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Abstract: Androgen deprivation therapy remains the single most effective treatment for the 

initial therapy of advanced prostate cancer, but is uniformly marked by progression to castration-

resistant prostate cancer (CRPC). Residual tumor androgens and androgen axis activation are 

now recognized to play a prominent role in mediating CRPC progression. Despite suppres-

sion of circulating testosterone to castrate levels, castration does not eliminate androgens 

from the prostate tumor microenvironment and residual androgen levels are well within the 

range capable of activating the androgen receptor (AR) and AR-mediated gene expression. 

Accordingly, therapeutic strategies that more effectively target production of intratumoral 

androgens are necessary. The introduction of abiraterone, a potent suppressor of cytochrome 

P450 17 α-hydroxysteroid dehydrogenase-mediated androgen production, has heralded a new 

era in the hormonal treatment of men with metastatic CRPC. Herein, the androgen and AR-

mediated mechanisms that contribute to CRPC progression and establish cytochrome P450 

17 α-hydroxysteroid dehydrogenase as a critical therapeutic target are briefly reviewed. The 

mechanism of action and pharmacokinetics of abiraterone are reviewed and its recently described 

activity against AR and 3-β-hydroxysteroid dehydrogenase is discussed. The Phase I and II data 

initially demonstrating the efficacy of abiraterone and Phase III data supporting its approval for 

patients with metastatic CRPC are reviewed. The safety and tolerability of abiraterone, including 

the incidence and management of side effects and potential drug interactions, are discussed.  

The current place of abiraterone in CRPC therapy is reviewed and early evidence regarding 

cross-resistance of abiraterone with taxane therapy, mechanisms of resistance to abiraterone, 

and observations of an abiraterone withdrawal response are presented. Future directions in the 

use of abiraterone, including optimal dosing strategies, the role of abiraterone in earlier dis-

ease settings, including castration sensitive, biochemically recurrent, or localized disease, and 

the rationale for combinatorial treatment strategies of abiraterone with enzalutamide and other 

targeted agents are also discussed.
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Introduction to castration-resistant  
prostate cancer (CRPC)
The primary treatment modality for patients with metastatic prostate cancer is androgen 

deprivation therapy (ADT). However, treatment is uniformly marked by progres-

sion to CRPC over a period of about 18 months, with an ensuing median survival 

of 1–2 years. Importantly, it is now clear that “androgen independent” or “hormone 

refractory” tumors remain sensitive to hormonal activation, and that despite suppression 

of circulating testosterone (T), residual tumor androgens and androgen axis activation 

play a prominent role in mediating CRPC progression.1 Numerous molecular features 
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have been shown to contribute to AR signaling in CRPC and 

demonstrate that ongoing AR activation may occur via both 

ligand-dependent and ligand-independent mechanisms. As a 

consequence, the efficiency of AR activation at low or absent 

ligand levels can be enhanced and AR ligand specificity can 

be broadened, potentiating the persistent activation of AR 

signaling in CRPC tumors.

Residual tumor androgens in CRPC
Castration does not eliminate androgens from the prostate 

tumor microenvironment and residual androgen levels are 

well within the range capable of activating the AR and 

AR- mediated gene expression,2–5 strongly suggesting that 

intratumoral androgens are clinically relevant in driving 

castration-resistant tumors. While the efficacy of ADT 

is based on achieving castrate levels of serum T (defined 

as ,20 ng/dL), measurement of prostatic tissue androgen lev-

els in locally recurrent and metastatic CRPC has consistently 

demonstrated the presence of residual tumor androgens. In 

advanced prostate cancer, Mohler et al found that prostatic 

T levels in castrate patients with locally recurrent tumors were 

equivalent to those of benign prostatic hyperplasia patients 

and that intratumoral dihydrotestosterone (DHT) levels were 

only reduced 80% (to ∼0.4 ng/g).3 In another study, T levels 

in metastatic tumors obtained via rapid autopsy from men 

with CRPC were found to be approximately three-fold higher 

than T levels within primary prostate tumors from untreated 

(eugonadal) patients (T 0.74 ng/g; DHT 0.25 ng/g).6

Data derived from in vitro and in vivo studies have 

determined that tissue DHT levels of 0.5–1.0 ng/g (the range 

observed in prostatic tissue of castrated patients) are sufficient 

to activate the AR, stimulate expression of AR-regulated 

genes, and promote androgen-mediated tumor growth.3,7–10 

Moreover, residual tissue androgens participate in nearly 

every mechanism by which AR-mediated signaling leads to 

the development of castration-resistant disease, including AR 

overexpression, AR mutations that alter ligand binding, and 

alterations in AR coregulators, all of which result in hyper-

sensitization of AR to activation by low levels of residual 

androgens.11 The maintenance of intratumoral androgens can 

be accounted for, in part, by intratumoral or intracrine biosyn-

thesis of steroid hormones, either via the uptake and conver-

sion of adrenal androgens (as initially put forward by Labrie 

et al),12 or potentially via de novo steroidogenesis.6,13–18

AR alterations in CRPC
AR overexpression is a well-recognized feature of CRPC and 

believed to be a critical driver of CRPC progression.3,17,19–27 

Potential mechanisms responsible for increased AR 

expression include amplification of the AR locus itself, 

increased transcription rates, or stabilization of the messenger 

RNA or protein. AR overexpression not only mediates sensi-

tivity to low ligand concentrations, but has been demonstrated 

to convert anti-androgens such as bicalutamide and flutamide 

from antagonists to agonists via changes in composition of 

coactivators recruited to the AR promoter.28,29

Several well-characterized AR mutations can result in 

promiscuous binding and activation of the AR by weak 

adrenal androgens and other steroid hormones, including 

dehydroepiandrosterone (DHEA), progesterone, estrogens, 

and cortisol.30–35 Other mutations convert AR antagonists 

(flutamide and bicalutamide) into potent agonists.36 Notably, 

in vitro selection with enzalutamide has revealed a new 

mutation (F876L) which mediates conversion of enzalu-

tamide to an AR agonist while maintaining sensitivity to 

bicalutamide.37,38 This mutation also confers resistance to 

the second-generation AR antagonist ARN509, and has been 

detected in circulating tumor DNA from ARN509-treated 

patients.39 While the frequency of AR mutation in CRPC 

tumors treated with luteinizing hormone (LH)-releasing 

hormone agonist and first-generation AR antagonists is low 

(8%–25%),33 the frequency of these mutations may become 

more frequent with the advent of potent antagonists of AR 

signaling.

Constitutively active truncated AR splice variants have 

recently been recognized as a potential mechanism of CRPC 

progression. The expression of certain variants (eg, AR-V7, 

which can be detected in hormone-naïve prostate cancer) 

has been associated with a shorter time to disease recur-

rence following radical prostatectomy.40,41 High levels of 

ARV7 and ARV567 were associated with shorter survival 

in patients with CRPC and bone metastases, consistent with 

a role in tumor progression.42,43 Although each variant dis-

plays a slightly different structure, they each lack portions 

of the carboxy-terminal ligand binding domain, resulting in 

a constitutively active AR.44

Clinical evidence of AR axis  
signaling in CRPC
The clinical importance of ongoing AR pathway activity in 

CRPC progression is reflected in the rising serum prostate-

specific antigen (PSA) levels in patients with CRPC, and is 

confirmed by clinical responses to treatment strategies that 

target residual AR axis activity. These include historical 

responses to adrenalectomy and/or hypophysectomy;45,46 the 

limited but consistent ∼5% overall survival (OS) benefit seen 
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in meta-analyses of combined androgen blockade trials;47–49 

the observation that nearly 30% of recurrent prostate tumors 

demonstrate at least transient clinical responses to secondary 

or tertiary hormonal manipulation;50 and most recently, the 

striking clinical response observed with the novel AR axis 

inhibitors abiraterone and MDV3100.51,52

Mechanism of action and 
pharmacology of abiraterone
Emerging data suggest residual intratumoral androgens 

are produced via the uptake and conversion of adrenal 

androgens, and potentially via de novo synthesis from cho-

lesterol or progesterone precursors within the tumor.6,13–18 

Accordingly, therapeutic strategies that more effectively 

target production of intratumoral androgens are necessary. 

Abiraterone is the first to enter clinical practice in a series of 

novel agents designed to potently target adrenal and tumor 

androgen production.

Cytochrome P450 17 α-hydroxysteroid 
dehydrogenase (CYP17A) as a 
therapeutic target in CRPC
The critical enzyme required for androgen synthesis from 

cholesterol is CYP17A. Adrenal expression of this enzyme 

accounts for production of circulating adrenal androgens, 

including DHEA (which primarily circulates in its sulfated 

form, DHEA-S) and androstenedione (AED), and a number 

of studies have demonstrated expression of CYP17A in 

castration-resistant prostate tumors.6,53 Given its central 

role in the production of either adrenal or tumor-derived 

extragonadal androgen synthesis, CYP17A has emerged as 

a primary target of novel therapeutics.

CYP17A is a single enzyme that catalyzes the sequen-

tial hydroxylase (required for cortisol synthesis) and lyase 

(required for adrenal androgen synthesis) steps that are 

required for conversion of C21 pregnenolone and proges-

terone precursors to the C19 adrenal androgens, DHEA and 

AED. While ketoconazole (a weak inhibitor of CYP11α-

hydroxylase and CYP17A) has been utilized for suppression 

of residual adrenal androgens in men with CRPC, its limited 

efficacy and treatment-related side effects prompted the 

development of more potent CYP17A inhibitors.54

Abiraterone acetate is an orally administered, rationally 

designed small molecule derived from the structure of 

pregnenolone. It irreversibly inhibits both the hydroxylase 

and lyase activity of CYP17A with approximately 10–30-

fold greater potency than ketoconazole.55 Because adrenal 

inhibition of CYP17A results in blockade of glucocorticoid 

as well as adrenal androgen synthesis, abiraterone is coad-

ministered with prednisone to ameliorate the secondary 

rise in adrenocorticotropic hormone (ACTH) that can lead 

to excess mineralocorticoid synthesis (Figure 1, discussed 

further below).56

Unintended activity of abiraterone  
against other AR pathway targets
Abiraterone was designed as a selective, irreversible inhibitor 

of CYP17A. However, most likely due to its steroidal struc-

ture, abiraterone has been found to inhibit other AR pathway 

targets including AR itself, as well as 3β-hydroxysteroid 

dehydrogenase, another key enzyme required for androgen 

synthesis.

While not as potent as the first-generation nonsteroidal 

AR inhibitors (eg, bicalutamide), abiraterone demonstrated 

measurable AR antagonism at 1–10 µmol/L, a clinically 

achievable concentration.57 Pharmacokinetic studies 

(discussed below) have found plasma abiraterone levels 

to be 1.2–5 µmol/L following a 1,000 mg dose in fasting 

patients. Galeterone, another novel CYP17A antagonist, 

has been demonstrated to have anti-AR activity as well, and 

actually has increased potency compared to abiraterone in 

this regard.58 Interestingly, an early study demonstrated that 

ketoconazole can also inhibit the AR, although not at clini-

cally achievable doses.59

With regard to its activity against 3β-hydroxysteroid 

dehydrogenase type I, abiraterone was shown to inhibit two 

key reactions mediated by this enzyme. Abiraterone, again 

at clinically achievable concentrations of 2.1–8.8 µmol/L, 

inhibited the conversion of DHEA to AED, and of 

5α-androstanediol to T, with concomitant suppression of 

AR-regulated gene expression.60 These data suggest that 

even though maximal inhibition of CYP17A is achieved at 

the currently approved 1,000 mg dose, dose escalation may 

increase the efficacy of abiraterone by taking advantage of 

its ability to inhibit multiple AR pathway targets. Clinical 

trials evaluating this hypothesis are ongoing.

Pharmacokinetics of abiraterone
Abiraterone is administered as the pro-drug abiraterone 

acetate which has improved oral bioavailability and shows 

near complete conversion to abiraterone in the blood. In 

preclinical toxicology studies, abiraterone reduced the 

weights of androgen dependent organs such as the prostate 

and had minimal side effects in other organs.61 First-in-man 

studies demonstrated the ability of abiraterone to reduce 
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serum T levels in both castrate and noncastrate men. In 

castrate men dose escalation to 500 mg was required to 

achieve the target effect, a 75% decrease in T levels. The 

duration of suppression following a single dose was variable, 

ranging from 2–5 days. In noncastrate men, repeat dosing 

at $800 mg daily was required to maintain T suppression, 

and was accompanied by a marked rise in LH that may have 

prevented sustained T suppression.62

Two Phase I trials in chemotherapy-naïve men with 

metastatic CRPC were performed to determine the recom-

mended dose for Phase II testing. No dose-limiting toxicities 

were observed at doses up to 2,000 mg/daily, but 1,000 mg 

was chosen for expansion as a plateau in pharmacody-

namic effect was observed at doses .750 mg. Substantial 

variability in drug absorption was observed, with up to 

nine-fold differences in serum pharmacokinetic parameters 

within the 1,000 mg cohort. Maximal drug concentrations 

were achieved within 2–4 hours, with a terminal half-life of 

approximately 12 hours.63,64

impact of food on abiraterone exposure
Notably, drug exposure was five to seven-fold higher when 

abiraterone was administered with a low-fat meal (7% fat, 

300 calories) and over ten-fold higher with a high-fat meal 

(57% fat, 825 calories) as compared to the fasted state. To 

minimize the variability in absorption, abiraterone is labeled 

for administration as 1,000 mg (four 250 mg tablets) daily 

on an empty stomach, defined as 1 hour before or 2 hours 

after a meal.65 Clinical trials evaluating abiraterone in the 

fed and fasted state are ongoing (NCT01424930),66 as are 

trials evaluating lower doses of abiraterone taken with food 

(NCT01543776).67 If borne out, these approaches could 

decrease drug costs, as well as decrease the potential risk of 

drug interactions (see below) if a patient accidentally takes 

the agent with food.65,68

In a dedicated renal impairment trial, renal dysfunction 

did not impact pharmacokinetic profiles and no dose adjust-

ment is necessary for renal impairment.69 Abiraterone is 

bound to plasma proteins including albumin and is primarily 

excreted in the feces.70

Efficacy studies
Phase i and ii data
Phase I and II studies demonstrated that abiraterone 

suppresses serum androgen levels, and achieves PSA and 

clinical responses in chemotherapy-naïve and docetaxel-

treated CRPC patients. No dose-limiting toxicities were 

associated with abiraterone, and anti-tumor activity and 
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Figure 1 Steroid hormone pathways in zones of the adrenal gland. Steroid synthesis in the adrenal gland occurs in three zones, each with a specific complement of enzymes 
that determine the steroids produced. The zona glomerulosa contains the enzymes necessary to produce aldosterone. The zona fasciculata and reticularis additionally express 
CYP17A. The hydroxylase activity of CYP17A is active in the zona fasciculata resulting in the production of cortisol. However, the lyase activity of CYP17A requires the 
cytochrome b5 coregulator which is only present in the zona reticularis. This drives efficient production of DHEA which is then sulfated to DHEA-S. 17α-OH progesterone 
is a relatively poor substrate for CYP17A lyase (dotted arrow), and thus androstenedione is formed at lower levels. The zona fasciculata and zona reticularis are sensitive to 
the ACTH feedback stimulation that occurs when cortisol production is suppressed by inhibition of CYP17A.
Abbreviations: 17α-OH, 17α-hydroxy; ACTH, adrenocorticotropic hormone; CYP11A, cytochrome P450 11α-hydroxylase; CYP11B, cytochrome P450 11β-hydroxylase; 
CYP17A, 17α-hydroxylase/17,20 lyase/17,20 desmolase; CYP21A, cytochrome P450 21α-hydroxylase; Cyt b5, cytochrome b5; DHeA, dehydroepiandrosterone; DHeA-S, 
dehydroepiandrosterone-sulfate; HSD3B, 3-β-hydroxysteroid dehydrogenase; STAR, steroidogenic acute regulatory protein.
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PSA responses were observed at all dose levels. While the 

highest tolerated dose was 2,000 mg/day, all Phase II and III 

studies have used the 1,000 mg/day dose, as the impact 

of therapy on steroids upstream of CYP17A plateaued at 

doses .750 mg/day.63

In eugonadal men, abiraterone transiently suppresses 

T levels by .50% (but a corresponding rise in LH levels 

overcomes inhibition of gonadal androgen synthesis), while 

in castrate men, abiraterone further suppresses castrate serum 

T levels by $75%.62 In general, abiraterone suppresses 

serum DHEA levels by approximately 75% and DHEA-S, 

AED, and T to essentially undetectable.63,64 As observed in 

studies of ketoconazole, higher baseline levels of DHEA-S, 

DHEA, and AED were present in patients achieving .50% 

PSA declines. In contrast to progression on ketoconazole, 

increases in T, AED, or DHEA levels were not observed on 

progression with abiraterone.71,72

In men with chemotherapy- and ketoconazole-naïve meta-

static CRPC, a Phase I/II single-agent study of abiraterone 

demonstrated durable PSA declines .50% in 67% of patients, 

with partial radiographic responses in 37.5% and a median 

time to progression (TTP) of 32 weeks.72 Based on preclini-

cal data that progesterone precursors upstream of CYP17A 

can activate certain AR mutations, this study also evaluated 

the addition of corticosteroids at progression and showed 

that 33% of patients (10/30) had secondary PSA responses 

following the addition of dexamethasone 0.5 mg/day.72 

A Phase II study of abiraterone combined with prednisone 

in this population demonstrated PSA declines .50% in 

79% of patients and a median TTP of 65 weeks. This study 

also found that over 48% (11/23) evaluable patients had 

a transient bone scan flare at 3 months that subsequently 

showed with improvement or stability.73 In a second Phase I 

single-agent study of pre-chemotherapy patients in which 

58% were ketoconazole pretreated, PSA declines .50% 

were noted in 55% of patients at 12 weeks.64

In post-docetaxel-treated CRPC patients, a Phase II single-

agent study of abiraterone demonstrated PSA declines .50% 

in 51% of patients (only 17% had received prior ketocon-

azole), with partial radiographic responses in 27% and a 

median TTP of 24 weeks.74 In a Phase II study of abiraterone 

combined with prednisone, in which 47% of patients were 

ketoconazole pretreated, PSA declines .50% were observed 

in 36% of patients with a median TTP of 24 weeks.75

Efficacy in ketoconazole-treated patients
Importantly, while ketoconazole-treated patients were 

specifically excluded in the subsequent Phase III studies, 

the Phase I/II studies demonstrated that abiraterone has 

activity in these patients as well. In the pre-chemotherapy 

Phase I study in which 58% of men (19 of 33) were keto-

conazole pretreated, PSA responses .50% were observed in 

64% of ketoconazole-naïve patients and 47% of ketoconazole-

 pretreated patients.64 In the post-docetaxel study in which 

47% of patients (27 of 58) had received prior ketoconazole, 

PSA declines .50% occurred in 45% of ketoconazole-naïve 

patients and 26% of ketoconazole-treated patients with a 

median TTP of 28 and 14 weeks, respectively.75 These find-

ings demonstrate that abiraterone maintains a reasonable 

degree of clinical efficacy in CRPC patients previously 

treated with docetaxel and/or ketoconazole.

Phase iii data
Findings from the Phase I and II studies have been subse-

quently confirmed in Phase III studies in chemotherapy-

naïve (COU-AA-302) and post-docetaxel-treated men 

(COU-AA-301), resulting in US Food and Drug Administra-

tion approval of abiraterone for men with metastatic CRPC 

either before or after treatment with chemotherapy.

COU-AA-301
In the post-chemotherapy setting, 1,195 men with metastatic 

CRPC progressing after docetaxel were randomized in a 2:1 

ratio to abiraterone/prednisone (n=797) or placebo/predni-

sone (n=398) with a primary endpoint of OS. The median 

PSA was ∼130 ng/dL, 90% of patients had an Eastern Coop-

erative Oncology Group performance status (PS) of zero to 

one, the median age was 70 years, and 28% were $75 years. 

Bone, lymph node, and visceral metastases were present in 

approximately 90%, 40%, and 10% of patients, respectively, 

and 30% of patients had received more than one prior che-

motherapy regimen. Treatment was continued until clinical 

or radiographic evidence of progression.

At a median follow-up of 12.8 months, the first interim 

analysis demonstrated an OS benefit for men receiving 

abiraterone (14.8 months versus 10.9 months for placebo; 

hazard ratio [HR] 0.646; P,0.0001), representing a 35% 

reduction in risk of death and prompting the independent 

data monitoring committee to recommend that the study 

be unblinded and men on the placebo arm be offered 

abiraterone.51 An updated analysis at a median survival of 

20.2 months demonstrated a median OS of 15.8 months for 

abiraterone versus 11.2 months for prednisone (HR 0.74; 

P,0.0001), extending the OS benefit to 4.6 months.

All secondary endpoints were statistically significant 

in favor of abiraterone, including median time to PSA 
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progression (8.5 months versus 6.6 months), median radiologic 

progression-free survival (rPFS; 5.6 months versus 3.6 months), 

and proportion of patients with .50% PSA response (29.5% 

versus 5.5%). The impact of abiraterone on OS was observed 

across all subgroups, including patients who had received one 

(15.4 versus 11.5 months) or two prior chemotherapy regimens 

(14.0 versus 10.3 months). Notably, patients with a PS of two 

had worse outcomes, with a median survival of 7.3 months 

on abiraterone compared to 15.3 months for those with PS of 

zero to one receiving abiraterone.76

While visceral disease was associated with a poorer prog-

nosis, an exploratory analysis reported in abstract form found 

the absolute benefit in OS from abiraterone to be similar 

in those with and without visceral disease (8.3–12.9 months 

in those with visceral disease and 12.3–17.3 months in those 

without). Analysis of patients by site of disease showed worse 

outcomes in those with hepatic versus pulmonary visceral 

metastases, but still a benefit favoring abiraterone over pla-

cebo (median OS 4.0–7.3 months for liver metastases and 

7.9–13.9 months for pulmonary disease).77

Exploratory analyses of COU-AA-301 evaluating the 

impact of abiraterone on fatigue, pain control, and skeletal-

related events suggest abiraterone has efficacy in all these 

settings. In patients with clinically significant fatigue at 

baseline, abiraterone significantly increased the number of 

patients reporting an improvement in fatigue intensity (58.1% 

versus 40.3%; P=0.0001) as well as the time to fatigue pal-

liation (median 59 days versus 194 days; P=0.0155).78 In 

patients with clinically significant pain at baseline, abirater-

one significantly increased the number of patients reporting 

palliation of pain (45% versus 28.8%; P=0.0005), as well as 

faster palliation (median time to palliation 5.6 months versus 

13.7 months; P=0.0018). Median time to occurrence of first 

skeletal-related event (defined as pathologic fracture, spinal 

cord compression, or palliative surgery or radiation to bone) 

was also significantly longer in abiraterone treated patients 

(25 months versus 20.3 months; P=0.0001).79

COU-AA-302
In the pre-chemotherapy setting, 1,088 men with asymptom-

atic or minimally symptomatic bone and lymph node (but 

not visceral) metastatic CRPC were randomized 1:1 to abi-

raterone/prednisone (n=546) or placebo/prednisone (n=542), 

with co-primary endpoints of rPFS and OS. The median PSA 

was ∼40 ng/dL, about 30% of men were $75 years, and 

approximately 50% had bone-only metastatic disease.

At a median follow-up of 22.2 months, a statistically sig-

nificant doubling in rPFS from 8.3 months in the placebo arm 

to 16.5 months was observed in men receiving abiraterone 

(HR 0.53; P,0.001), accompanied by a trend for increased 

OS from 27.3 months in the placebo arm to not reached in 

the abiraterone group (HR 0.75; P=0.01 which did not meet 

the prespecified P-value of 0.001), again prompting the inde-

pendent data monitoring committee to recommend that the 

study be unblinded and men on the placebo arm be offered 

abiraterone.80 An updated analysis of OS at a median survival 

of 27.1 months again trended toward favoring abiraterone at 

30.1 months in the placebo arm versus 35.3 months in the 

abiraterone arm (HR 0.79; P=0.015).81

All secondary endpoints were statistically significant 

in favor of abiraterone, including median time to opiate 

use (not reached versus 23.7 months), time to initiation of 

chemotherapy (25.2 months versus 16.8 months), time to 

PS decline (12.3 months versus 10.9 months), time to PSA 

progression (11.1 months versus 5.6 months), and proportion 

of patients with .50% PSA response (62% versus 24%). 

The impact of abiraterone on rPFS was observed across all 

subgroups.80 This study did not include patients with visceral 

disease or moderate to severe pain; however, the exploratory 

analyses of these subpopulations in the post-chemotherapy 

setting discussed above suggest these patients are likely to 

benefit as well.

Safety and tolerability
Abiraterone is generally well tolerated, with 13% and 

19% of abiraterone-treated patients in COU-AA-301 and 

COU-AA-302, respectively, discontinuing therapy for 

adverse effects versus 18% and 23% of placebo-treated 

patients. The most common adverse events in both groups 

were fatigue, back pain, nausea, constipation, bone pain, and 

arthralgia, all in the range of 25%–30%. The incidence of 

urinary tract infection was statistically higher in abiraterone-

treated patients (12% versus 7% in placebo; P=0.02).

Mineralocorticoid and electrolyte effects
Inhibition of CYP17A by abiraterone increases mineralocor-

ticoid precursors upstream of CYP17A and decreases glu-

cocorticoids downstream of CYP17A (Figure 1). The latter 

results in a concomitant elevation of ACTH, which further 

drives mineralocorticoid production. Phase I and II trials dem-

onstrated that symptoms of mineralocorticoid excess occur in 

50%–80% of patients treated with single-agent abiraterone.56 

Mineralocorticoid-related symptoms in the Phase III studies 

were markedly attenuated by inclusion of prednisone 5 mg 

twice daily, and were generally of Grade I or II in magnitude, 

including fluid retention (∼33% versus 22%–24% in placebo), 
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hypertension (∼10% versus 8% in placebo), and hypokalemia 

(∼18% versus 9% in placebo).

Dexamethasone, which lacks mineralocorticoid effects 

and has a longer duration of action, may theoretically be 

preferable to prednisone and can be used at a dose of 0.5 mg 

daily.82 However, a rare incidence (2/100) of orthostatic 

hypotension was reported following addition of dexa-

methasone to single-agent abiraterone, possibly due its lack 

of mineralocorticoid activity in the setting of a rapid decline 

in circulating mineralocorticoids.63,64

Of note, other CYP17A inhibitors such as orteronel and 

galeterone demonstrate more selective targeting of the lyase 

but not hydroxylase activity of CYP17A. These agents may 

be associated with less inhibition of cortisol synthesis and 

less ACTH/feedback-driven symptoms of mineralocorticoid 

excess and are being evaluated for use both with and without 

corticosteroids.

Careful attention should be paid to hypertension and 

hypokalemia, which should be corrected before and during 

therapy with abiraterone. Patients should be monitored for 

hypertension, hypokalemia, and fluid retention at least once 

a month. Spironolactone is avoided in patients who develop 

mineralocorticoid-related side effects due to its mixed AR 

agonist/antagonist activity. Instead, eplerenone, a second-

generation mineralocorticoid receptor antagonist in doses of 

50–200 mg/day (in divided doses twice daily) can be used in 

combination with a salt-restricted diet.83

While eplerenone does not bind the wild-type AR, it 

can activate certain AR mutations; however, further data is 

needed regarding the incidence and clinical significance of 

these mutations. Alternatively, potassium-sparing epithelial 

sodium channel antagonists such as amiloride and triamterene 

(in combination with hydrochlorothiazide if hypertension is 

significant) can be used in place of or added to eplerenone if 

necessary.82,83 In rare instances, additional anti-hypertensive 

agents may be necessary in patients already receiving pred-

nisone, eplerenone, and diuretics.

Hepatotoxicity
Grade III or IV hepatic transaminase abnormalities (five times 

the upper limit of normal [ULN]) occurred in approximately 

4% of patients in the Phase III studies, usually within the first 

3 months of starting treatment, and more commonly in men 

whose baseline alanine transaminase or aspartate transami-

nase were elevated. Serum transaminases should be measured 

at baseline. Transaminases in patients with normal levels 

should be checked every 2 weeks for the first 3 months of 

therapy, and then monthly. No dose adjustment is necessary 

for mild hepatic impairment. For moderate hepatic impair-

ment (Child–Pugh Class B) abiraterone should be started at 

250 mg daily, and transaminases should be checked weekly 

for the first month, then every 2 weeks for the following 

2 months, and then monthly.

If aspartate transaminase or alanine transaminase rise 

above five times the ULN or bilirubin rises above three 

times the ULN, abiraterone should be held. It should be 

discontinued if the patient had moderate hepatic impairment 

at baseline, but in patients with normal hepatic function at 

baseline it can be restarted at 750 mg daily when liver func-

tion tests decline to less than 2.5 times the ULN and total 

bilirubin is less than 1.5 times the ULN. If hepatotoxicity 

recurs, a further dose reduction to 500 mg can be attempted 

(once levels have fallen below the thresholds given above), 

but recurrence of hepatotoxicity at the 500 mg dose requires 

discontinuation of the drug.

Cardiotoxicity
The overall incidence of adverse cardiac effects was not sta-

tistically increased by abiraterone in COU-001 (13% versus 

11% in placebo), although the frequency of cardiac failure was 

higher in the abiraterone group (2.1% versus 0.7% in placebo). 

The most frequently reported cardiac events were Grade I 

and II tachycardia and Grade III or lower atrial fibrillation. 

A retrospective study of 51 metastatic CRPC patients with 

at least one cardiac comorbidity and/or controlled risk fac-

tor including hypertension (41%), hyperglycemia (30%), 

dyslipidemia (18%), cardiac ischemia (12%), stroke (9%), or 

arrhythmias (6%) reported no cardiac events or variation in left 

ventricular ejection fraction over 6–12 months of follow-up.84 

However, as patients with left ventricular ejection fraction 

,50% were excluded from the Phase III studies, pretreatment 

assessment and optimization of cardiac status with electrocar-

diogram and echocardiography may warrant consideration in 

elderly patients with reduced cardiac function. A significant 

effect of abiraterone on the QT/QTc interval in patients with 

CRPC was not observed.85

Potential drug interactions
Abiraterone is a strong inhibitor of several microsomal drug 

metabolizing enzymes, including CYP1A2 and CYP2D6.86 

Abiraterone increased systemic exposure of dextrometh-

orphan (metabolized by CYP2D6) approximately two to 

three-fold, while the pharmacokinetics of theophylline 

(metabolized by CYP1A2) were unaffected. This suggests 

caution may be warranted when abiraterone is coadminis-

tered with known CYP2D6 substrates (including β-blockers, 
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serotonin reuptake inhibitors, anti-arrhythmics, and 

neuroleptics, as well as codeine, tramadol, and – of relevance 

to urologic patients – tolterodine).87

Conversely, abiraterone is a substrate of CYP3A4. 

Interestingly, enzalutamide is a strong inducer of CYP3A4, 

while ketoconazole and bicalutamide are inhibitors of 

CYP3A4. Clinical trials evaluating the impact of rifampin 

(another strong inducer of CYP3A4) on abiraterone exposure 

(NCT01655147),88 as well as the impact of ketoconazole on 

prolonging abiraterone exposure (NCT01588782)89 have 

been completed but not yet reported. This suggests that 

the combination of bicalutamide and abiraterone merits 

clinical evaluation.

Current place of abiraterone  
in CRPC therapy
A number of clinical trials evaluating the sequence and com-

bination of abiraterone with immunotherapy, chemotherapy, 

enzalutamide, and other novel agents are underway in men 

with metastatic CRPC. While the optimal place of abiraterone 

in prostate cancer therapy remains to be determined, current 

treatment decisions can be guided in part by Phase III data 

already available.

In men with asymptomatic or minimally symptomatic 

metastatic CRPC, abiraterone is an attractive first-line 

option given its ease of administration and relatively low 

toxicity profile. Similarly, the combination of abiraterone 

and sipuleucel T would likely be a well-tolerated regimen 

in this setting and is currently under clinical investigation 

(NCT01487863).90

The efficacy of abiraterone in men with symptomatic 

disease prior to chemotherapy has not been specifically 

demonstrated due to exclusion of these patients from the 

Phase III trial. The pace of disease may be the best guide to 

therapy in this setting. Patients with high Gleason scores, 

poor response to initial ADT, rapidly progressive disease, or 

poorly controlled symptoms may derive greater benefit from 

immediate chemotherapy, while a trial of abiraterone may 

be reasonable in patients with less extensive or more slowly 

progressing disease.91

In the post-chemotherapy setting, both abiraterone and 

enzalutamide are supported by Phase III data demonstrating 

an OS benefit, but the optimal approach to sequencing them 

is unknown. Retrospective evaluations of patients receiving 

abiraterone after enzalutamide or vice versa have shown 

modest response rates with a median TTP of 3–4 months.92–94 

Until biomarkers to stratify patients or clinical trial data to 

support combination or sequencing strategies are available, 

the sequencing of abiraterone and enzalutamide is likely to 

be dictated by insurance and regulatory approvals. From a 

practical perspective, enzalutamide avoids the need for pred-

nisone, although this may become less important if studies 

show abiraterone can be given with lower doses of prednisone 

(NCT01867710).95

Cross-resistance with taxanes
An emerging consideration is whether therapy with abi-

raterone (or enzalutamide) may influence the efficacy of 

subsequent chemotherapy. Taxanes have been demonstrated 

to mediate some of their anti-tumor activity in prostate 

cancer via inhibition of AR transcriptional activity. This has 

been proposed to occur by various mechanisms including 

taxane-mediated induction of AR transcriptional corepres-

sors and prevention of microtubule-mediated transit of AR 

to the nucleus.92,96,97

These data suggest the prostate-specific component of 

taxane efficacy may be lost in tumors that have developed 

resistance to AR pathway inhibition. Consistent with this 

hypothesis, a study reported in abstract form found that 

metastatic CRPC patients who had early development of 

castration resistance (,12 months) had a shorter TTP and 

shorter OS compared to patients with more prolonged sen-

sitivity to androgen axis suppression.98

A published analysis of the efficacy of docetaxel in 

patients who had progressed on the Phase I/II studies of 

abiraterone showed .50% PSA declines in only 26% of 

patients compared to 45% in the TAX 327 study.99 Moreover, 

all patients who had failed to achieve a PSA response on 

abiraterone were also refractory to docetaxel. A second 

study reported in abstract form found median OS from the 

first dose of docetaxel to be 65 months in patients treated 

with abiraterone or enzalutamide after salvage cabazitaxel 

therapy, but only 39 months in those receiving these agents 

after docetaxel but before cabazitaxel.100 At present these 

observations remain hypothesis generating.

Mechanisms of resistance  
to abiraterone
Although clinical responses to abiraterone have been impres-

sive, not all men respond, the duration of response is variable, 

and a majority eventually progress with a rising PSA. While 

the mechanisms determining resistance to abiraterone have 

not been fully elucidated, emerging data from clinical and 

preclinical studies suggest several possibilities.

Clinical data demonstrate that abiraterone effectively 

suppresses serum androgens.63,64 In addition, higher levels of 
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AR and CYP17A staining in pretreatment tumor-infiltrated 

bone marrow biopsies from men with CRPC were associated 

with longer responses to abiraterone treatment, supporting 

CYP17A mediated androgen production as the target of 

abiraterone activity.41 However, the efficacy of abiraterone 

in suppressing tumor androgens in men with CRPC remains 

to be demonstrated. In this regard, preclinical studies have 

provided the first in vivo evidence that the primary mecha-

nism of action of abiraterone is via suppression of tumor 

androgen levels. Treatment of CRPC xenograft models with 

abiraterone significantly inhibited tumor growth, serum PSA, 

and intratumoral androgen levels.101,102 While androgen levels 

remained suppressed in some tumors recurring after therapy, 

other tumors demonstrated increasing levels of T and DHT.

Importantly, multiple mechanisms directed at maintain-

ing AR signaling were observed in the abiraterone-treated 

tumors. These included upregulated expression of full-length 

AR and ligand-independent AR variants, as well as induction 

of steroidogenic genes (including the target gene, CYP17A), 

several of which showed strong correlations with DHT levels 

in recurrent tumors.101,102 Clinically, development of resis-

tance to abiraterone has not been associated with an increase 

in serum androgen levels or in bone marrow aspirate T levels 

(which contrasts with the increase in circulating adrenal 

androgens that is seen in men progressing on ketoconazole).71 

However, numerous studies have shown that serum is not a 

good indicator of tumor androgen levels.6,103

Abiraterone withdrawal syndrome
Other potential mechanisms of resistance include activa-

tion of mutant AR by noncanonical ligands. Interestingly, 

recent case reports describe instances of an “abiraterone 

withdrawal syndrome”, in which (generally transient) PSA 

declines occur following discontinuation of abiraterone.104–106 

To date, abiraterone has not been found to elicit AR agonist 

activity (as is seen following treatment with AR antagonists 

such as bicalutamide, flutamide, and now enzalutamide),37,107 

perhaps because it is a relatively weak AR antagonist.57 An 

alternative explanation is the development of AR mutations 

which allow AR activation by exogenous corticosteroids or 

steroid precursors upstream of CYP17A.

In particular, inhibition of CYP17A is associated 

with a rise in circulating levels of upstream progesterone 

precursors,63,64 which have been shown to activate AR bearing 

certain mutations.31,57 Notably, a Phase II study of single-

agent abiraterone found that initiation of dexamethasone 

at progression (to decrease ACTH-driven stimulation of 

steroid precursors) reversed resistance in 33% of evaluable 

patients (although this could also reflect an intrinsic 

anti-tumor activity of dexamethasone).72 In contrast, however, 

the exo genous glucocorticoids or mineralocorticoid antago-

nists used to ameliorate the side effects of abiraterone may 

themselves be able to activate mutant AR.35 Alternatively, 

signaling via the glucocorticoid receptor has been shown 

to activate AR-regulated genes in the absence of ligand,108 

suggesting another route by which discontinuation of therapy 

could lead to a withdrawal response.

While further study is clearly needed, these findings are 

collectively consistent with the clinical observation that 

patients progress on abiraterone with a rising PSA, strongly 

suggesting that the AR axis remains a critical target in 

abiraterone-resistant tumors.

Conclusion and future directions
Many important questions regarding the use of abiraterone 

remain to be answered including optimal dosing strategies, its 

role in different disease settings (eg, castration sensitive, bio-

chemically recurrent, or localized disease), and – in all disease 

settings – whether abiraterone in sequential or combinatorial 

treatment strategies will yield the most durable responses.

Both clinical and preclinical data suggest abiraterone-

resistance is associated with reactivation of AR signaling. 

That the AR and a second enzyme involved in androgen 

synthesis (3β-hydroxysteroid dehydrogenase) are inhibited by 

higher concentrations of abiraterone suggests dose escalation 

may be a viable strategy to target AR-related mechanisms 

of abiraterone resistance. This concept is currently under 

evaluation in two studies of men with metastatic CRPC 

(NCT01503229, NCT01637402).109,110

The persistent AR activation in abiraterone-resistant 

tumors also provides a compelling rationale for combining 

abiraterone with potent AR inhibitors such as enzalutamide 

or ARN-509 rather than sequential treatment strategies 

which may allow alternative pathways of AR activation to 

emerge. Although historic studies of combined androgen 

blockade have yielded small gains in OS versus ADT alone, 

the markedly more potent drug combinations now avail-

able hold significant promise for increasing the efficacy of 

multi-targeted AR pathway blockade. Studies evaluating the 

combination of abiraterone and enzalutamide or ARN-509 in 

men with metastatic CRPC (NCT01650194, NCT01949337, 

NCT01792687)111–113 as well as in men with localized disease 

prior to prostatectomy (NCT01946165)114 are planned or 

ongoing.

Early use of abiraterone or potent combined AR blockade 

may be particularly effective in hormone-naïve tumors which 
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have not yet had the opportunity to develop resistance. The 

Systemic Therapy in Advancing or Metastatic Prostate Can-

cer: Evaluation of Drug Efficacy (STAMPEDE) study is an 

ongoing trial comparing ADT with and without abiraterone 

in high-risk patients with biochemical recurrence or newly 

diagnosed metastatic patients (NCT00268476),115 as are sev-

eral others (NCT01715285).116 Other studies are evaluating 

the efficacy of abiraterone and ADT in combination with 

salvage radiotherapy for biochemical recurrence following 

prostatectomy (NCT01780220).117

Similarly, the efficacy of abiraterone is being explored 

in combination with prostatectomy or radiotherapy in men 

with localized disease (NCT01023061, NCT01717053, 

NCT01751451).118–120 In this regard, neoadjuvant studies of 

multi-targeted AR blockade using LH-releasing hormone 

agonists combined with bicalutamide, dutasteride, and keto-

conazole or LH-releasing hormone agonists combined with 

abiraterone have demonstrated higher pathologic response 

rates than previously observed in historic studies of ADT 

prior to prostatectomy.121,122

While the limited number of studies reported to date have 

identified AR-related mechanisms of resistance to abirater-

one, it is likely that other signaling and survival pathways will 

also be found to play important roles in determining response 

and resistance. As such, numerous studies evaluating the 

combination of abiraterone with cytotoxic chemotherapy and 

targeted agents such as dasatinib (Src inhibitor), veliparib 

(PARP inhibitor), cabozantinib (c-Met and VEGFR2 inhibi-

tor), alisertib (aurora kinase inhibitor), OGX-427 (HSP27 

inhibitor), AT13387 (HSP90 inhibitor), BKM120 (PI3K 

inhibitor), BEZ235 (dual PI3K/mTOR inhibitor), and ABT-

264 (Bcl-2 inhibitor) are planned or underway.

In conclusion, numerous studies evaluating the sequencing 

and combination of abiraterone in multiple disease settings are 

underway. Rapid accrual and completion of these studies will 

be imperative for determining rational treatment strategies 

with the highest likelihood of durable efficacy. Furthermore, 

the molecular heterogeneity that characterizes CRPC tumors 

combined with the growing number of oncogenic drivers for 

which targeted agents are being developed highlights the criti-

cal need for embedding correlative studies within these studies 

and pursuing the development of predictive biomarkers.
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