxodiol (Choueiri et al, 2006b) may also directly alter cisplatin sensitivity. 

Finally, p38 induction and an intact PTEN/Akt pathway has been suggested as the 

mechanism for increased apoptosis in DU145 cells, relative to PC3, induced by cisplatin 

(Skjoth and Issinger, 2006). 

 

The in vivo data are consistent with, though not strongly supportive of, our conclusions 

regarding the combination of phenoxodiol and cisplatin. Given that mice were treated 

with combination cisplatin / phenoxodiol at half-doses in the single agent control arms, 

we can conclude that the combination is additive if the tumour growth curves are 

matched, provided that they were better than the negative control (vehicle only) mice, as 

discussed in the methods. Indeed, though the combination was better than single agent 

phenoxodiol, it was no better than cisplatin alone, suggesting additivity in this xenograft 



  80

experiment. The findings in our nude mice studies also support the notion that reducing 

the dose of both drugs and relying on their synergistic activity can not only maintain 

growth inhibition, but reduce toxicity, as shown in the bodyweight curves. Further, this 

occurred at plasma concentrations approximately 15 times less than found in human 

studies (van Hennik et al, 1987). 

 

Though there was no apparent pharmacokinetic interaction between phenoxodiol and 

cisplatin in our in vivo experiment, we hypothesized that a pharmacodynamic 

interaction could not be ruled out. Data from DNA binding assays seem to support this 

hypothesis. Phenoxodiol is synergistic with cisplatin in cisplatin sensitive cell lines but 

also re-sensitizes cisplatin- and carboplatin- resistant cell lines and tumors to the 

platinum agents (Mor et al, 2006). This also occurs with the isoflavone genistein as well 

as phenoxodiol’s parent compound, daidzein (Gercel-Taylor et al, 2004). The 

mechanism of synergy between genistein and cisplatin is thought to be due to increased 

accumulation of cisplatin within tumour cells since cisplatin accumulation of up to 83 % 

occurs in sensitive ovarian cancer lines but only 43 % in resistant lines (Marveti and 

Andrews, 1996). Although cisplatin is not commonly used for the treatment of prostate 

cancer, we had previously determined that the combination of docetaxel and 

phenoxodiol was only additive (unpublished), and we wished to pursue the potentially 

synergistic combination. Further, platinums may be of renewed interest for this disease 

(Oh et al, 2007) in view of the development of satraplatin (Kelland, 2000; Petrylak, 

2007; Wosikowski et al, 2007). 

 

In conclusion, the combination of cisplatin or carboplatin with phenoxodiol has 

synergistic activity in DU145 prostate cancer cells, HepG2 hepatoma cells, and overall 
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probable additivity in 786-0 renal cancer cells and PC3 cells. The synergy seen between 

cisplatin and phenoxodiol in DU145 cells may possibly be explained by enhanced 

cisplatin accumulation by phenoxodiol in vivo. However, other mechanisms, such as our 

novel finding of inhibition of p-Akt and mTOR signalling by the phenoxodiol / cisplatin 

combination, may also play an important part. Given our promising preclinical findings, 

we initiated a Phase I study of the combination of either cisplatin or carboplatin together 

with phenoxodiol.  
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5. Pharmacokinetics of phenoxodiol following intravenous 

administration to patients with advanced cancer 

 

5.1 Introduction 
 

Phenoxodiol has been demonstrated to have anti-cancer activity in in vitro and animal 

studies (Constantinou and Husband, 2002; Constantinou et al, 2003; Kamsteeg et al, 

2003).  Phenoxodiol is a naturally occurring metabolite of genistein that is normally 

present in human plasma at very low concentrations through diet (Kamsteeg et al, 

2003).  The precise mechanism of action of phenoxodiol is not known, though it appears 

to have pleiotropic actions such as inhibition of tyrosine kinases, inhibition of  

topoisomerase II in a dose-dependent manner and inhibition of the X-linked inhibitor of 

apoptosis (XIAP) (Constantinou and Husband, 2002; Sapi et al, 2004; Alvero et al, 

2006; Kluger et al, 2007).  

 

The present study investigated the pharmacokinetics of phenoxodiol given as an 

intravenous bolus or a continuous intravenous infusion in a first-in-human study, to 

patients with advanced, incurable cancer.  

 

5.2 Methods 
 

A single center, open label study consisting of two parts was performed.  Part 1 (bolus 

dose) involved the administration of a single intravenous injection of phenoxodiol over 

a five-minute period at a fixed dose of 5 mg/kg.  Part 2 (continuous infusion) involved 
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an infusion of phenoxodiol administered to the same patients at a rate of 2 mg/kg per 

hour for a duration of up to ten times the average half-life determined in Part 1 of the 

study.  The administration of phenoxodiol as a continuous infusion during Part 2 did not 

occur until analysis of the pharmacokinetic data from the bolus intravenous study during 

Part 1 had been performed. Doses of phenoxodiol were based on preclinical data that 

had shown no discernible toxicity, including histopathological studies of various tissues 

in mice, for bolus doses of up to 50 mg/kg. 

 

5.2.1 Subjects 

 

Six subjects with metastatic cancer were included in the study. The inclusion criteria 

were: male or female volunteers with metastatic disease from any solid tumour, age 18 

to 70 years, normal hematological parameters and the provision of signed informed 

consent. Exclusion criteria were: diagnosis of leukemia or lymphoma,  allergy to soy 

products, vegetarian diet or use of soy product more than three times a week, the use of 

sex steroids in the previous two months, antibiotic therapy within one month prior to the 

study period or at any time during the study, smoking of greater than 10 cigarettes/day, 

the presence of an active infection or other co-morbid disease that in the opinion of the 

investigator would have precluded the patient from participating in the study, a 

prognosis of at least three months survival, and the known presence of central nervous 

system metastases.  The study was approved by the Ethics Committee of St George 

Hospital, Kogarah, NSW, Australia and patients had written, fully informed consent. 

 

5.2.2 Study protocol 
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Prior to commencement of the drug administration studies a medical history, full 

physical examination and screening investigations for hematology and biochemistry 

were performed. The volunteers were then assessed for compliance with the inclusion 

and exclusion criteria. 

5.2.2.1 Part 1 

All patients were instructed to maintain a diet low in isoflavones for one week prior to 

and for the duration of the study and to arrive at the hospital on the treatment day at 

approximately 0800 hours having fasted and abstained from caffeine and alcohol for 24 

hours. Blood samples were collected from an indwelling catheter placed in an 

antecubital vein.  An initial sample of 40 ml was taken immediately prior to study 

medication administration. Fifteen ml of blood was collected 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 

4.0, 5.0, 6.0, 7.0, 8.0, 10.0 and 12.0 hours after the administration of phenoxodiol.  A 

standard, light, low fat meal was provided 4 hours after the administration of study 

medication. After 12 hours, the indwelling intravenous catheter was removed and the 

patient advised not to consume alcohol over the ensuing 24 hour period. 

5.2.2.2 Part 2 

The subjects were instructed to arrive at the hospital on the study treatment day at 

approximately 0800 hours having fasted and abstained from caffeine and alcohol for 24 

hours.  An indwelling intravenous catheter was inserted into an antecubital vein of one 

arm for the infusion of phenoxodiol and a second catheter was placed in the 

contralateral antecubital vein for the collection of blood samples. Fifteen ml of blood 

was collected at baseline and at 10 and 20 minutes following the start of infusion of 

phenoxodiol, then at 20-minute intervals up to five hours after the commencement of 

the infusion. A standard, light, low fat meal was provided 4 hours after the 

administration of study medication. Both indwelling catheters were removed six hours 
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after commencement of the infusion and the patient was then allowed to leave the 

hospital following a period of observation. 

 

5.2.3 Safety assessments  

5.2.3.1 Laboratory Safety Testing 

The following tests were performed at baseline, 24h, and 48 h after the  administration 

of phenoxodiol during Part 1 of the study, and at baseline, 6 h, 5-7 days and 12-14 days 

after the start of infusion of phenoxodiol during Part 2 of the study: hemoglobin, red cell 

count, white cell count including differential, platelets, hematocrit, total protein, 

albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-

glutamyl transferase (GGT), alkaline phosphatase (ALKP) and urea and electrolytes. 

5.2.3.2 Vital Signs and Other Safety Measurements  

The patient’s weight, height, blood pressure and heart rate were measured at baseline in 

both Part 1 and Part 2 of the study. In addition, blood pressure and heart rate was 

monitored when each plasma sample was collected following study medication 

administration. 

 

5.2.4 Study medication administration 

 

Phenoxodiol was manufactured by Novogen Laboratories, 140 Wicks Road, North 

Ryde NSW 2119, Australia, and was prepared as an intravenous injection of 100 mg in 

a 10 mL vial. Samples of the batches of vials used were tested for sterility and for the 

presence of pyrogens. In Part 1 of the study phenoxodiol was administered as a single 

bolus intravenous injection at a dose of 5 mg/kg diluted to a total volume of 50 mL in 

normal saline.  The solution was infused over a five minute period using an infusion 
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pump. In Part 2 of the study phenoxodiol was infused at a rate of 2 mg/kg per hour.  The 

solution was diluted to 500 mL in normal saline and infused using a pump at a constant 

rate of 100 mL/h. 

 

5.2.5 Assay of phenoxodiol levels 

 

Total phenoxodiol levels were measured in a 300 µL aliquot of plasma or urine which 

was mixed with 15 µL glucuronidase and incubated for 24 h at 24oC prior to extraction. 

Free phenoxodiol levels were measured in a 300 µL aliquot of plasma or urine which 

was extracted without prior incubation with glucuronidase. After adding 10 µL of 2, 4, 

4’– trihydroxydeoxy-benzoin (0.22 mg/mL) as an internal standard, the sample was 

extracted using 500 µL ethylacetate: hexane (6:4) solution. The sample–solvent mixture 

was centrifuged at 3000 rpm for 15 min and supernatant was collected and dried under 

vacuum.  The extract was reconstituted in 100 µL 50% isopropanol in water. Five 

microlitres of the extracted sample was injected into the HPLC system. Standards of 

phenoxodiol were prepared in blank plasma or urine.  

 

HPLC separation was carried out using an Alltech Alltima C18, 5 µm, 250 mm X 

2.1mm column in a 40oC oven. The gradient elution was performed at a flow rate of 0.2 

mL/min from mobile phase A (25% acetonitrile, 74.95% water, 0.05% trifluoroacetic 

acid) to mobile phase B (99.95% acetonitrile, 0.05% trifluoroacetic acid).  Phenoxodiol 

and the internal standard were detected by ultraviolet diode array detector at wavelength 

335nm. 
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The calibration curve for the assay was linear in the range of 0.25 μg/mL to 10 μg/mL 

with a correlation coefficient (R2)>0.994. The lower limit of quantitation (LOQ) for 

phenoxodiol was 0.25 μg/mL. Samples with too high a concentration were diluted with 

the same blank matrix before being analysed. 

 

5.2.6 Pharmacokinetic analysis 

 

The concentration at steady state (Css) and the time to reach steady state were taken as 

the actual values when the measured plasma phenoxodiol concentration appeared to 

have reached a maximum.  The terminal elimination rate constant Kel was estimated 

using linear regression analysis using the final plasma sampling times over which the 

log of the plasma concentration versus time curve appeared to be straight. At least four 

plasma concentration time points were used for each estimate of concentration.  The 

elimination half-life (T½) was to be calculated as 0.693/ Kel.  The area under the plasma 

concentration versus time curve (AUC) was calculated using the trapezoid rule with the 

terminal phase (last measured plasma concentration time point to infinity) calculated as 

the final plasma concentration divided by Kel. The apparent volume of distribution (Vd) 

following acute administration in Part 1 of the study was calculated by extrapolating the 

log plasma concentration versus time line back to zero time to estimate the theoretical 

plasma concentration at zero time (C0) and dividing C0 by the dose. Clearance following 

acute administration was calculated as Vd multiplied by Kel.  

 

Accumulation half-lives during continuous intravenous infusions of phenoxodiol were 

calculated as the time to achieve steady state plasma concentrations divided by 5. 
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Clearance (Cl) was calculated as the infusion rate of phenoxodiol divided by the plasma 

concentration at steady state (Css). 

 

The pharmacokinetic analysis was performed with the assistance of the Excel software 

plug-in program pkf (Joel Usansky, PhD, Atul Desai, MS, and Diane Tang-Liu, PhD, 

Department of Pharmacokinetics and Drug Metabolism, Allergan, Irvine, CA 92606, 

USA). The results are expressed as the mean values for the subject group along with 

standard deviations and ranges. 

 

5.3 Results 
5.3.1 Patients 

 

Six patients entered and completed Part 1 of the study. Six weeks or more after the first 

phase of the study, five of these patients entered and completed Part 2 of the study. One 

patient completed Part 1 of the study but it was decided on the advice of the patient’s 

oncologist not to include her in Part 2. The patients received the second administration 

of phenoxodiol in Part 2 of the study an average of 56 ± 21 days (range 41-98 days) 

following initial administration of the drug in Part 1 of the study. There were three 

males and three females enrolled in the study.  The mean age of the patients was 61.2 ± 

9.4 years, their mean weight was 75.3 ± 8.48 kg and their mean height was 

169.2 ±10.0 cm.  One patient smoked (5 cigarettes per day), three patients consumed 

between 10 and 30 g of alcohol per day and three patients did not regularly consume 

alcohol.  

 



  89

The three female patients had metastatic breast cancer and had a diagnosis of the 

primary malignancy 15, 7 and one year prior to the study. The three males had 

metastatic prostate cancer and two of these patients had a diagnosis of the primary 

malignancy 6 years prior to the study. The date of diagnosis of the primary malignancy 

for the remaining male was uncertain. The patients predominantly had bone metastases, 

although one male had a known hepatic metastasis.   Five of these patients (3 of the 

males and 2 of the females) participated in Part 2 of the study (including the patient with 

a known hepatic metastasis). One male patient also had a history of laryngectomy for 

malignant disease. One patient had bilateral leg edema and hepatic enlargement on 

physical examination. Clinical examination findings in the remaining patients were 

unremarkable.  

 

One patient had mild thrombocytopenia upon entry into the study but was included for 

analysis. Baseline hematology parameters were within normal limits for the remaining 

patients. Three patients had abnormal liver function tests at baseline. Two had serum 

alkaline phosphatase levels between three and five times the upper limit of normal, one 

had gamma glutamyl peptidase levels approximately nine times the upper limit of 

normal, and one had a gamma glutamyl peptidase level between one and two times the 

upper limit of normal. All six patients had normal renal function and normal serum 

electrolyte levels. 

 

5.3.2 Pharmacokinetics 

5.3.2.1 Part 1 – Bolus administration 

Summaries of the pharmacokinetic data for free and total phenoxodiol from the first part 

of the study are presented in Tables 3 and 4. Plasma concentration versus time plots for 
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free and total phenoxodiol following the single bolus intravenous infusion of 5 mg/kg in 

part one of the study are presented in Figures 15 and 16.  

Table 3. Pharmacokinetic parameters for free phenoxodiol following a single bolus dose 
of 5 mg/kg infused intravenously over 5 minutes. Kel is the elimination rate constant. 
T1/2 is the terminal half-life. AUC0-t is the area under the plasma concentration versus 
time curve measured to the last plasma sample. AUC0-inf is the area under the plasma 
concentration versus time curve extrapolated to infinity. Cl is the plasma clearance rate. 
Vd is the apparent volume of distribution. *The figures in parentheses are the estimated 
free phenoxodiol proportion for each patient, based on the calculation: free AUC0-inf 
x100 / total AUC0-inf. 
 
Patient Kel T1/2 (h) AUC0-t 

(μg.h/mL) 

AUC0-inf 

(μg.h/mL) 

Cl (L/h) Vd (L/kg) 

1 1.25 0.55 1.49 1.55 
(4.1%)* 

1.50 1.20 

2 2.42 0.28 0.40 0.40 
(1.2%) 

7.01 2.90 

3 1.59 0.43 1.04 1.05 
(13.2%) 

2.22 1.40 

4 1.24 0.56 1.65 1.66 (10.3) 1.24 1.00 
5 0.39 1.74 2.59 2.59 (11.3) 0.46 1.17 
6 1.54 0.45 1.21 1.22 

(11.8%) 
2.46 1.60 

Mean  ±  
SD 

1.41 ± 
0.66 

0.67 ± 
0.53 

1.40 ± 
0.73 

1.41 ± 
0.73 
(8.7%) 

2.48 ± 
2.33 

1.55 ± 
0.69 

 

 
Table 4. Pharmacokinetic parameters for total phenoxodiol following a single bolus 
dose of 5 mg/kg infused intravenously over 5 minutes. Abbreviations are the same as 
for Table 3. 
Patient Kel T1/2 (h) AUC0-t (μg.h/mL) AUC0-inf (μg.h/mL) Cl (L/h) Vd (L/kg)

1 0.21 3.33 27.10 37.76 0.06 0.31 

2 0.25 2.71 33.47 34.64 0.05 0.21 

3 0.37 1.85 7.45 7.93 0.29 0.80 

4 0.29 2.32 14.19 16.13 0.15 0.50 

5 0.35 1.98 21.12 22.83 0.15 0.45 

6 0.09 6.98 10.37 10.37 0.16 1.60 

Mean  ±  SD 0.26 ± 

0.10 

3.19 ± 

1.93 

18.93 ± 

10.11 

21.61 ± 

12.45 

0.15 ± 

0.08 

0.64 ± 

0.51 
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Figure 15. Free phenoxodiol levels following the intravenous administration of 5 mg/kg 
of phenoxodiol over 5 minutes in Part 1 of the study. 
 

 
 
Figure 16. Total phenoxodiol levels following the intravenous administration of 5 
mg/kg of phenoxodiol over 5 minutes in Part 1of the study. 
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Linear regression of log plasma concentration versus time plots indicated that 

phenoxodiol appeared to follow first order kinetics in all patients (that is, a single phase 

of elimination from plasma). This was the case for both free and total phenoxodiol. 

Total phenoxodiol had a longer plasma elimination half-life than free phenoxodiol, but 

both were relatively short (mean values 0.67 ± 0.53 h and 3.19 ± 1.93 h respectively). 

These short half-lives were associated with relatively high mean total plasma clearance 

rates of 2.48 ± 2.33 L/h and 0.15 ± 0.08 L/h respectively. 

 

The apparent volumes of distribution at steady state for free and total phenoxodiol were 

relatively low (1.55 ± 0.69 L/kg and 0.64 ± 0.51 L/kg for free and total phenoxodiol 

respectively) and total phenoxodiol had a lower volume of distribution than free 

phenoxodiol. The area under the plasma concentration versus time curves for total 

phenoxodiol following the bolus intravenous dose in Part 1 of the study was 

approximately 15 times greater than for free phenoxodiol.  

 

5.3.2.2 Part 2 – Prolonged intravenous infusion 

Summaries of the pharmacokinetic data for free and total phenoxodiol from the 5 

patients who completed the second phase of the study are presented in Tables 5 and 6. 

Plasma concentration versus time plots for free and total phenoxodiol following the 

continuous intravenous infusion of 2 mg/kg in phase two of the study are presented in 

Figures 17 and 18.  
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Table 5. Pharmacokinetic parameters for free phenoxodiol infused at a dose of 2 
mg/kg/h in Part 2 of the study.  Css is the plasma concentration at steady state. Time to 
steady state (ss) is the time taken to reach Css. Acc T1/2 is the accumulation half-life. Cl 
is the plasma clearance rate.  
 
 
 
Patient 
 

Css (μg/mL) Time to ss (h) Acc T1/2 (h) Cl (L/h) 

1 0.92 0.67 0.13 1.08 
2 0.65 1.00 0.20 1.53 
4 0.77 1.00 0.20 1.28 
5 0.66 1.00 0.20 1.51 
6 0.96 0.67 0.13 1.03 

Mean ±  
SD 

0.79 ± 
 0.14 

0.87 ±  
0.18 

0.17 ± 
 0.04 

1.29 ± 
0.23 

 

 

 

 

Table 6. Pharmacokinetic parameters for total phenoxodiol infused at a dose of 2 
mg/kg/h in Part 2 of the study. Abbreviations are the same as for Table 3. * In patients 1 
and 2 the infusion was not continued long enough to reach steady state and the values 
calculated are therefore underestimates of the true results. 
 

Patient  Css (μg/mL) Time to ss (h) Acc T1/2 (h) Cl (L/h) 
1* 14.74 3.66 0.73 0.06 
2* 32.31 4.00 0.80 0.03 
4 13.33 2.00 0.40 0.07 
5 14.80 2.00 0.40 0.07 
6 12.04 2.33 0.47 0.08 

Mean ±  
SD 

17.45 ± 
 8.38  

2.78 ± 
 0.96 

0.56 ± 
 0.19 

0.06 ± 
 0.01 
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Figure 17. Mean plasma concentrations of free phenoxodiol during continuous 
intravenous infusion in Part 2 of the study. 

 
 
 
Figure 18. Mean plasma concentrations of total phenoxodiol during continuous 
intravenous infusion in Part 2 of the study. 
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Plasma levels of free phenoxodiol accumulated fairly rapidly with a mean accumulation 

half-life of 0.17 ± 0.04 hours. Plasma levels of total phenoxodiol accumulated at a 

relatively slower rate with a mean accumulation half-life of 2.78 ±0.96 hours. Steady 

state plasma levels of total phenoxodiol were more variable than steady state plasma 

levels of free phenoxodiol (Figures 17 and 18). The mean clearance rate for total 

phenoxodiol (0.06 ± 0.01 L/h) was lower than that of free phenoxodiol (1.29 ±0.23 L/h).  

In two of the patients (patient 1 and patient 2) the infusion did not appear to be 

continued long enough for total phenoxodiol to reach steady state plasma levels.  The 

final plasma concentration time point in these patients was used to estimate Css, 

accumulation half-life and clearance. However, the values calculated are likely to have 

underestimated the true measurements. 

 

5.3.3 Conjugation 

 

The degree of phenoxodiol conjugation is estimated at 92%, based on calculation of the 

proportion of free phenoxodiol AUC: total phenoxodiol AUC (mean 8.7%) from bolus 

administration. For each individual subject, estimated proportion of free phenoxodiol 

from the bolus data correlates very well with total phenoxodiol clearance as measured 

during continuous infusion (data not shown). 

 

5.3.4 Adverse events 

 

Two patients reported five adverse events during the two studies. One patient 

experienced 3 serious adverse events: hepatic metastasis, leg edema and 

thrombocytopenia. All of these problems had been present prior to the study but had 



  96

increased in severity during the study. They were considered to be due to disease 

progression and unrelated to the study medication. This patient died 7 days after 

completing Part 2 of the study. His death was considered to be due to progression of 

malignant disease and unrelated to the study medication. 

 

Another patient experienced two non-serious adverse events: groin pain and nausea. The 

groin pain occurred the day following the single dose of phenoxodiol in Part 1 of the 

study and was considered not to be related to the study medication. The episode of 

nausea occurred following the intravenous administration of phenoxodiol during Part 1 

of the study, was mild in intensity and was considered to be possibly related to study 

medication. The episode of nausea did not require intervention and resolved 

spontaneously. 

 

5.4 Discussion 
 

This first-in-human study of phenoxodiol investigated the pharmacokinetics of the drug 

given as a single intravenous bolus injection and as a single episode of continuous 

intravenous infusion in the same patients. Part 1 of the study investigated the effects of 

an intravenous bolus of phenoxodiol at a standardized dose of 5 mg/kg. Mean plasma 

levels of free phenoxodiol declined rapidly from an initial value of around 3 µg/mL 

with an apparent half-life of 0.67 h. The log-plasma concentration plot for each patient 

appeared linear (data not presented) suggesting first order pharmacokinetics. The 

clearance of free phenoxodiol was relatively high (2.48 L/h) and the volume of 

distribution was 1.55 L/kg, indicating distribution of the drug into a body compartment 

approximately 2.3 times the extracellular fluid volume. 
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Plasma levels of total phenoxodiol declined from an initial concentration of 

approximately 8µg/mL with an apparent half-life of 3.19 h. Similar to free phenoxodiol, 

the log-plasma concentration plot for each patient appeared linear (data not presented) 

suggesting first-order pharmacokinetics. The clearance of total phenoxodiol (0.15 L/h) 

was considerably lower than for free phenoxodiol. In contrast, the volume of 

distribution of total phenoxodiol (0.64 L/kg) was smaller than for free phenoxodiol. 

Plasma concentrations of total phenoxodiol were more variable than for free 

phenoxodiol. The ratio of AUC (free phenoxodiol): AUC (total phenoxodiol) was 0.087, 

indicating that >90% of the drug following an intravenous bolus was present in the 

conjugated form. Furthermore, the initial plasma concentrations of total phenoxodiol 

were approximately 2.7 times the initial plasma concentrations of free phenoxodiol. 

These observations are most likely due to rapid conjugation of phenoxodiol in the liver 

and a slower clearance of conjugated phenoxodiol. 

 

Part 2 of the study investigated the pharmacokinetics of a continuous infusion of 

phenoxodiol at a dose of 2 mg/kg. The duration of the infusion was planned to ensure 

that steady state levels of free pheonoxodiol were attained. The infusion was not 

continued long enough to ensure that steady state levels of total phenoxodiol were 

reached in all patients as it was considered that this would require a longer duration of 

study that would be potentially distressful for the patient volunteers. Plasma 

concentrations of free plasma phenoxodiol rose rapidly with an apparent accumulation 

half-life of 0.17 h. Although this appeared to be a little shorter than the half life 

estimated following the single intravenous bolus dose in Part 1 of the study, the results 

were more variable in Part 1 of the study. The plasma clearance calculated during the 
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continuous infusion (1.29 L/h) appeared a little lower than that calculated from Part 1 of 

the study, but the results were consistent with each other. Further, the degree of 

individual phenoxodiol conjugation estimated from the bolus part of the study 

correlated well with clearance measured in the continuous infusion part of the study. 

The mean plasma concentration of free phenoxodiol at steady state was approximately 

0.79 µg/mL. This is in the range that has been demonstrated to have anti-cancer effects 

in in vitro studies. 

  

Plasma concentrations of total phenoxodiol rose much more slowly than concentrations 

of free phenoxodiol during continuous infusion with an apparent half-life of 

accumulation of 0.65 h. This is shorter than the half-life of 3.19 h determined following 

a single intravenous bolus dose, but as two of the patients had not achieved steady state 

levels of total phenoxodiol the result calculated during the continuous infusion would 

have underestimated the correct value. Similarly, the plasma clearance calculated during 

the continuous infusion of phenoxodiol (0.06 L/h) would have underestimated the 

correct value and in part explained why it appeared lower than the value calculated 

following the single intravenous bolus injection.  

 

The results of this study indicate that phenoxodiol has a short half-life when given 

intravenously, particularly for the free form. Administration by continuous infusion or 

by chronic oral administration may be the optimal modes of administration if it is 

considered that constant plasma levels are desirable for anti-cancer therapy.  

 

The limitations of this study are that only a small number of patients with cancer were 

studied due to the fact that it was a first-in-human pharmacokinetic study of 
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phenoxodiol. In addition, the study examined only a limited dose range of phenoxodiol. 

It is not known whether the doses chosen were optimal nor whether the 

pharmacokinetics of phenoxodiol is truly linear. Furthermore, the effects of age and of 

renal or hepatic dysfunction on phenoxodiol pharmacokinetics are not known. Further 

studies are required to address these issues. 

 

Subsequent to this study, other Phase I trials have investigated phenoxodiol given on a 

repeated dose schedule (Choueiri et al, 2006; de Souza et al, 2006). Phenoxodiol was 

prepared in a different (cyclodextrin) carrier in these studies, which may explain the 

different pharmacokinetic properties noted.  In particular, clearance of phenoxodiol is 

higher (around 82 mL/min) and half-life is longer (around 300 mins) than in this study. 

Other than the different preparation, other possible explanations include the tight control 

of diet, caffeine and smoking in this study, whereas conditions were not stated in the 

other studies. 

 

In summary, this study has demonstrated that free and total phenoxodiol have relatively 

short plasma half-lives when administered intravenously. The drug displays linear 

pharmacokinetics at the doses studied and has a relatively small volume of distribution. 
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6. Phase I and pharmacokinetic study of weekly phenoxodiol 

in patients with cancer. 

 

6.1 Introduction 
 

Phenoxodiol is a synthetic compound based on the diphenolic (isoflavonoid) ring 

structure.  Recently, it was granted Fast Track status by the Federal Drug 

Administration, USA, (FDA) in its development as a chemo-sensitiser for platinums and 

taxanes for the treatment of recurrent ovarian cancer.  The main mechanism of action of 

phenoxodiol appears to be related to Akt and FAS mediated signaling through inhibition 

of anti-apoptotic factors (Kamsteeg et al, 2003), resulting in either apoptosis or potential 

reversal of drug-mediated resistance.  Other supplementary mechanisms of action 

involving down-regulation of sphingosine kinase or toposisomerase II are also possibly 

relevant (Constantinou & Husband, 2002).  Phenoxodiol shows broad activity against 

human cancer cells, inducing mitotic arrest (G1 phase of mitosis), terminal 

differentiation, and apoptosis; phenoxodiol also is a weak estrogen, and is an inhibitor 

of the androgen-associated enzymes 5-α-reductase and 17β-hydroxysteroid 

dehydrogenase (Novogen Research Pty Ltd, 2000). Recently, induction of p21 WAF1/CIF1 

by phenoxodiol and subsequent specific cdk2 inhibition was shown for HN12 cell lines 

(Aguero et al, 2005). 

 

We, and others, have previously shown that phenoxodiol has activity against a variety 

of human cancer cell lines.  The concentration required to inhibit by 50% the growth of 
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PC3 and DU145 prostate cancer cells (IC50) in vitro was 3-5 µM (McPherson et al, 

2009).  The IC50 was 1.5, 1.5,  4.5, and 15.0 µM in HL60 leukemia, MCF7 breast, 

H460 NSCLC, and HT29 colon cancer cell lines, respectively (Novogen Research Pty 

Ltd, 2000). Phenoxodiol administered orally once daily for 18 days or intraperitoneally 

three times weekly for 21 days to athymic mice bearing xenografts of prostate cancer 

cells (DU145, PC3) or ovarian cancer cells (A2780) resulted in a significant inhibition 

of tumor growth (Novogen Research Pty Ltd, 2000; Kamsteeg et al, 2003).  In mice, 

intravenously-administered phenoxodiol is subject to extensive conjugation 

(glucuronidation and sulfation) (Novogen Research Pty Ltd, 2000).  As with steroidal 

hormones, bio-activation of the drug follows deconjugation by glucuronidases and 

sulfatases within target tissues.  In rats, no toxicity by way of histological changes in a 

variety of organs, hematological, or serum biochemical abnormalities was associated 

with the intravenous dosage form.  However, functional toxicity such as subdued 

behaviour, reduced activity, loss of balance, and head tremors, was noted at the highest 

doses.  The maximum tolerated dose (MTD) by repeated (daily for 5 consecutive days) 

bolus injection in rats was 80 mg/kg (Novogen Research Pty Ltd, 2000).  When 

phenoxodiol was delivered by continuous intravenous injection for 28 days, the MTD 

was determined to be 20 mg/kg/24-hr on the basis of reversible, moderate 

nephrotoxicity that was also observed in the vehicle (hydroxypropyl-β-cyclodextrin) 

control group. 

 

Flavonoids, and in particular, flavopiridol (Senderowicz et al, 1998; Schwartz et al, 

2002; Tan et al, 2002; Kouroukis et al, 2003), have attracted much interest recently, as 

they represent new agents active against specific cellular targets, targeting key signaling 

pathways such as cell cycle regulation that are critical to cell growth and survival.  
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Inhibition of Akt has also attracted much interest as Akt is a mediator of the effects of 

multiple genetic abnormalities including PTEN deletion, bcr-abl translocation, Her2-neu 

amplification and EGFR overexpression (Thompson & Thompson, 2004).  Rapamycin 

is an inhibitor of the downstream effector of Akt, mTOR, and analogues are currently 

undergoing clinical trials. 

 

On the basis of the preclinical properties of phenoxodiol, we performed a Phase I dose-

escalation trial in patients with advanced cancer with the aim of determining a 

recommended Phase II dose based on a target concentration commensurate with active 

in vitro doses. 

 

6.2 Patients and Methods 
6.2.1 Patients 

 

Patients were eligible for the study if they had refused standard therapy or had failed at 

least one standard systemic treatment regimen for their malignancy, were ≥18 years of 

age, had Eastern Cooperative Group (ECOG) Performance Status of 0-2, and a life 

expectancy of at least 3 months.  Adequate organ function was required, including 

neutrophil count (ANC) ≥1.5x109/L, platelet count ≥100x109/L, Hemoglobin (Hb) 

≥10.0 g/dL for men and ≥9.0g /dL for women, serum creatinine < 0.12 mmol/L, and 

transaminases (AST/ALT) levels <5 times the upper limit of normal.  Patients were 

ineligible if they had more than 25% of hemopoietic bone marrow previously irradiated, 

active infection, or active, untreated central nervous system (CNS) metastases.  No 

investigational agent or chemotherapy was allowed within at least 3 weeks of study 

entry (6 weeks for nitrosureas or mitomycin C), and patients must have recovered from 
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previous side effects.  All patients gave written informed consent, and the protocol was 

approved by the South Eastern Area Health Service Ethics Committee (St George 

Hospital).  The trial was conducted in accordance with the Declaration of Helsinki 

(2000). 

 

6.2.2 Dose escalation 

 

Acute Dose Limiting Toxicity (DLT) within the first 4 weeks of treatment was defined 

as any of Grade 4 neutropenia lasting >7 days with or without colony stimulating factor 

support, febrile neutropenia, Grade 4 thrombocytopenia, Grade 2 or worse CNS 

neurotoxicity, or Grade 3/4 non-hematologic toxicity with the exception of alopecia, 

nausea or vomiting. 

 

The starting dose of phenoxodiol, 5 mg/kg weekly as a 1-hour intravenous infusion, was 

one-tenth of the dose (50 mg/kg) that caused subdued behaviour in rats in preclinical 

studies (Novogen Research Pty Ltd, 2000).  Previous preliminary pharmacokinetic data 

in patients with advanced malignancies had established that a single dose of 5 mg/kg 

had produced phenoxodiol concentrations that were compatible with in vitro activity, 

and mild nausea was the only reported adverse event (Howes JB et al, submitted for 

publication).  In view of the potential for cumulative toxicity, however, lower doses 

were studied in single patient cohorts (1 mg/kg and 2.5 mg/kg) to observe toxicity for at 

least 6 weeks prior to the main starting dose level (5 mg/kg).  For this and subsequent 

dose levels, a minimum of three patients was studied unless DLT was observed.  If there 

was no DLT among the first three patients entered at a given dose level at the end of 3 

weeks, three more patients were recruited for the next highest dose level.  If a DLT was 
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observed in any of the three patients at any dose level, we planned to enter three more 

patients at the same dose level.  If a second patient experienced DLT then dose 

escalation stopped.  The MTD was defined as the dose level below the level that 

produced DLT in ≥33% of patients.  The recommended Phase II dose was defined as 

either the MTD or a dose commensurate with maximum plasma concentrations above 

the IC50. The in vitro IC50 concentrations were thought to be more clinically relevant 

because pharmacokinetic assessments in vivo had been performed in single dose studies 

only in rats. 

 

6.2.3 Drug administration 

 

Phenoxodiol was supplied by Novogen Pty Ltd (Australia) in glass vials at a 

concentration of 15 mg/mL suspended in hydroxypropyl-β-cyclodextrin (HPBCD) in 

isotonic saline.  The stock solution was diluted in normal saline to approximately 5 

mg/mL and the resulting solution was administered via an infusion pump over 20 

minutes through a peripheral intravenous cannula.  At dose levels greater than 15 

mg/kg, duration of infusion was increased to 2 hours to reduce pain at the site of 

infusion.  Phenoxodiol was administered weekly, based on preclinical data in mice.  We 

assigned a treatment period of 4 weeks as equivalent to one “cycle”, in order to assess 

acute toxicity within a reasonable time frame. 

 

6.2.4 Pretreatment and follow-up investigations 

 

Prior to the start of treatment, a medical history, physical examination, chest X-ray, 

ECG, vital signs, ECOG performance status, full blood count including differential, 
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serum biochemistry (electrolytes, urea, creatinine, liver function tests, calcium, 

phosphate, random blood sugar), prothrombin time (PT), activated partial 

thromboplastin time (APTT) and fibrinogen were performed.  Males and females also 

had testosterone, FSH, LH, and estradiol, FSH, and LH measured, respectively.  

Laboratory testing was performed using standard techniques by the South Eastern Area 

Laboratory Service (SEALS).  Glomerular Filtration Rate (GFR) was estimated using 

the Cockcroft–Gault method and by isotope scanning.  A calculated GFR using the 

Cockcroft–Gault method was required at weeks 5 and 9 during treatment.  Tumor size 

was assessed by radiological imaging. PSA or other tumor markers (where appropriate) 

were performed every week for the first cycle, then every 2 weeks thereafter.  Male and 

female sex hormones (as for baseline) were performed monthly, along with fibrinogen, 

APTT and PT.  ECOG performance status was assessed at the beginning of each cycle.  

For patients who had measurable disease, repeated radiological assessment of 

measurable and evaluable disease occurred at 6 weeks and 12 weeks during therapy.  

Patients who responded to treatment without toxicity at the end of 12 weeks were 

offered continuing treatment for a total of 24 weeks. 

 

6.2.5 Toxicity assessment 

 

Toxicity was graded using the NCI Common Toxicity Criteria, version 2.0.  Toxicity 

assessment, physical examination and measurement of vital signs were carried out 

weekly in the first cycle, then once every cycle thereafter. 

 

6.2.6 Pharmacokinetic studies 
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During and after the first infusion of phenoxodiol, plasma samples were taken at time 0 

(0-5 minutes prior to infusion), at 20 minutes (just before termination of infusion), then 

at 30, 40, 60, 90, 120, 150, 180, 240 and 360 minutes for the measurement of free and 

conjugated phenoxodiol concentrations.  Pharmacokinetic measurements were 

performed on day 1 of cycle 1.  Plasma samples were centrifuged at the bedside and 

stored at -200C prior to analysis.  Pharmacokinetic parameters were derived using 

compartmental methods with Win Nonlin statistical software (Pharsight corporation, 

NC, USA). 

 

6.2.7 Phenoxodiol assay methods 

 

Plasma phenoxodiol assays were performed at Novogen Research Laboratories, Sydney, 

Australia.  Free phenoxodiol was assayed using an HPLC-UV method and the total 

phenoxodiol was assayed using an LC-MS (ESI-MRM) method, following incubation 

with ß-glucuronidase.  Both methods are validated but are not published.  For the 

HPLC-UV method, the calibration curve was linear in the range of 0.25 µg/mL to 10 

µg/mL with a correlation coefficient (R2) >0.994.  The lower limit of quantitation 

(LOQ) for phenoxodiol was 0.25 µg/mL.  Recovery of phenoxodiol was >71% at low 

(0.25 µg/mL), medium (1 µg/mL) and high (10 µg/mL) concentrations.  The intra-day 

accuracy was in the range of 86.2 to 107% and the inter-day accuracy was in the range 

of 94.5 to 107% at all concentrations.  For the LC-MS method, the calibration curve was 

a polynomial curve in the range of 0.025 µg/mL to 20 µg/mL with correlation 

coefficient (R2) >0.992.  The lower limit of quantitation (LOQ) for phenoxodiol was 

0.025 µg/mL by this assay.  Recovery of phenoxodiol was >93% at low (0.063 µg/mL), 
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medium (5 µg/mL) and high (15 µg/mL) concentrations.  The inter-day accuracy was in 

the range of 97 to 108% at all concentrations. 

 

6.2.8 Statistical analysis 

 

All results are expressed as the mean ± standard deviation (SD) except where the 

median and range are presented. 

 

6.3 Results 
6.3.1 General 

 

Twenty–one patients were enrolled over a 15 month period.  Patient characteristics are 

listed in Table 1.  The median age was 61 (range 25-84) and there were 16 males.  Most 

patients had performance status of ECOG 1-2, and there were a variety of cancers 

represented.  All patients but two had received prior therapy (Table 7).  A total of 185 

infusions were administered with a median of 7 and range of 2 to 24 infusions. 

 

Table 7. Patient characteristics. Abbreviations:  NSCLC, non-small cell lung cancer; 
ECOG, Eastern Co-operative Oncology Group. 
 
Characteristics Number of Patients 
Total 21 
Age, years  
   Median 61 
   Range 25-84 
Gender  
   Male 16 
   Female 5 
Performance status, ECOG  
   0 8 
   1 11 
   2 2 
Tumor type  
   Kidney 2 
   Prostate 8 
   Melanoma 1 
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   Head and neck 3 
   Pancreas 3 
   Breast 1 
   NSCLC 2 
   Leiomyosarcoma 1 
Number of previous treatments  
0 2 
1 10 
2 7 
3 1 
Baseline weight, kg  
   Mean 73 
   Range 46-96 
 

 

6.3.2 Dose escalation 

 

The dose escalation scheme is summarized in Table 8.  No DLT was seen during the 

first cycle.  However, DLT was later encountered in two patients during cycle 2.  Both 

were considered possibly related to the drug, but did not recur during cycle 3 despite 

continuation of treatment.  The MTD was not reached by the 30 mg/kg dose level and 

the trial was terminated early because difficulty in dissolving higher concentrations of 

the drug precluded further dose escalation. 

 

Table 8. Dose level cohorts and patient outcome. 

Dose level Dose 
(mg/kg) 

Mean dose  
(mg/m2) per 
cycle 

No. of 
patients 

No. of 
patients 
completing 
12 weeks 

No. of 
patients with 
DLT 

-2 1 - 1 1/1 1 
-1 2.5 - 1 0/1 0 
0 5 197 3 1/3 1 
1 10 413 3 1/3 0 
2 15 564 3 3/3 0 
3 20 767 4 1/4 0 
4 25 902 3 0/3 0 
5 30 1216 3 1/3 0 
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6.3.3 Hematologic toxicities 

 

Lymphocytopenia was the most consistent hematologic toxicity noted (Tables 9 & 10), 

although this did not lead to any apparent clinical problems.  Lymphocytopenia did not 

correlate with increasing dose levels, and did not correspond to increasing duration of 

therapy.  Other hematologic toxicity was very mild, with fewer than 10% of patients 

experiencing Grade 2 or worse anemia, thrombocytopenia, or leucopenia. 

 

Table 9. Overall worst NCI CTC toxicity (any toxicity, any grade, all cycles). 

Dose 
cohort 
mg/kg 

Grade 2 Grade 3 Toxicity 

1   Hyperbilirubinemia 
2.5 1/1   Nausea 
5 1/3  ALP 
10  2/3 Lymphocytopenia 
15  3/3 Lymphocytopenia 
20  1/3 Lymphocytopenia 
25  1/3 Lymphocytopenia 
30  2/3 Lymphocytopenia 

 

Table 10. Worst NCI CTC hematologic toxicity per patient, all cycles. 

Toxicity Grade 1 Grade 2 Grade 3 
Hemoglobin 6/21 1/21  
WBC 3/21 2/21  
Neutrophils 1/21 1/21  
Lymphocytes 1/21 9/21 9/21 
Platelets 5/21   
 

6.3.4 Non-hematologic toxicities 

 

One patient developed isolated, asymptomatic, Grade 2 hyperbilirubinemia, peaking 

during cycle 2 at the 1 mg/kg dose level of phenoxodiol.  His pre-study bilirubin was 

slightly elevated and did not increase above 34 μmol/L, despite continued treatment 
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with phenoxodiol.  After cessation of phenoxodiol, the patient’s bilirubin levels 

remained slightly above normal.  The only other DLT was the development of a Grade 2 

mood disorder (depression) in one patient at the 5 mg/kg dose level during cycle 2 that 

responded promptly to an antidepressant.  Two patients experienced hypersensitivity 

reactions after several infusions.  The first discontinued treatment after sudden onset of 

flushing, back pain and a transient (48 hour) Grade 3 thrombocytopenia.  The second 

was able to continue treatment with steroid and anti-histamine pre-medication.  One 

death due to progressive disease occurred during the study.  Other non–hematologic 

toxicities were mild (Table 11).  GFR calculated by the Cockcroft–Gault formula did 

not change during the study. 

 

Table 11. Worst NCI CTC non–hematologic toxicity per patient, all cycles. 

Toxicity Grade 1 Grade 2 Grade 3 
Infections 1/21   
Fever (no infection) 2/21   
Nausea/vomiting 9/21 1/21  
Constipation    
Diarrhea 3/21   
Stomatitis    
Pulmonary 1/21   
Cardiac    
Hypotension 1/21   
Neurosensory 1/21   
Neuro-mood  1/21  
Neuro-headache 2/21   
Alopecia    
Skin 1/21   
Local site reaction 2/21   
Weight gain/loss 1/21   
Allergy 1/21   
Laboratory     
   alkaline phosphatase 6/21 2/21  

   Transaminases 6/21   
   Creatinine 3/21   

   Bilirubin   1/21 
   Proteinuria    
   Hematuria    
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6.3.5 Responses 

 

Eighteen patients were evaluable for response.  No objective responses were seen.  Ten 

patients had stable disease of at least 6 weeks duration, and eight patients had 

progressive disease.  Eight patients were able to complete 3 cycles of treatment (12 

weeks), and two of these completed 24 weeks of treatment (including one patient with 

renal cell cancer). 

 

6.3.6 Pharmacokinetics 

 

Data from cycle 1 in 15 patients were used to determine pharmacokinetic parameters 

(Table 12); the remaining 3 patients had insufficient blood draws to estimate 

pharmacokinetic parameters.  Only total phenoxodiol was analysed because “free” 

phenoxodiol concentrations were only just above the limit of quantitation, and are 

therefore considered unreliable (data not shown).  Phenoxodiol reached a mean 

maximum concentration (Cmax) of 88.7 µg/mL (±25) (= 369 µM) in the highest dose 

cohort (30 mg/kg) at the end of the infusion.  The mean volume of distribution (VD) was 

32663mL (± 7199).  Phenoxodiol was rapidly eliminated with a mean clearance of 82 

mL/min (± 19) and a mean half-life of 304 min (±91).  The area under the concentration 

x time curve (AUC) for total phenoxodiol increased linearly with dose (Figure 19) and 

is described by the equation y=5.08x + 2510 (R2=0.69). Figure 20 shows persistent 

levels of phenoxodiol at least 6 hours after a bolus dose for each patient, with a general 

trend towards higher concentrations in higher dose cohorts. 
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Figure 19. Dose (mg) plotted against AUC (min*µg/mL). Equation for line of best fit is 
described as y=5.08x + 2510 (R2=0.69). 
 

 

 

 

Figure 20. Total phenoxodiol (NV06) concentrations (μg/mL) expressed on a 
logarithmic scale, plotted over at least 6 hours for each of 16 patients. 
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Table 12.  Pharmacokinetic parameters for total phenoxodiol (Mean and SD for all 

figures). 

Dose 
cohort 
(mg/kg) 

N 
Cmax 
(µg/mL) 

AUC 0-∞ 
(min*µg/mL) 

AUC 
 

VD (mL) 
CL 
(mL/min) 

T1/2 
(min) 

5 3 17.5 ± 1.6 7218 ± 2923 
37 23621 ± 

10027 58 ± 36  
313 ± 79 

10 3 29.4 ± 4.5 11316 ± 3363 
40 36686 ± 

8295 78 ± 31 
366 ± 161 

15 1 42.9 16266 
43 

33924 74 
317 

20 3 46.7 ± 20.2 21450 ± 12852 
52 42505 ± 

20219 76 ± 34 
419 ± 204 

25 3 59.5 ± 14.2 15256 ± 479 
36 34323 ± 

6731 98 ± 26 
254 ± 89 

30 2 88.7 ± 25 23039 ± 2249 
28 24918 ± 

1692 111 ± 19 
156 ± 16 

Mean    
 32663 ± 

7199 82 ± 19 
304 ± 91 

 

 

6.4 Discussion 
 

Our Phase I trial demonstrates that phenoxodiol was well tolerated in a weekly 

treatment schedule.  Lymphocytopenia was the main hematologic toxicity seen, 

although low-grade neutropenia, anemia and thrombocytopenia occasionally occurred 

(Table 10).  Only three patients developed Grade 1 diarrhea, whereas flavopiridol, a 

flavonoid currently under investigation, appears to be associated with dose limiting 

diarrhea (Schwartz et al, 2002; Tan et al, 2002).  On the other hand, lymphocytopenia 

was relatively uncommon in the Phase I study of flavopiridol.  No thromboembolic 

complications were observed in our study, in contrast to flavopiridol.  Two patients in 

our study developed hypersensitivity reactions, one of whom also developed associated 

back pain.  The cause of these reactions is unclear, but may be similar to the pro-

inflammatory phenomena postulated for flavopiridol.  Alternatively, they may be a side 

effect of the hydroxypropyl-β-cyclodextrin carrier, which is known to be a vascular 
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irritant, and can cause vacuolation of renal cells in rabbits (Irie et al, 1992) and distress 

and pulmonary edema in other species (Carpenter et al, 1995).  One patient in our study 

had isolated hyperbilirubinemia, which we attributed to pre-existing Gilbert’s syndrome 

on the basis of an elevated pre-treatment and post-treatment bilirubin.  

Hyperbilirubinemia had been previously reported with flavopiridol (Tan et al, 2002), so 

it is possible that the same proposed mechanism of a shared glucuronidation pathway is 

also relevant for phenoxodiol, at least for this patient.  Overall, however, the toxicity 

profile of phenoxodiol appears to be quite different from that of flavopiridol.  The MTD 

was not reached with this treatment schedule because of the difficulty in dissolving the 

drug at concentrations higher than 30 mg/kg and the practical limitations on the volume 

of drug able to be delivered.  

 

Preclinical studies with phenoxodiol have established that the anti-tumor effect of the 

drug is proportional to its duration of contact with the tumor cells (Novogen Research 

Pty Ltd, 2000), an effect consistent with the known biochemical effects of phenoxodiol 

in down-regulating the phosphorylation of anti-apoptotic proteins (Kamsteeg et al, 

2003).  The pulsatile treatment regimen used in our study, therefore, was selected as a 

starting point for toxicity profiling rather than for efficacy, and, not surprisingly, we did 

not see any objective tumor responses with this weekly schedule.  Nevertheless, several 

patients did show stable tumor marker levels during treatment, including one man with 

androgen independent prostate cancer who had failed two prior hormone regimens and 

who had rising PSA levels prior to treatment with phenoxodiol.  Also, one patient with 

estrogen receptor positive breast cancer treated at the 20 mg/kg dose level, and who 

previously had been treated with three chemotherapy regimens including an 
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anthracycline-based regimen and docetaxel, was able to complete 12 weeks of treatment 

with stable CA15.3 levels. 

 

Flavopiridol has been studied in Phase I trials by continuous infusion (Senderowicz et 

al, 1998) and by daily 1-hour infusions for 3 days (Tan et al, 2002).  In the one hour 

infusion study, neutropenia was the DLT and peak concentrations achieved appeared to 

approximate peak concentrations in preclinical models associated with significant tumor 

regressions.  When flavopiridol was combined with paclitaxel in a Phase I study, 

however (Schwartz et al, 2002), an increase in clearance between the 80 mg/m2 and 94 

mg/m2 dose levels was seen.  The authors ruled out an interaction with paclitaxel, and 

postulated that enterohepatic circulation of the compound was occurring, but did not 

find evidence of a post–infusion spike in concentration.  In our study, evidence of such 

a spike with phenoxodiol was not found, though the dominant form of phenoxodiol is 

conjugated.  This may be the more important and bioavailable form of phenoxodiol as 

“free” phenoxodiol concentrations were only just above the limits of detection (data not 

shown), and perhaps bound up with the cyclodextrin carrier.  Experiments to clarify this 

possibility are underway. The low concentrations of free phenoxodiol and its high 

protein binding may also confound the relationship between the lack of responses and 

the apparently broad activity of relatively low in vitro phenoxodiol concentrations. 

Since relevant pharmacodynamic or surrogate markers were not available at the time of 

the study, we cannot categorically state that phenoxodiol at concentrations achieved by 

weekly intravenous bolus infusions is having a significant biological effect. 

 

The clinical utility of phenoxodiol is most likely to lie with its effect on apoptosis and 

potential reversal of drug resistance.  Subsequent results from a Phase Ib/IIa trial in 
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ovarian cancer have provided preliminary evidence of a striking reversal of paclitaxel 

resistance in women treated more intensely than a weekly schedule (Wilkinson, 2004).  

Further, in vitro evidence suggests that docetaxel resistance in ovarian cancer cell lines 

may be mediated by XIAP, and that this may be overcome by pretreatment with 

phenoxodiol (Sapi et al, 2004). The priority, therefore, is to achieve a biologically 

effective concentration over a sustained period of time rather than the maximum 

tolerated dose.  The plasma concentrations achieved in this study are well above those 

required to achieve cytotoxicity in vitro and inhibit Akt (Kamsteeg et al, 2003; 

McPherson et al, 2009), though the duration of exposure is perhaps insufficient to 

mimic in vitro conditions over a 24hr period (Figure 20).  Studies to better characterize 

its mechanism of action, to correlate pharmacokinetics with pharmacodynamic 

parameters of Akt inhibition and to explore its combination with standard cytotoxic 

agents are underway. 

 

In conclusion, phenoxodiol is a novel isoflavone that is well tolerated in a weekly 

intravenous schedule.  Its main side effects are mild nausea, asymptomatic 

lymphocytopenia, and mildly raised alkaline phosphatase levels.  Concentrations 

required for cytotoxicity and inhibition of Akt can be achieved without significant 

toxicity. 
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7. Phase I and bioavailability study of oral phenoxodiol in 

combination with either cisplatin or carboplatin in patients 

with advanced cancer 

 

7.1 Introduction 
 

Phenoxodiol is currently being studied in a Phase III clinical trial in patients with 

ovarian cancer (see https:/clinicaltrials.gov).  Like genistein, it has a number of potential 

mechanisms of action. Disruption of Akt-mediated activation of FAS signaling through 

inhibition of anti-apoptotic factors appears to be an important mechanism (Kamsteeg et 

al, 2003; Sapi et al, 2004), leading to reversal of drug-mediated resistance and 

ultimately apoptosis.  Other mechanisms of action involving down-regulation of 

sphingosine kinase or toposisomerase II are also possibly relevant (Constantinou & 

Husband, 2002).  Phenoxodiol also induces p21 WAF1/CIF1 and subsequently cdk2 

inhibition (Aguero et al, 2005), thereby promoting G1 arrest. 

 

In vitro and in vivo studies in our laboratory show that the combination of phenoxodiol 

and cisplatin is synergistic in two prostate cancer cell lines (McPherson et al, 2009) and 

additive in a DU145 xenograft nude mouse model. We also performed a Phase I dose-

escalation trial in patients with advanced cancer with an intravenous formulation of 

phenoxodiol (de Souza et al, 2006). The short half-life of around 5 hours of this 

formulation may explain the lack of activity of the drug noted in this once weekly 

intravenous schedule. An oral formulation could allow a more chronic dosing schedule, 
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and potentially superior exposure of cancer cells to compound. An essential part of the 

current study was therefore an oral bioavailability assessment of this oral phenoxodiol 

formulation. Our aim was to perform a Phase I trial of an oral formulation of 

phenoxodiol given in combination with either cisplatin or carboplatin. We wished to 

determine the Dose Limiting Toxicity (DLT) of the combination, determine the oral 

bioavailability of the oral formulation of phenoxodiol, and investigate the safety and 

tolerability of the combination regimen. 

 

7.2 Patients and Methods 
7.2.1 Patients 

 

Eligibility criteria were similar to those of our previous Phase I single agent 

phenoxodiol trial (de Souza et al, 2006). These included patients who had refused 

standard therapy or who had failed at least one standard chemotherapy regimen for their 

advanced cancer, were ≥18 years of age, and had life expectancy of at least 3 months.  

Other criteria included neutrophil count (ANC) ≥1.5x109/L, WBC ≥3.0x109/L, platelets 

≥100x109/L, Hb≥10.0 g/dL for men and ≥9.0 g/dL for women, serum creatinine < 0.15 

mmol/L together with calculated GFR >50 mL/min (Cockcroft-Gault method), and 

AST/ALT levels <5 times the upper limit of normal.  Patients were ineligible if they had 

active infection, or active, untreated CNS metastases.  No investigational agent or 

chemotherapy was allowed within at least 3 weeks of study entry (6 weeks for 

nitrosureas or mitomycin C), and patients must have recovered from previous side 

effects of prior chemotherapy. No breast cancer patients were allowed on this study, in 

view of the potential for the mildly estrogenic properties of phenoxodiol in vitro. 

Written informed consent was provided by all patients and the protocol was approved 
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by the South Eastern Area Health Service Ethics Committee (St George Hospital).  The 

trial was conducted in accordance with Good Clinical Practice (GCP) and the 

Declaration of Helsinki (2000). 

 

7.2.2 Dose escalation 

 

The starting dose of oral phenoxodiol was 50 mg every 8 hours. For the initial and 

subsequent dose levels (Table 2), a minimum of three patients treated with carboplatin 

and three treated with cisplatin (a total of 6 per phenoxodiol dose level) were studied 

unless dose limiting toxicity (DLT) was observed.  If there was no DLT among the first 

six patients entered at a given phenoxodiol dose level at the end of 3 weeks, six more 

patients were recruited for the next highest dose level, again split between carboplatin 

and cisplatin.  If a DLT was observed in any of the three patients treated with either 

cisplatin or carboplatin at any phenoxodiol dose level, we planned to enter three more 

patients at the same dose level.  If a second patient experienced DLT then dose 

escalation of oral phenoxodiol was stopped.  The Maximum Tolerated Dose (MTD) was 

defined as the dose level below the level that produced DLT in ≥33% of patients.  The 

recommended Phase II dose was defined as the MTD. 

 

7.2.3 Dose Limiting Toxicity 

 

Acute DLT was defined as any of the following: Grade 4 neutropenia lasting >5 days 

without fever; febrile neutropenia; Grade 3/4 thrombocytopenia with clinical evidence 

of bleeding; Grade 2 or worse non-hematologic toxicity or grade 3 / 4 hematologic 

toxicity that did not recover to Grade 1 or less within 21 days of halting treatment; or 
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Grade 3 / 4 non-hematologic toxicity with the exception of alopecia, nausea, vomiting, 

isolated hyperbilirubinemia or diarrhea not responding to standard agents. 

 

7.2.4 Treatment schedule 

 

Patients were assigned either cisplatin or carboplatin for the duration of their treatment 

at the discretion of their treating oncologist, without randomization or other systematic 

(eg. alternate) allocation. Cisplatin was given at a fixed dose of 50 mg/m2 intravenously 

on days 2 and 9 of each 3 week cycle, and carboplatin was given at a fixed dose of 

AUC=5 intravenously on day 2 of each 3 week cycle. There was no dose escalation of 

either cisplatin or carboplatin, but doses could be reduced for toxicity. Given our 

preclinical synergy studies, oral phenoxodiol was given for the first 10 days followed by 

11 days rest in each 21 day cycle, in order to allow for the possibility of enhanced 

toxicity with the combination schedule. Phenoxodiol was supplied by Novogen Pty Ltd 

(Sydney, Australia) in hydroxypropylmethylcellulose capsules containing 50 mg or 200 

mg phenoxodiol. 

 

7.2.5 Pretreatment and follow-up investigations 

 

During the screening period the following were recorded: medical history, physical 

examination, chest X-ray, ECG, vital signs, Karnofsky performance status, full blood 

count including differential, serum biochemistry (electrolytes, urea, creatinine, liver 

function tests, calcium, phosphate, random blood sugar), and serum pregnancy test 

where relevant. Written informed consent was obtained. Laboratory testing was 

performed by the South Eastern Area Laboratory Service (SEALS).  Glomerular 
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Filtration Rate (GFR) was estimated using the Cockcroft–Gault method at screening, 

then after every second cycle of treatment, and cisplatin or carboplatin dose was 

adjusted accordingly.  Tumor size was assessed by CT scans at baseline and after cycles 

3 and 6 of treatment in patients with measurable disease. Hematology (FBC) and serum 

biochemistry were performed weekly during cycle 1, then at mid-cycle and prior to day 

1 treatment at each cycle thereafter. Urinalysis and tumor markers (where appropriate) 

were performed once per cycle.  Karnofsky performance status was assessed at the 

beginning of each cycle.  

 

7.2.6 Toxicity assessment 

 

Toxicity was graded using the NCI Common Toxicity Criteria, version 2.0.  Toxicity 

assessment, physical examination and vital signs were carried out on days 9 and 16 in 

the first cycle, then once every cycle thereafter. 

 

7.2.7 Oral bioavailability and pharmacokinetic studies 

 

During the two days preceding Day 1, Cycle 1 treatment, patients were randomized to 

either an oral or intravenous formulation of a single test dose of 1000mg phenoxodiol 

for pharmacokinetic (PK) measurements to assess oral bioavailability.  For the first 14 

patients, PK assessments were performed on consecutive days, based on our previous 

data that suggested a short half-life. Following the discovery that phenoxodiol was still 

detectable by start of the second day however, the protocol was amended to reduce the 

single test dose to 400mg and allow a 3 day gap between pharmacokinetic assessments. 

On both days, blood was drawn for PK measurements at time 0 (just before oral or IV 
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dose), then at 15, 30, 45, 60, 120, 180, 240, and 1440 minutes. Patients assigned 

carboplatin also had plasma samples drawn on Day 2, Cycle 1 at time 0 (just before 

observed oral phenoxodiol dose), then at 15, 30, 45, 60, 120, 180, 240, and 1440 

minutes afterwards. The carboplatin infusion started around two hours after 

phenoxodiol and was administered over 1 hour. Patients assigned cisplatin had plasma 

samples drawn on Day 9, Cycle 1 at time 0 (just before observed oral phenoxodiol 

dose), and at 30, 50, 70, 90, 110, 130, 150, 180, 210, 240, and 1440 minutes afterwards. 

The cisplatin infusion commenced around 1 hour after the phenoxodiol dose, and was 

administered over 1 hour with the usual saline pre- and post-hyrdation.  Once days with 

PK measurements had concluded, patients were asked to take phenoxodiol 

approximately every 8 hours daily from days 1-10 every cycle. 

 

Plasma samples were centrifuged at the bedside and stored at -200C prior to analysis.  

Pharmacokinetic parameters were derived using non-compartmental methods with PK 

Solutions 2.0 (Summit Research Services, CO, USA). Oral bioavailability is defined as 

the ratio f = AUC (oral) / AUC (iv). 

 

7.2.8 Phenoxodiol assay methods 

 

Assays were performed at Novogen Research Laboratories, Sydney, Australia. The 

methodology was previously described (de Souza et al, 2006), and has been validated, 

but remains unpublished. In brief, free phenoxodiol was assayed using an HPLC-UV 

method and total phenoxodiol was assayed using an LC-MS (ESI-MRM) method, 

following incubation with ß-glucuronidase.  The lower limit of quantitation (LOQ) for 
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free phenoxodiol was 0.25 µg/mL whereas the lower limit of quantitation (LOQ) for 

total phenoxodiol was 0.025 µg/mL.  

 

7.2.9 Statistical analysis 

 

All results are expressed as the mean ± standard deviation (SD) except where the 

median and range are presented. 

 

7.3 Results 
7.3.1 General 

 

Twenty five patients were enrolled between April 2004 and July 2006.  Three other 

patients had been enrolled on this study, but were replaced for the following reasons: 

death from pulmonary embolus after randomization but prior to treatment, diagnosis of 

brain metastases on staging CT scans after enrolment but prior to treatment, personal 

decision to withdraw after enrolment but prior to treatment (see below). Patient 

characteristics are listed in Table 13. The median age was 65 (range 48 - 79) and there 

were 16 males.  Most patients had good Karnofsky performance status (90-100), and 

there were a variety of tumor histologies represented.  All patients but three had 

received prior chemotherapy and just over half had failed at least 2 prior chemotherapy 

regimens, indicating a heavily pre-treated population (Table 13).  A total of 99 cycles of 

phenoxodiol were administered and 10 patients completed all 6 planned cycles. 
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Table 13. Patient characteristics. Abbreviations:  NSCLC, non-small cell lung cancer. 
 
Characteristics Number of Patients 
Total 25 
Age, years  
   Median 65 
   Range 48-79 
Gender  
   Male 16 
   Female 9 
Performance status, KPS  
   100 12 
   90 7 
   80 4 
   70 2 
Tumor type  
   Ovary 6 
   Prostate 6 
   Renal 3 
   Melanoma 2 
   Leiomyosarcoma 2 
   Pancreas 2 
   Anal canal 1 
   Colorectal 1 
   NSCLC 1 
  Cholangiocarcinoma 1 
Number of previous chemotherapy regimens  
  0 3 
  1 9 
  2 5 
  3 3 
  ≥ 4 5 
Baseline weight, kg  
   Mean 73.2 
   Range 52 - 112 
 

 

7.3.2 Dose escalation 

 

The dose escalation scheme is summarized in Table 14.  No DLT was seen during the 

first 3 dose cohorts.  DLT was encountered in two patients in cohort 4 (800 mg 

phenoxodiol dose level) during Cycle 1 (see below). Both recovered without sequelae, 

and were classified as serious adverse events. The recommended Phase II dose was 

defined as the dose level below the MTD: 400 mg oral phenoxodiol every 8 hours (Day 
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1-10) together with either intravenous cisplatin (50 mg/m2 Day 2 and 9) or intravenous 

carboplatin (AUC=5 Day 2) in a 21 day cycle. 

 

Table 14. Dose level cohorts and patient outcome. DLTs were ventricular tachycardia in 
a patient with previously implanted defibrillator for ventricular tachycardia, and 
exacerbation of emphysema in a patient with a longstanding history of emphysema. 
 
Dose level Phenoxodiol 

Dose 
Mean dose  
(mg/m2) per 
cycle 

No. of 
patients 

No. of 
patients 
completing 6 
cycles 

No. of 
patients 
with DLT 

1 50mg 26.8 6 2/6 0 
2 100mg 56.9 6 2/6 0 
3 400mg 217 6 3/6 0 
4 800mg 446 7 3/7 2 
 

 

7.3.3 Hematologic toxicities 

 

As noted in our previous Phase I study (de Souza et al, 2006), lymphocytopenia was 

again a common adverse event in Cycle 1 as well as subsequent cycles (Tables 15 and 

16). However, no complications occurred, and there were no episodes of infection. In 

keeping with the co-administration of carboplatin or cisplatin, anemia was also 

common, though usually mild (Tables 15 & 16).  Lymphocytopenia occurred at all 

phenoxodiol dose levels. Other hematologic toxicity was mild, with fewer than 20% of 

patients experiencing Grade 2 or worse anemia, thrombocytopenia or leucopenia. 
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Table 15. Any toxicity, worst grade per patient during Cycle 1 (Denomimator n = 25). 
*One patient developed asymptomatic ventricular tachycardia, and *another patient was 
admitted with exacerbation of emphysema. Both were classified as serious adverse 
events, and as dose limiting toxicities. 
 

Toxicity Grade 1 Grade 2 Grade 3  Grade 4 
Laboratory     
Hemoglobin 7 2 1  
WBC 2 1   
Neutrophils 2    
Platelets 3    
Lymphocytes 5 9   
Creatinine 2    
Urea 1    
Alkaline phosphatase 5 1   
AST 3 1   
ALT 5    
GGT 6 2 2  
Albumin 2 4   
Hyperglycemia 16 1 1  
Hyperbilirubinemia 2    
Hyponatremia 3    
Hypokalemia 2  1  
Hypocalcemia 8 1   
     
     
Clinical     
Infections     
Fever (no infections) 2    
Anorexia 2 3   
Sweating 1    
Lethargy 7 3 2  
Nausea 6 1 1  
Loss of taste 2    
Vomiting 5    
Flatulence 1    
Reflux 2 1   
Constipation 6 4   
Diarrhea 4 2 1  
Pulmonary    1* 
Cardiac    1* 
Hypotension 1    
Hypertension 1  1  
Neurosensory 1    
Neuro-mood 2    
Neuro-headache 3    
Blurred vision 2    
Insomnia 1    
Skin rash 2    
Infusion site reaction 12    
Abdominal pain 4 1   
Hematuria 1    
Dysuria 1    
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Table 16. Numbers of patients with Grade 2-4 hematologic toxicity, Cycles 2-6 
(Denominator n = 25). 
 
Toxicity Grade 2 Grade 3 Grade 4 
Haemoglobin 7/25   
WBC 3/25 2/25  
Neutrophils 3/25 3/25  
Lymphocytes 9/25 3/25  
Platelets 2/25 4/25  
 

7.3.4 Non-hematologic toxicities 

 

Non-hematologic toxicities were varied (Table 16 for cycle 1 and Table 17 for cycles 2-

6), but generally mild to moderate. Two serious adverse events and dose limiting 

toxicities were encountered, both at the 800 mg phenoxodiol dose level. One patient 

with metastatic hormone refractory prostate cancer developed asymptomatic ventricular 

tachycardia during Cycle 1, but he had a history of ventricular tachycardia 12 months 

prior to study entry and had been previously treated with an implantable defibrillator. 

We thought that the combination of phenoxodiol and cisplatin was possibly related to 

the adverse event. The other DLT, also in the 800 mg phenoxodiol dose cohort, was 

noted in a patient with metastatic anal carcinoma who was admitted to hospital for 

exacerbation of his emphysema. We assessed phenoxodiol and carboplatin as unlikely 

to be related to this serious adverse event. Three patients had been enrolled onto the 

study but were withdrawn for various reasons: one patient with metastatic hormone 

refractory prostate cancer withdrew his consent prior to starting treatment; another was 

diagnosed with brain metastases during screening investigations prior to the start of 

treatment and therefore became ineligible; the final patient died suddenly after signing 

the consent form from a pulmonary embolus, prior to screening investigations. None of 

these patients was counted as part of the study; they were not assessable for toxicity, 

and were replaced by others. Other non–hematologic toxicities were generally 
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infrequent (Table 17).  GFR calculated by the Cockcroft–Gault formula fell by a mean 

of 22 mL/min in 8 patients, improved in 2 patients, whereas there was no change in 15 

patients during the entire study. 

 

Table 17. Numbers of patients with Grade 2-4 non–hematologic toxicity, Cycles 2-6 
(Denominator n = 25). 
 
Toxicity Grade 2 Grade 3 Grade 4 
Laboratory     
Creatinine / GFR 2   
Urea    
Alkaline phosphatase 1 1  
AST  1  
ALT    
GGT 4 2  
Albumin 7   
Hyperglycemia 8   
Hyperbilirubinemia    
Hyponatremia    
Hypokalemia  1  
Hypocalcemia 3 2  
Hypophosphatemia 2   
Hypomagnesemia  1  
Clinical    
Fever (no infections) 1   
Anorexia 2   
Lethargy 6 1  
Nausea 3   
Vomiting 2 1  
Reflux 1   
Constipation 4   
Diarrhea 1 2  
Hypotension 1 1  
Neuro-headache 2   
Skin rash 1   
Infusion site reaction 1   
Abdominal pain 2   
Ascites  2  
Back pain 3   

 

 

Of note were 18 patients who developed hyperglycemia (almost all Grade 1 only) 

during Cycle 1, of whom 7 had had prior elevated glucose levels at baseline. 

Hypocalcemia, hypoalbuminemia, lymphocytopenia, lethargy, and infusion site 

reactions were other relatively common adverse events, but most of these were mild, 
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and not unexpected with either carboplatin or cisplatin. One patient withdrew from the 

study after one cycle of treatment because of anxiety about possible side effects. 

 

7.3.5 Responses 

 

Three patients were unable to be evaluated because they had only one or part of one 

cycle of treatment. Seventeen patients had measurable disease, and five were evaluable 

for response by tumor marker only. Three patients, all with pre-treated ovarian cancer, 

had tumor marker responses to treatment. In one patient, CA125 normalised from 206 to 

14 (complete response), whereas in another patient, CA125 fell 30% (from 153 to 105) 

over 6 cycles, and in the third, there was an initial rise from 699 to 838 after one cycle 

of treatment, but by the third cycle, this had steadily fallen to 483 (31% reduction from 

baseline). In one patient with metastatic hormone refractory prostate cancer, PSA fell 

from 1690 to 940 after the third cycle (45% reduction). Eleven patients had stable 

disease for a median of 10 weeks (range 9-21 weeks), and 10 patients had progressive 

disease on study. 

 

7.3.6 Pharmacokinetics 

 

Data from Cycle 1 in 9 patients was used to determine pharmacokinetic parameters 

(Table 18).  Because persisting, but low, phenoxodiol concentrations could have 

complicated day 2 pharmacokinetic interpretation, no data from the first 14 patients will 

be considered here. Further, free phenoxodiol concentrations were inconsistently 

undetectable at varying time points for some patients after oral administration of 

phenoxodiol, making interpretation of pharmacokinetic data difficult. Only total 
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phenoxodiol concentrations are reported here unless otherwise stated. Phenoxodiol 

reached a mean maximum concentration (Cmax) of 2.5±0.8 µg/mL (= 10.5 µM) and 

18.4±3.5 µg/mL (= 77 µM) for the free and total forms, respectively, after a single 

intravenous dose of 400 mg. Mean Cmax was 5.6±2.5 µg/mL total phenoxodiol (= 23.5 

µM) after a single oral dose of 400 mg.  The mean volume of distribution (VD) was 

15661mL (± 11189) for intravenous phenoxodiol, and 98990 mL (± 53130) for oral 

phenoxodiol.  Phenoxodiol was rapidly eliminated with a mean clearance of 1637 mL/hr 

(±1321) and 2511 mL/hr (±1831) following intravenous and oral administration, 

respectively. Oral bioavailability of phenoxodiol is estimated to be 17.5% (f = 287 µg-

hr/mL divided by 1637 µg-hr/mL, from Table 18). In general, very wide inter-patient 

variability in pharmacokinetic parameters was noted. 

 

Table 18. Pharmacokinetic parameters for 9 patients randomised to a single dose of 
phenoxodiol 400 mg intravenously or orally on Day-7 and the alternate route 
administered on Day-4. (Mean ± SD for all figures). 
 

Phenoxodiol Cmax 
(µg/mL) 

Tmax 
(hr) 

AUC 0-∞ 
(hr*µg/mL) VD (mL) 

CL 
(mL/hr) 

T1/2 
(hr) 

Free (iv) 
2.5 

(±0.8) 
1.5 

(±0.6)
37.6 

(±27.4) 
18560 

(±18130) 
17889 

(±14078) 
0.6 

(±0.3) 

Total (iv) 
18.4 

(±3.5) 
1.7 

(±0.6)
1637 

(±3941) 
15661 

(±11189) 
1637 

(±1321) 
7.2 

(±3.4) 

Total (oral) 
5.6 

(±2.5) 
5.7 

(±7.4) 287 (±288) 
98990 

(±53130) 
2511 

(±1831) 
22.6 

(±11.1) 
 
 

7.4 Discussion 
 

Our Phase I trial demonstrates that oral phenoxodiol was well tolerated when combined 

with either cisplatin or carboplatin.  Hyperglycemia was the main biochemical toxicity 

seen, although low-grade hypocalcemia and mildly abnormal transaminases also 
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occurred with reasonable frequency (Table 17).  Infusion site reactions, constipation, 

nausea and lethargy were also fairly commonly noted, though generally mild and not 

unexpected with cisplatin or carboplatin. Two DLTs occurred, one of which was 

possibly related to study treatment and the other unlikely to be related to study 

treatment. Because one DLT occurred in the cisplatin group and the other in the 

carboplatin group, but both at the 800 mg phenoxodiol dose level, we considered 

expanding the cohorts to meet the definition of DLT for each platinum drug 

individually. However, given that 29/37 (78%) of all Grade 3 toxicities (Tables 15, 16, 

17) also occurred at the 800 mg phenoxodiol dose level, we felt confident that true DLT 

had probably been reached without the need for further cohort expansion, and possibly 

exposing more patients to unnecessary toxicity. No hypersensitivity reactions were seen 

in this study, unlike our experience previously reported (de Souza et al, 2006). 

 

We recently showed that phenoxodiol enhanced the activity of cisplatin in two human 

prostate cancer cell lines, DU145 and PC3 (McPherson et al, 2009). While most 

concentrations tested showed synergistic activity, some additivity and mild antagonism 

was also noted. In this study, we administered relatively high doses of oral phenoxodiol, 

(0.6 mg/kg to 15 mg/kg effectively, data not shown) so that mean concentrations of 

around 23 μM, commensurate with in vitro activity, were easily reached, even after only 

a single dose. Thus even though estimated bioavailabilty of oral phenoxodiol at 17.5% 

is not high, pharmacokinetic data from a 800 mg three times daily schedule suggests 

that steady state concentrations reach 20 – 37 μM, whereas lower doses of 100 mg three 

times a day produced concentrations up to 16 μM (data not shown). These data support 

our hypothesis that prolonged exposure through repeated oral dosing provides more 

favourable concentrations of phenoxodiol than a once a week intravenous schedule. 
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One of the issues with synergy studies however, is that toxicity may also be enhanced 

quite apart from tumour growth inhibition. This may explain the different toxicity 

profile encountered with the combination not entirely consistent with either enhanced 

phenoxodiol toxicity or platinum toxicity. For instance, although lymphocytopenia was 

commonly encountered in this study, consistent with our experience in the weekly 

intravenous schedule, the striking toxicity noted here was hyperglycemia. This was also 

a common toxicity noted in some mTOR studies (Hudes et al, 2007; Wolpin et al, 

2009), and we hypothesize that our results could provide supporting clinical evidence 

that phenoxodiol and cisplatin inhibit the Akt / mTOR pathway. Our preclinical data 

(Chapter 4, Figures 12-14) provide evidence that is consistent with this hypothesis. 

 

In our weekly phenoxodiol Phase I study we did not see any objective tumor responses, 

possibly because phenoxodiol was not present for sufficiently prolonged periods.  

However, one patient with androgen independent prostate cancer who had failed two 

prior hormone regimens did have stable PSA levels in that study, along with another 

man with metastatic renal cancer who had stable disease for 6 months.  In the current 

study, one woman with ovarian cancer had a complete response according to CA125 

criteria, but it is entirely possible that the platinum was the active agent, and not the 

combination with phenoxodiol. On the other hand, we did see minor activity in 3 other 

patients, including a man with metastatic hormone refractory prostate cancer who had a 

45% reduction in PSA level after 3 cycles. Clearly, while this study cannot determine 

response rates, the early activity seen with this combination is of interest, given that 

phenoxodiol was given for only 10 days in a 21 day cycle. 
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Concentrations of free phenoxodiol were found to be low in the current study, 

contributing perhaps 10% of total phenoxodiol. This is consistent with extensive 

conjugation, a phenomenon previously described with genistein (Doerge et al, 2000; 

Bursztyka et al, 2008) and also noted in our first-in-human study (Chapter 5). In dose - 

escalation studies of isoflavones, pharmacokinetic parameters for free and total 

genistein and daidzein were similar, though a little longer than for phenoxodiol noted in 

this study (Bloedon et al, 2002; Busby et al, 2002; Setchell et al, 2003). Estimates of 

genistein and daidzein bioavailability in the literature have been hampered by the lack 

of data from comparative intravenous administration of the same compound. 

Nevertheless, using measurements of isoflavones and metabolites recovered in the 

urine, estimates of bioavailability have ranged between 20-50% (Setchell et al, 2003; 

Zubik and Meydani, 2003). As previously noted (Setchell et al, 2003), urine 

concentrations of isoflavones correlated poorly with serum concentrations, possibly 

because of the wide range of inter-individual variability in pharmacokinetic parameters, 

a feature of many studies. Our data would appear to be consistent with the literature. 

 

In conclusion, phenoxodiol is a novel isoflavone that is well tolerated when given in 

combination with either intravenous cisplatin or carboplatin. The main adverse events 

include hyperglycemia, hypocalcemia, mild transaminase rises, as well as nausea, 

constipation, infusion site reactions and lethargy.  Encouraging, though modest, activity 

is seen when phenoxodiol is administered orally for 10 days in a 21 day cycle together 

with either cisplatin or carboplatin. 
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8.  General discussion and future directions 

In the work presented in this thesis, we show that phenoxodiol is a novel isoflavone that 

has promising activity in prostate cancer. Phenoxodiol inhibits the growth of two 

standard human prostate cancer cell lines, DU145 and PC3, at concentrations that are 

clinically achievable. Given the observation that isoflavones can concentrate in the 

prostate gland (Hedlund et al, 2005; Rannikko et al, 2006b; Gardner et al, 2009), it 

would appear that more than sufficient phenoxodiol can be available to the prostate to 

act as a tumor suppressor. Further, phenoxodiol has synergistic or additive activity when 

used with cisplatin and carboplatin in DU145 and PC3 cells, though this association 

may not be as strong with other cell lines that were tested. In the nude mouse DU145 

xenograft model, the combination of cisplatin and phenoxodiol inhibited growth of 

DU145 cells to the same extent as single agent cisplatin given at twice the dose, and 

with lower toxicity. The design of the experiment is a mathematically derived model to 

test synergy in vivo, and is based entirely on the Chou-Talalay mass action equation 

(Chapter 4). This result is important because it demonstrates that our data derived in 

vitro probably hold true in vivo, and because it demonstrates the proof of principle that 

doses of phenoxodiol and cisplatin can be reduced without loss of benefit in the first 

instance, potentially resulting in lower toxicity, at least in mice. Experiments to 

investigate the mechanism of synergy between phenoxodiol and cisplatin suggested that 

a pharmacodynamic, and not a pharmacokinetic, mechanism was in play, and that 

uptake of cisplatin into tumour tissue may have been enhanced. This resulted in 

markedly increased numbers of cisplatin–DNA adducts, a surrogate measure of cisplatin 

cytotoxicity that correlates with cell death. However, this pharmacological advantage 

may not have been the sole reason for synergy, as we also showed for the first time, that 
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phenoxodiol can inhibit phospho-Akt and mTOR signaling in prostate cancer cell lines. 

Although the results vary depending on the cell line, and also vary depending on 

whether phenoxodiol is used alone or in combination, we interpret the data as broadly 

supportive of suppression of the Akt / mTOR pathway particularly when cisplatin or 

carboplatin are used in combination with phenoxodiol. Further, inhibition of c-FLIP 

implies a pro-apoptotic mechanism for the combination. Since the Akt / mTOR pathway 

is arguably one of the key pathways in prostate cancer cell signaling and survival 

(Chapter 2), the combination of phenoxodiol and platinums could have a promising role 

in the treatment of prostate cancer. 

 

Our first-in-man study of phenoxodiol pharmacokinetics (Chapter 5) showed that the 

compound had a short half-life, and that plasma levels achieved were commensurate 

with doses and concentrations used in the literature that produced a variety of biological 

effects including apoptosis of cancer cells. The drug appeared to be extensively 

conjugated, consistent with the pharmacokinetic literature on genistein and daidzein. 

There was little acute toxicity from a single dose given as a bolus or from a prolonged 

intravenous infusion. 

 

Intravenous phenoxodiol given as an infusion over 1-2 hrs every week was well 

tolerated and associated with minimal toxicity (Chapter 6). The predominant toxicity 

was asymptomatic lymphocytopenia. One patient with renal cancer had stable disease of 

at least 6 months. Again, the pharmacokinetic data confirmed a short half-life, 

suggesting that a weekly intravenous schedule may not be the best way to optimize 

tumour exposure to the drug in subsequent clinical trials. 
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Oral bioavailability of phenoxodiol was estimated at 17.5% (Chapter 7), perhaps a little 

less that that noted with genistein and daidzein. Nevertheless, phenoxodiol was 

bioavailable at concentrations that were above that required for biological activity. 

Since the compound was given three times a day, we speculate that this schedule would 

be more favourable in terms of anticancer activity compared to the weekly intravenous 

schedule. In combination with cisplatin or carboplatin, oral phenoxodiol was also well 

tolerated, with the majority of toxicity attributable to the platinum drugs. Some modest 

activity was seen with the combination, particularly in ovarian cancer patients and a 

patient with castrate resistant prostate cancer. We cannot categorically state that any of 

the responses seen was due to phenoxodiol, as they could conceivably have happened 

with cisplatin or carboplatin alone, but the clinical circumstances in the patients who did 

respond would seem to suggest that the combination had some part to play. 

 

In a sense, the work in this thesis raises more questions than it answers. First, while the 

pharmacological and pharmacokinetic properties of phenoxodiol appear to be similar to 

other isoflavones reported in the literature, there appear to be some material differences. 

The novel finding of mTOR and pAkt inhibition in DU145 and PC3 cells require further 

confirmation and investigation. In particular, it is important to determine whether 

phenoxodiol acts further upstream and downstream of Akt and mTOR. Even if other 

biological effects are found, it is puzzling why this compound might work at so many 

different sites in the cancer cell. One possible explanation is that the drug is acting at a 

very fundamental level. On the other hand, the variety of concentrations and doses used 

in the literature raises the question of whether some, if not many, of the proposed 

biological effects may not be relevant in the clinical situation. If, as the literature 

suggests, the prostate can concentrate isoflavones, then the question of dose - effect 
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correlations becomes less of an issue, since doses achieved in prostatic tissue would 

presumably be more than sufficient for treatment effects. Further work to develop these 

lines of investigation could include studies on absorption and distribution of 

phenoxodiol, including if possible, samples from the prostate gland. The question of 

microbacterial environment in the gut and colon and absorption of isoflavones is 

intriguing, and it would be important to know for example, whether oral phenoxodiol 

was subject to the same variation in absorption as for genistein and daidzein, and 

whether “equol producers” would have better or worse absorption and distribution than 

other patients. Finally, correlative studies with the extent of absorption and dose of oral 

phenoxodiol with outcome (tumor marker response, clinical response) and biological 

markers would also be of interest. 

 

One limitation of our clinical studies is that we did not include biological samples that 

might speak to the potential mechanism of action of phenoxodiol in humans, at relevant 

and achievable concentrations. However, given the lack of knowledge about the drug at 

the time we instigated these studies, we did not wish to embark on a range of 

speculative experiments. Nevertheless, we think it is important that further translational 

work be undertaken in the development of the drug. In particular, its effects on other 

important signal transduction pathways including Ras / MAPK and the apoptotic 

cascade, would be of interest. At one level, if phenoxodiol “works” as a chemotherapy 

sensitiser, or put another way, is able to overcome inherent cancer cell resistance, then 

an important class of compounds will have been discovered. At another level however, 

in the context of our limited clinical studies and experience, and notwithstanding that 

Phase I studies are not designed to test for efficacy, phenoxodiol does not seem to have 

sufficient potency by itself. Ultimately, the compound may be best utilised in 
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combination with other drugs and chemotherapeutic agents. Hence further work on 

potential synergistic partner compounds is essential. One could conceive that its 

combination with many other targeted agents such as VEGF antagonists (eg. sunitinib, 

sorafenib, bevacizumab and many others) and signal transduction blockers (eg. c-met 

inhibitors, farnesyl transferase inhibitors) would be of interest. Given its promise for the 

treatment of prostate cancer as the underlying theme of this thesis, phenoxodiol should 

probably also be tested in combination with satraplatin, a platinum analogue already in 

development for the treatment of prostate cancer. 
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