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Abstract

Purpose—Intermittent androgen deprivation therapy (IADT) for patients with PSA progression 

after treatment for localized prostate cancer is an alternative to the standard continuous ADT. 

IADT allows for the recovery of testosterone during off-cycles to stimulate regrowth and 

differentiation of the regressed prostate tumor in order to lessen the side effects of continuous 

ADT and potentially prolong survival. Previously, IADT coupled with finasteride was shown to 

prolong survival of animals bearing androgen-sensitive prostate tumors when off-cycle duration 

was not prolonged and fixed at 10–14 days. Regressed prostate tumor xenografts with testosterone 

replacement were initially responsive to 5α-reductase inhibition, but resumed growth after several 

days in the animal models. 5α-reductase inhibition in shorter off-cycles of testosterone recovery 

could maximize tumor growth inhibition during IADT and perhaps increase survival.

Materials and Methods—The LNCaP xenograft tumor model was utilized to evaluate the 

effectiveness of short off-cycles of 4 days coupled with 5α-reductase inhibition on IADT on 

survival and tumor regrowth.
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Results—Dutasteride inhibited initial testosterone-induced tumor regrowth during both the first 

and second off-cycle and significantly increased survival.

Conclusions—These results further support the potential for IADT combined with 5α-reductase 

inhibition to improve survival in prostate cancer patients when off cycle durations are short or 

very short.
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INTRODUCTION

Androgen deprivation therapy (ADT) is the standard treatment for patients with advanced 

prostate caner 1–4. ADT is initially quite effective, however most patients develop 

resistance 5, 6. Additionally ADT is associated with known side effects, including cognitive 

and sexual dysfunction, anemia, hot flashes, endocrine abnormalities and metabolic 

syndrome, cardiovascular disease, and loss of bone mineral density and muscle mass 7–10. 

Intermittent androgen deprivation therapy (IADT), which allows for periods of intermittent 

testosterone recovery, was originally developed with the intention to prolong tumor 

androgen dependence. Recovery of testosterone levels can restore the apoptotic potential of 

prostate tumor cells resulting in delay of tumor progression to castration resistance 11–14. 

IADT consists of multiple cycles of androgen suppression, termed “on-cycle” where 

prostate tumors undergo regression, followed by a period of testosterone recovery and tumor 

regrowth, or “off-cycle” 9, 15. In advanced prostate cancer, several studies have reported that 

IADT results in significant improvement in quality of life while achieving survival 

comparable to that observed in patients on continuous ADT 14, 16–20. Two large non-

inferiority phase III trials compared continuous ADT to IADT in men with rising PSA, 

without evidence of metastases after primary or salvage radiation following prostatectomy 

(NCIC PR-7) and in men with newly diagnosed hormone naïve, prostate adenocarcinoma 

(SWOG 9346). In the PR-7 study, which evaluated 1386 men with biochemical recurrence, 

established that overall survival for men on the IADT arm was not-inferior to men on the 

continuous ADT arm 16. There was a non-statistically significant trend for improved overall 

survival in the continuous ADT arm for patients with high Gleason score (8–10) in a post-

hoc subset analysis. Urinary and sexual side-effects and hot-flashes were significantly better 

in the IADT arm on PR-7. The multi-institutional SWOG 9346 study was inconclusive on 

whether IADT is non-inferior to continuous ADT in 1535 patients with metastatic hormone-

naive prostate adenocarcinoma 21. A non-planned subset analysis by extent of disease 

(minimal vs. extensive disease) showed reduced overall survival (5.4 versus 6.9 years) for 

IADT compared to continuous ADT in the minimal disease group. In the sub-group with 

extensive disease, there was no statistically-significant difference in overall survival for the 

IADT versus continuous ADT arms (4.9 years versus 4.4 years respectively). The PR-7 

study demonstrated non-inferiority of IADT in non-metastatic disease, whereas the SWOG 

9346 study failed to demonstrate non-inferiority of IADT compared to ADT in patients with 

hormone naïve metastatic prostate adenocarcinoma. Cumulative assessment of results from 

these phase III studies suggest that particularly for patients with non-metastatic advanced 
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prostate cancer with a biochemical recurrence, IADT has fewer side effects and better 

quality of life and offers non-inferior survival to ADT.

In a recent review, we discussed the potential survival benefit of 5α-reductase inhibition in 

IADT in animal models and the potential translation of this finding into clinic 22. 5α-

reductase inhibitors (5ARIs) such as dutasteride or finasteride could enhance prostatic cell 

differentiation, reduce cell proliferation and delay prostate tumor progression. We have 

previously investigated the impact of finasteride or dutasteride on the efficacy of IADT in 

animal models. Our initial studies showed that addition of finasteride to the off-cycle 

increased survival over IADT alone in LNCaP xenografts when the off-cycle interval was 

fixed 8. Subsequent studies showed that finasteride doubled the off-cycle interval in IADT, 

when the off-cycle was terminated based on tumor volume 23. However, prolongation of the 

off-cycle in the presence of finasteride did not translate into a survival benefit 23. Similarly, 

in a retrospective clinical study, Scholz et al., reported that use of finasteride during the off-

cycle doubled its duration from a median of 15 months to a median of 31 months with no 

effect on prostate cancer progression to castration resistance, when off-cycle termination 

was based on serum PSA 20. One important and clinically relevant question is whether time 

to castrate resistant prostate cancer and eventually disease-specific overall survival can be 

prolonged by 5ARI treatment in human patients on IADT when off-cycle duration is fixed in 

a manner similar to that in the animal model.

Recently, we demonstrated that 5ARI treatment profoundly inhibited the initial phase of 

prostate tumor regrowth after testosterone replacement suggesting that regressed tumors 

behave differently from intact tumors in response to testosterone in the presence of 5ARIs. 

Finasteride and dutasteride treatment during the off-cycle of IADT inhibited initial regrowth 

of regressed xenograft tumors and increased expression of androgen-responsive genes 

compared to IADT alone 24. This study showed that early testosterone-induced regrowth of 

regressed prostate tumors was susceptible to 5ARI treatment, but not after extended 

exposure to androgens. Short off-cycle intervals combined with 5ARI treatment could 

stimulate the differentiation of prostate tumor cells while minimizing proliferation. We used 

dutasteride for our experiments since it inhibits both type I and II 5ARI and has a longer 

half-life compared to finasteride, which inhibits type II 5ARI. In the current study, we 

extended our findings to examine the potential for IADT in the presence of 5ARI dutasteride 

to prolong survival in the LNCaP xenograft tumor model specifically when off cycle 

durations are very short.

MATERIALS AND METHODS

Animals

BALB/c strain of athymic SCID mice were obtained from Charles River Laboratory, 

Wilmington, MA, USA and were kept in accordance with the National Institute of Health 

guidelines under standard animal housing conditions for the Care and Use of Experimental 

Animals. All animal studies were reviewed and approved by the Institutional Animal Care 

and Use Committee (IACUC) of the University of Pittsburgh and were conducted in strict 

accordance with the standards for humane animal care and use as set by the Animal Welfare 

Act and the National Institutes of Health guidelines for the use of laboratory animals.
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Xenograft tumor implantation

LNCaP cells were obtained from American Type Culture Collection. LNCaP cells were 

maintained in RPMI, supplemented with 10% fetal bovine serum (FBS), glutamine, 

penicillin and streptomycin. LNCaP cells underwent 4–8 passages in culture prior to mouse 

inoculation. Approximately 106 LNCaP cells suspended in 250 μL media were gently mixed 

with 250 μL Matrigel (Becton Dickinson Labware, Bedford, MA) and then inoculated 

subcutaneously in the flank region of 6~8 week old male athymic SCID mice using a 25-

gauge needle.

Treatment protocol and measurement of tumor growth

The experimental design and treatment regimen is outlined in Figure 1. Tumor volume was 

evaluated 3 times per week and calculated by the modified ellipsoid formula: length x 

width2 x 0.52 25. When tumors reached ≥ 200 mm3 in size, trans-scrotal castration was 

performed under isoflurane anesthesia with proper aseptic and antiseptic technique as 

previously 23. Castrated mice were randomized into 3 groups: castration (C), castration + 

testosterone replacement (C+T), and castration + testosterone + dutasteride (C+T+D). The 

average time to castration was 33.7 days for group C, 35.7 days for group C+T and 35.75 

days for group C+T+D, median time to castration was 35 days for all groups. Actual average 

tumor size at castration was 355 mm3 for C, 358 mm3 for C+T, and 351 mm3 for C+T+D. 

There was no statistically significant difference in time to tumor development or tumor size 

at castration among the groups. The castration only group (C) was followed without any 

additional intervention. At 10 days post-castration, testosterone alone (C+T) or testosterone 

combined with dutasteride (C+T+D) were injected s.c. daily for 4 days (off-cycle) followed 

by 10 days with no injections (on-cycle). Testosterone (Sigma Chemical, St. Louis, MO) at 

30 μg/day and dutasteride (gift from GlaxoSmithKline) at 1 mg/kg of body weight were 

suspended in egg phospholipids (EPL, NSC 704057, National Cancer Institute). At least 8 

animals per group were generated and tumor volume was measured 3 times per week. 

Euthanasia was performed when tumor diameter exceeded 20 mm, ulcerated or caused 

severe tumor-related morbidity. Study endpoints were tumor volume and animal survival.

Statistical analysis

GraphPad Prism 5.0 (GraphPad Software, Inc) was used for statistical analysis and graphical 

composition. The Kaplan-Meier test was used to calculate survival, and the log-rank test was 

used for evaluation of significance. Survival data were expressed as the median and 95% 

confidence interval ± SEM. Tumor volume data were expressed as the mean ± SEM, and 

statistical significance was determined by Mantel-Cox log-rank or Student’s t-test as 

appropriate. A p value of < 0.05 was considered statistically significant.

RESULTS

Survival analysis of IADT plus dutasteride

The survival of mice with LNCaP xenografts was significantly improved by the addition of 

dutasteride during the off-cycle (Figure 2A). Overall survival for castrated mice treated with 

intermittent testosterone replacement plus dutasteride (C+T+D) was statistically greater than 
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for castrated (C) or castrated plus testosterone (C+T) (p < 0.05). Median survival for 

castrated mice treated with intermittent testosterone replacement (C+T) was 37 days, which 

was not significantly different than the median survival of 35 days (p=0.62) in castrated (C) 

mice. The median survival for C+T+D mice was 46 days after castration, which was 

significantly greater than that of both C+T and C mice (p < 0.05) (Figure 2B). The 

percentage of mice surviving at the end of each off-cycle was determined for each group 

(Figure 2C). All mice in all groups were alive at the end of off-cycle 1 (Day 14). At the end 

of off-cycle 2, 72% of mice in group C were still alive, 90% of group C+T and 100% of 

group (C+T+D). At the end of off-cycle 3, 18% of group C were still alive, 20% of group C

+T and 60% of group C+T+D. No animals survived through the end of off-cycle 4 as the last 

animal in group C+T+D died at 52 days post-castration.

Tumor response to dutasteride during the short off-cycle

Previously in LNCaP xenograft tumors, finasteride was shown to inhibit testosterone-

induced tumor regrowth during the initial 4 days of treatment of the first off-cycle. As 

expected, dutasteride inhibited testosterone-induced initial tumor regrowth (Figure 3). 

Average tumor volumes during the first two off-cycles were decreased in group C+T+D 

compared to group C+T (Figure 3A). Dutasteride significantly inhibited tumor regrowth 

during the initial 4 days of the first off-cycle (Figure 3B). Furthermore, although the 

inhibition was not statistically significant (p = 0.08), dutasteride also decreased tumor 

regrowth during the initial 4 days of the second off-cycle (Figure 3C).

DISCUSSION

IADT is an alternative treatment to ADT that, if optimized, has the potential to improve 

prostate cancer outcomes while reducing the treatment cost. Multiple clinical trials have 

demonstrated that IADT may reduce the adverse effects associated with continuous ADT 

without any clear difference in survival 26. Long term efficacy remains to be determined and 

methods for optimization of IADT will be a critical step in establishing it as a viable 

treatment option, especially in patients with advanced metastatic disease. Rising serum PSA 

levels are frequently used to determine off-cycle duration 27. In a recent review, we 

discussed the potential survival benefit of 5α-reductase inhibition in IADT, only when off-

cycles are short, in animal models and the potential translation of this finding into clinic 22. 

5α-reductase inhibitors (5ARIs) such as dutasteride or finasteride could enhance prostatic 

cell differentiation, reduce cell proliferation and delay prostate tumor progression. In a 

retrospective clinical study, the addition of finasteride during the off-cycle of IADT was 

shown to significantly inhibit rising PSA serum levels, thereby extending the duration of the 

off-cycle from a median of 15 months to 31 months 20. However, the extension of off-cycle 

duration by finasteride in prostate cancer patients did not translate into an improvement in 

time to development of castrate-resistant prostate adenocarcinoma 20. Similarly, in xenograft 

tumor models, prolongation of off cycle duration did not improve overall survival 23. 

However, fixed off-cycles of about 10 days coupled with finasteride treatment prolonged 

overall survival in xenograft tumor models 9. Finasteride or dutasteride treatment during the 

off-cycle of IADT significantly inhibited testosterone-stimulated regrowth of regressed 

prostate tumors during the first 4 days of testosterone replacement, but tumor growth 
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resumed after 4 days 24. Regressed prostate tumors treated with finasteride or dutasteride 

had enhanced expression of growth suppressive androgen-responsive genes at day 4 and 

reduced expression at day 14, suggesting that initial testosterone replacement induced 

differentiation rather than proliferation 24. Masoodi et al., showed that early testosterone-

induced growth of regressed prostate tumors was susceptible to 5ARI treatment, but not 

after extended exposure to androgens.

In addition to the treatment of advanced prostate cancers, 5ARIs might also decrease disease 

progression in low-risk, localized prostate cancer. The reduction by dutasteride of clinical 

progression events in expectant management (REDEEM) trial consisted of a randomized 

study to determine whether the use of a 5ARI could delay the time to treatment or 

pathological progression in men undergoing active surveillance for low-risk prostate 

cancer 28. This study found that dutasteride significantly delayed time to prostate cancer 

progression thus delaying the initiation of primary therapy. In the dutasteride group, 38% of 

men had prostate cancer progression compared to 48% of men in the control group during 

the 3 year study 28. Although tumor biology may differ among low-risk and high-risk 

prostate cancers, these studies and ours suggest that dutasteride might be a promising 

alternative treatment for inhibiting prostate cancer progression in certain patient populations.

CONCLUSIONS

In the current study, we show that short off-cycles of 4 days in IADT combined with 

dutasteride enhanced survival in the LNCaP xenograft tumor model, suggesting that the 

addition of dutasteride could significantly enhance survival in tumor-bearing mice. Tumor 

growth was inhibited during the first 4 days of testosterone-stimulated regrowth during both 

off-cycle 1 and off-cycle 2. In a phase II clinical trial, proliferation marker Ki-67 in prostate 

cancer biopsies was significantly inhibited by dutasteride during the early phase of off-

cycles of IADT when testicular function was recovering 29, which is consistent with our 

findings using the animal models 24.

In summary, our animal studies suggest that 5ARI treatment inhibits the initial regrowth of 

regressed prostate tumors and has the potential to enhance the efficacy of IADT as long as 

the off-cycles are not permitted to prolong or can be terminated very short soon after 

testicular function recovery. This finding can be used to help design future clinical trials 

testing whether 5ARI coupled with short off-cycles can prolong the survival of prostate 

cancer patients on IADT.
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Key of Definitions

IADT intermittent androgen deprivation therapy
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PSA prostate specific antigen

ADT androgen deprivation therapy

5 ARI 5α-reductase inhibitor

C castration

C+T castration + testosterone replacement

C+T+D castration + testosterone + dutasteride
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Fig. 1. 
Experimental protocol. A. Schematic diagram of protocol. LNCaP xenograft tumors were 

established in SCID mice and animals were castrated when tumor volume reached ≥ 200 

mm3. Castrated animals (C) were randomized into groups on day of castration (Day 0) and 

subsequently treated with multiple cycles of intermittent androgen deprivation therapy 10 

days of no treatment other than castration (on-cycle) followed by 4 days of 30 μg/day 

testosterone replacement (C+T), or 30 μg/day testosterone plus 1 mg/kg body weight 

dutasteride (C+T+D) (off-cycle). Tumor volume was evaluated 3 times per week and 

calculated by the modified ellipsoid formula: (length x width2 x 0.52)25. Control animals 

were treated by castration only. Study endpoints were tumor volume and animal survival. B. 

Protocol timeline. Animals bearing LNCaP xenograft tumors from each group were 

subjected to treatment protocol from castration (Day 0) until tumor diameter exceeded 20 

mm or tumor volume exceeded 2000 mm3.

Pascal et al. Page 9

J Urol. Author manuscript; available in PMC 2015 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Survival of castrated mice bearing LNCaP xenograft tumors. A. Kaplan–Meier Survival 

Curve of castrated mice (C), castrated mice treated with multiple cycles of short 

testosterone-induced off-cycles (C+T) and with dutasteride (C+T+D). Number of mice in 

each treatment group given in parentheses, *, p < 0.05 when comparing C+T+D to C or C+T 

by Mantel-Cox log-rank test, p> 0.05 when comparing C to C+T. B. Median survival of 

mice in group C was 35 days (95% confidence interval [CI], 28–44), 37 days in group C+T 

(95% CI, 29–44), and 46 days in group C+T+D (95% CI, 39–52), p value for indicated 
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comparisons by Student’s t-test. C. Survival of mice bearing tumors at the end of each off-

cycle. Groups include castrated mice (C), castrated mice treated with multiple cycles of 

short testosterone-induced off-cycles (C+T) with dutasteride (C+T+D).
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Fig. 3. 
Response of LNCaP xenograft tumors to multiple short off-cycles of testosterone recovery. 

A. Average xenograft tumor volume at indicated time point for animals treated with multiple 

cycles of short testosterone-induced off-cycles (C+T) and with dutasteride (C+T+D). B. 

Response of LNCaP xenograft tumors to dutasteride during off-cycle 1. C. Response of 

LNCaP xenograft tumors to dutasteride during off-cycle 2. Error bars represent SEM, *, p < 

0.05 when comparing C+T+D to C+T by Student’s t-test at each time point.
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