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Abstract. Knowledge of the presence and extent of disease
plays a major role in clinical management of prostate cancer,
as it provides meaningful information as to which therapy to
choose and who might benefit from this therapy. The wide
expression of androgen receptor (AR) in primary and metastatic prostate tumors offers a cellular target for receptormediated imaging of prostate cancer. In our previous study, a
non-steroidal AR ligand, S-26 [S-3-(4-fluorophenoxy)-2hydroxy-2-methyl-N-(4-cyano-3-iodophenyl)-propionamide]
showed promising in vitro pharmacological properties as an
AR-mediated imaging agent, with high AR binding affinity
and AR specificity. The overall goal of this study was to
characterize the in vivo metabolic and biodistribution profile
of S-26 in rats. Non-compartmental pharmacokinetic analysis of S-26 in rat plasma showed that clearance (CL),
volume of distribution (Vdss), and half-life (T1/2) of S-26 were
0.30±0.07 l/h/kg, 1.44±0.33 l/kg, and 4 h, respectively, after
intravenous (i.v.) administration. Dose proportionality (1, 10
and 30 mg/kg) studies suggested that the pharmacokinetics of
S-26 are dose-independent. The plasma concentrations of all

3 doses were further simultaneously fitted with a two-compartmental model and the results were similar to those obtained
from non-compartmental analysis. Biodistribution studies
using 125I-labeled S-26 indicated that it did not specifically
target AR-rich tissue (e.g. prostate). A substantial amount of
radioactivity recovered from thyroid gland indicated the
release of free iodine. In metabolism studies, unchanged S-26
and its metabolites were detected in rat urine and fecal samples.
Oxidation, de-iodination, hydrolysis, and sulfate conjugation
were the major metabolic pathways of S-26 in rats, with deiodination representing a unique metabolic pathway of S-26
among other selective androgen receptor modulators. In
conclusion, the extensive plasma clearance and de-iodination
of S-26 likely contribute to its lack of AR tissue selectivity
in vivo. Future studies using metabolically stable ligands with
less lipophilicity and higher AR binding affinity may represent a promising and rational approach for AR-mediated
imaging.

_________________________________________

Prostate cancer is the most commonly diagnosed cancer and
remains the second leading cause of death from cancer in
American men (1). Procedures for reliable and accurate staging
of prostate cancer are essential in the management of prostate
cancer. Androgen receptor (AR) is an important intracellular
receptor, which mediates the pharmacologic effects of androgens and is involved in the progression of prostate cancer.
AR is expressed in all stages of prostate cancer evolution,
including prostatic intraepithelial neoplasia (2), primary (3,4)
and metastatic disease (5,6), both before and after androgen
ablation therapy. Even androgen-independent tumors express
the AR (2). Metastatic prostate tumors expressing AR regardless of their sensitivity to hormonal therapy offer a cellular
target for receptor-mediated imaging or treatment of advanced
prostate cancer.
Chemicals that modulate AR activity can be divided into
four classes based on their structure (steroidal and nonsteroidal) and function (androgenic and antiandrogenic).
Non-steroidal antiandrogens, a major interest for the treatment

Correspondence to: Dr James T. Dalton, GTx, Inc., 3 North Dunlap
Street, Memphis, TN 38163, USA
E-mail: jdalton@gtxinc.com
Abbreviations: AR, androgen receptor; DHT, dihydrotestosterone;
T, testosterone; SHBG, sex hormone binding globulin; PEG 300,
polyethylene glycol 300; Ki, dissociation equilibrium constant of
the inhibitor; HPLC, high-performance liquid chromatography; LCMS, liquid chromatography-mass spectrometry; MS/MS, tandem
mass spectrometry; GI tract, gastrointestinal tract; CL, clearance;
AUC, area under the concentration-time curve; T1/2, elimination
half-life; Vdss, volume of distribution at equilibrium; DES, diethylstilbrestil; ID/g, injected dose per gram of tissue
Key words: pharmacokinetics, biodistribution, metabolism, androgen
receptor, prostate cancer

Introduction

213-222.qxd

13/11/2009

02:14 ÌÌ

214

Page 214

YANG et al: PHARMACOKINETICS, BIODISTRIBUTION AND METABOLISM OF S-26

of ‘androgen-dependent’ prostate cancer, have been used
clinically for years. Over the past several years, we determined
many of the physicochemical and structural requirements for
high affinity AR binding by non-steroidal ligands (7,8).
Much of our research efforts have focused on characterization
of the in vivo pharmacologic activity and tissue selectivity of
aryl propionamide selective androgen receptor modulators
(SARMs) in animal models of androgen-dependent disease
(9-12). We completed extensive studies on the molecular and
preclinical pharmacology of these compounds, advancing them
from high affinity but metabolically labile ligands (13) to
tissue-selective drugs with promising in vivo pharmacologic
activity (9,10,12,14-17). These studies on the structureactivity relationships for AR binding and activation provide
important information for rationally modifying the structures
of non-steroidal ligand to obtain novel compounds for AR
mediated imaging of prostate cancer (18). Our previous studies
showed that non-steroidal AR ligands incorporating iodine in
either the A ring or B ring of the aryl propionamide pharmacophore retain high binding affinity to the AR (18-21). In our
previous report, S-3-(4-fluorophenoxy)-2-hydroxy-2-methylN-(4-cyano-3-iodo-phenyl)-propionamide (referred to as S-26
hereafter as in ref. 18) was shown to exhibit favorable
properties for further development as an imaging agent for
prostate cancer, i.e., high-AR binding affinity of 3.3 nM
(which is similar to testosterone), high specificity (does not
cross-react with other members of the steroid hormone receptor
family) and lack of binding to SHBG, a plasma protein that
binds steroids with high affinity (18). S-26 (Fig. 1) incorporates
an iodine group at the meta-position of the A aromatic ring,
which provides the opportunity to introduce varying isotopes
of iodine for research, therapeutic and diagnostic purposes.
Iodine-125 offers a good radiotracer for imaging research,
whereas iodine-123 could be clinically used for diagnosis
and iodine-131 could be used for receptor-mediated radiation
therapy. Reported herein are the in vivo evaluations and
characterization of S-26 as a potential AR mediated imaging
agent. We first determined the pharmacokinetic parameters
of S-26 and then synthesized 125I-labeled S-26 for in vivo biodistribution studies in rats. As a whole, these studies provide
important new information regarding the metabolic and physicochemical factors that govern AR-mediated accumulation of the
aryl propionamide SARMs and suggest structural modifications
to improve their potential for prostate cancer imaging.
Materials and methods
Chemicals and reagents. 3-(4-fluorophenoxy)-2-hydroxy-2methyl-N-(4-cyano-3-iodo-phenyl)-propionamide (S-26), its
trimethyltin precursor, and an internal standard (Fig. 1) were
synthesized and characterized in our laboratories as previously
described (7,18,20,21). The purities of synthesized compounds
were confirmed by NMR, elemental analysis and mass spectrometry. Na125I was obtained from PerkinElmer (Life Sciences,
Boston, MA). HPLC grade acetonitrile, water and ethyl acetate
were purchased from Fisher Scientific Company (Fair Lawn,
NJ). Ethyl alcohol (USP grade) was purchased from AAPER
Alcohol and Chemical Company (Shelbyville, KY). All other
chemicals were purchased from Sigma Chemical Company
(St. Louis, MO).

Animals. Male Sprague-Dawley rats, purchased from Harlan
Biosciences (Indianapolis, IN), were kept on a 12-h light/dark
cycle in temperature and humidity controlled rooms. Animals
had access to food and water ad libitum. All animal studies
were reviewed and approved by the Institutional Animal Care
and Use Committee at The Ohio State University.
Pharmacokinetic studies. Male Sprague-Dawley rats weighing
195-238 g were used for pharmacokinetic studies. A catheter
was implanted in the right jugular vein of each rat 24 h prior
to dosing. Animals (n=15) were divided into 3 groups. The
pharmacokinetics of S-26 were determined after an intravenous dose of 1 or 10 or 30 mg/kg via the jugular vein.
Dosing solutions were prepared by dissolving S-26 in a
vehicle containing DMSO (5%, v/v) in PEG 300. Doses were
delivered in a volume of 500 μl, and the jugular vein catheter
was flushed three times with total of 500 μl of saline. Blood
samples were collected prior to the dose and at 5, 10, 20, 40,
60, 120, 240, 480, 720, 1080 and 1440 min after drug administration. Blood samples were immediately centrifuged at
3,000 g for 10 min. The plasma fraction of each sample was
transferred to a clean Eppendorf tube and stored at -20˚C
until analysis.
HPLC-UV analysis. HPLC analytical methods to determine
the plasma concentration of S-26 were developed and validated. An aliquot (100 μl) of each plasma sample was spiked
with 20 μl of an internal standard (a structural analog of S-26,
75 μg/ml final concentration) and mixed well with 1 ml of
acetonitrile. After centrifugation at 12,000 x g, 4˚C for 5 min,
the supernatant was collected and evaporated. The residues
were reconstituted in 150 μl of mobile phase and an aliquot
of 100 μl was used for HPLC analysis. The separation of S-26
and internal standard was carried out using an isocratic mobile
phase (acetonitrile/H2O:50/50, v/v) at a flow rate of 1 ml/min
with a Nova-Pak C18 column (3.9x150 mm, particle size 4 μm)
(Waters Corporation, Milford, MA). The UV absorbance of
eluents was monitored at 270 nm. Calibration standards were
prepared in blank rat plasma with concentrations ranging
from 0.05 to 50 μg/ml. The recovery of S-26 ranged from
95.1 to 99.6%, as measured using low, medium and high
concentration samples. The intra- and inter-day coefficients
of variation of the assay were 5.2 and 8.5%, respectively, at a
concentration of 0.05 μg/ml (limit of quantitation, LOQ), and
2.4 and 0.22%, respectively, at a concentration of 50 μg/ml.
Pharmacokinetic data analysis and dose proportionality. The
plasma concentration-time data were analyzed by both noncompartmental and compartmental methods using WinNonlin
software (Pharsight Corporation, Mountain View, CA).
WinNonlin was provided by a Pharsight Academic License to
The Ohio State University. The terminal half-life (T1/2) was
calculated as T1/2=0.693/Ï, where Ï was the terminal disposition
rate constant. The area under the plasma concentration-time
curve (AUC0-∞) was calculated by the trapezoidal method
with extrapolation to time infinity. The plasma clearance
(CL) was calculated as CL = Dose i.v./AUC0-∞,i.v., where Dosei.v.
and AUC0-∞, i.v. are the i.v. dose and the corresponding area
under the plasma concentration-time curve from time zero to
infinity, respectively. The apparent volume of distribution at
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equilibrium (Vdss) was calculated as Vdss = CL x MRT, where
the MRT was the mean residence time following the intravenous bolus dose.
The pharmacokinetic parameter, AUC0-∞ was utilized to
assess dose proportionality of S-26 after i.v. dose of 1, 10
and 30 mg/kg by using the following power model (22): Yij =
· x Dßj x eij, where Dj is the dose at level j; Yij is the pharmacokinetic parameter for rat i at dose level j; · and ß are the
mean intercept and slope, respectively; and eij is the residual
error for rat i at dose level j. The model presented above can
be transformed as ln(Yij) = · + ß x ln(Dj) + eij, and fitted by
using PROC MIXED procedure in SAS software (version
8.0; SAS Institute Inc., Cary, NC). A dose-proportional
relationship is concluded if the 95% confidence interval of
the estimated mean slope (ß) includes unity.
The mean concentration data under different doses were
further simultaneously fitted by a two-compartment linear
model:
dC1
V1 ––––– = -CL x C1 + CLd (C2-C1)
dt
dC2
V2 ––––– = CLd (C1-C2)
dt
where V1 and C1 are central compartment volume and concentration, V2 and C2 are peripheral compartment volume and
concentration, and CLd represents intercompartment clearance.
The weight is equal to 1/Y2. The goodness of fit was assessed
by model convergence, visual inspection, precision of the
parameter, Akaike Information Criteria (AIC), SCHWARZ
(SC) and examination of the residuals.
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Figure 1. Chemical structure of S-26, S-26 trimethyltin precursor and
internal standard. S-26, 3-(4-fluorophenoxy)-2-hydroxy-2-methyl-N-[4cyano-3-(iodide)phenyl]-propionamide.

Table Ia. Pharmacokinetic parameters of S-26 using noncompartmental analysis.
–––––––––––––––––––––––––––––––––––––––––––––––––
Parameters
1 mg/kg
10 mg/kg
30 mg/kg
–––––––––––––––––––––––––––––––––––––––––––––––––
4.07
4.08
3.89
T1/2 (h)
AUC (μg*h/ml) 2.58±0.62 32.35±2.00 100.54±16.77
Vdss (l/kg)
1.82±0.13
1.23±0.02
1.28±0.16
CL (l/h/kg)
0.38±0.10
0.26±0.02
0.26±0.04
–––––––––––––––––––––––––––––––––––––––––––––––––
Table Ib. Pharmacokinetic parameters of S-26 using twocompartmental analysis.
–––––––––––––––––––––––––––––––––––––––––––––––––
Parameters
Estimate
CV
–––––––––––––––––––––––––––––––––––––––––––––––––
0.30
14.8
CL (μg*h/l)
CLd (μg*h/l)
0.60
1.8
V1 (l/kg)
0.84
4.6
V2 (l/kg)
0.78
6.4
–––––––––––––––––––––––––––––––––––––––––––––––––

Radiosynthesis of iodine-125 labeled S-26. The radioiodinated compound was prepared by oxidative iodination of
the trimethyltin precursor (Fig. 1). Briefly, the reaction mixture
consisted of 100 μl of trimethyltin precursor solution (25 μg/ml
in ethanol), 0.5-1 mCi of Na125I in 5-10 μl of sodium hydroxide
solution (pH 10) and 0.1 ml of freshly prepared ChloramineT (1 mg/ml) in aqueous solution. The reaction was performed
at room temperature for 15 min, and was quenched by adding
0.2 ml of aqueous sodium meta-bisulfate (3 mg/ml). The
reaction mixture was then extracted with chloroform (2x2 ml).
Radiolabeled S-26 was purified on a reversed phase Nova-Pak®
C18 column by HPLC analysis. The overall yield ranged from
30-50%, with at least 98% radiochemical purity obtained in all
reactions. Specific activity of the final product ranged from
2130 to 2280 Ci/mmol. The purified, radiolabeled S-26 was
refrigerated (4˚C) and no degradation was observed for up to
at least one week.

were sacrificed at 1, 6, or 18 h after drug administration.
Blood, liver, kidney, lungs, heart, muscle, fat, prostate, seminal
vesicle, epididymis, pancreas, spleen, brain, thyroid, urine
and feces were collected, rinsed with saline, and blotted with
paper. After weighing and mincing, the radioactivity in
collected tissues were determined by means of gamma scintillation counting using a well counter. The uptake in each organ
was expressed as percentage of injected dose per gram of tissue
or blood (%ID/g). The percentage of injected dose was determined by the comparison of the tissue radioactivity with
suitably diluted aliquots of the injected dose.

Biodistribution of radiolabeled S-26 in rats. Male SpragueDawley rats weighing about 250 g were used in these experiments. A single i.v. dose of 10 μCi of 125I-labeled S-26 was
given to rats via the jugular vein. Dosing solutions were
prepared in a vehicle containing 5% DMSO (v/v) in PEG300.
Intact male rats (n=9) were divided into three groups and
received an i.v. dose of 125I-labeled S-26 (10 μCi/animal) via
the jugular vein. Animals were housed in individual metabolism cages with food and water provided ad libitum. Rats

Metabolism of S-26 in vivo. Urinary and fecal samples from
rats were collected at 24 h intervals for up to 48 h after i.v.
dosing and were stored at -80˚C until analysis. The animals
were transferred to new cages at the end of each collection
interval. Before analysis, urine samples were thawed and
extracted with two volumes of ethyl acetate. The extraction
procedure was repeated three times and the combined organic
phase and the combined aqueous phase were evaporated
separately to dryness. The residues were reconstituted in a
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Table II. Tissue biodistribution of 125I S-26 at dose of 1 mg/kg in rats (n=3) expressed in percentage of injected dose/g of tissue.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Tissue
1h
6h
18 h
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Blood
0.16±0.02
0.15±0.02
0.07±0.02
Skin
0.45±0.16
0.19±0.03
0.10±0.03
Thyroid
15.03±1.72
29.85±8.99
72.87±0.38
Liver
0.66±0.09
0.47±0.04
0.14±0.03
Lung
0.35±0.11
0.18±0.01
0.07±0.02
Heart
0.22±0.03
0.11±0.01
0.03±0.01
Spleen
0.18±0.02
0.10±0.01
0.05±0.03
Kidney
0.27±0.03
0.20±0.04
0.07±0.02
Pancreas
0.46±0.06
0.16±0.02
0.06±0.03
Thymus
0.15±0.01
0.10±0.02
0.03±0.01
Brain
0.10±0.04
0.04±0.01
0.01±0.00
Prostate
0.35±0.06
0.21±0.06
0.07±0.02
Testis
0.15±0.02
0.09±0.01
0.04±0.01
Seminal vesicles
0.11±0.02
0.28±0.35
0.07±0.01
Fat
0.83±0.63
0.66±0.16
0.09±0.03
Muscle
0.12±0.00
0.07±0.01
0.02±0.00
Bladder
0.41±0.16
0.43±0.24
0.28±0.17
Stomach wall
1.29±0.24
0.73±0.28
0.53±0.29
Small intestines
1.47±0.44
0.58±0.23
0.20±0.05
SI contents
2.27±0.61
2.48±0.93
0.42±0.12
Large intestines
0.35±0.13
0.18±0.04
0.38±0.50
Urine
0.87±0.22
2.05±0.19
1.90±0.14
Feces
0.05±0.04
0.04±0.00
8.42±4.24
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table III. Biodistribution of 125I S-26 in rats (n=3), excretion
and accumulation were expressed as percentage of dose.
–––––––––––––––––––––––––––––––––––––––––––––––––
% of dose
1h
6h
18 h
–––––––––––––––––––––––––––––––––––––––––––––––––
Thyroid
1.12±0.2
2.23±0.7
5.18±0.1
Urine excretion
2.93±2.1
10.07±2.0
32.87±2.3
Feces excretion
0.02±0.02
0.03±0.02
29.52±2.1
Total recovery
84
60
83
of radioactivity
(% of dose)
–––––––––––––––––––––––––––––––––––––––––––––––––
well mixed with methanol and were filtered followed by
LC-MS/MS analyses.
Figure 2. Plasma concentration-time profile of S-26 in rats with 3 different
i.v. doses. Each point represents the mean ± SD (n=5/group).

mobile phase of acetonitrile/H2O [50:50 (v/v)], and the solution
was filtered through an Acrodisc syringe filter (0.2 μm, 13 mm;
Pall Corporation, East Hills, NY). The filtrate was applied to
liquid chromatography tandem mass spectrometry (LC-MS/
MS) analyses as described below. Fecal samples were extracted
three times with 10 ml of a mixture of methanol/ethyl acetate
[2:1 (v/v)]. The liquid phase after each extraction was combined
and evaporated. The resulting semisolid residues were then

LC-MS/MS analysis. Mass spectrometric analyses were
performed using a ThermoFinnigan LCQ DECA XP MAX
ion trap mass spectrometer (San Jose, CA, USA) coupled
with a Shimadzu (Kyoto, Japan) HPLC system consisting of
an autosampler (SIL-20A) and a capillary binary pump (LC20AD) with on-line degasser. The autosampler was set at 4˚C
during analysis. Data acquisition was controlled by Xcalibur
software. An aliquot (10 μl) of each sample was injected into
a C18 column (Beckman Coulter, Fullerton, CA, 250x2.0 mm,
5 μm) at a flow rate of 0.2 ml/min using a gradient mobile
phase comprised of water (A) and acetonitrile (B). The mobile
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Table IV. Metabolites of S-26 identified in rat urine and feces within 24 h after i.v. dose.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Product ions MS/MS (m/z)
Assigned structure and proposed fragmentation patterns
Molecular ions (M-H)–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
439 (S-26)
327, 299, 243

213

111

345

314, 243

455 (S-26 + O)

535 (S-26 + O + SO3H)

327, 299, 243

455, 299

313 (S-26 - I)

201, 173, 111,

329 (S-26 + O - I)

201, 173, 127,

409 (S-26 + O - I + SO3H)

329, 173

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
phase was comprised of 0% B for the first 5 min and the flow
was diverted to waste, increased to 65% B in a linear gradient
from 5 to 35 min, and then further increased to 90% B from
35 to 36 min and maintained for 5 min, and finally returned
to 0% B at 42 min. The column was equilibrated with the
initial mobile phase for 10 min. The mass spectrometer was
tuned with S-26 and operated in the negative ion mode. The
heated capillary temperature and spray voltage were set at
285˚C and 5 kV, respectively. The sheath and auxiliary gas
flow rates were 35 and 2 ml/min, respectively. For MS/MS
analysis, selected precursor ions were isolated with a width
of 3 m/z and fragmented with 38% of energy for negative ion
mode.
Statistical analyses. The results (mean ± SD) of all of the
experiments were subjected to statistical analysis by one-way
ANOVA. The level of significance was set at P<0.05.
Results
Pharmacokinetic studies and dose proportionality. As a
prelude to the biodistribution studies, we examined the
pharmacokinetics of unlabeled S-26 in male, Sprague-Dawley

rats in order to verify its in vivo stability and to determine the
time frame needed for biodistribution studies with radiolabeled compound. The plasma concentration data were
initially analyzed by non-compartmental analysis. The CL,
Vdss, and T1/2 of S-26 did not vary significantly with dose
(P>0.05) (Table Ia). The mean terminal half-life was 4.03 h.
The mean (± SD) CL and Vdss of S-26 were 0.30±0.07 l/h/kg
and 1.44±0.33 l/kg, respectively. Dose proportionality of S-26
in rats was assessed by statistical analyses of log-transformed
parameters and dose. The proportionality coefficient (ß)
was estimated to be 1.12, with a 95% confidence interval of
0.95-1.22. These data suggested that the pharmacokinetics of
S-26 in rats are dose independent.
The mean plasma concentration-time profiles of S-26
were further simultaneously described by a two-compartment
model (Fig. 2). The CL, Vdss (V1+V2) were estimated to be
0.30 l/h/kg and 1.62 l/kg (Table Ib), which is correlated well
to the results obtained from non-compartmental analysis
(Table Ia).
Biodistribution studies. The concentration of 125I-labeled S-26
in each tissue and blood at 1, 6 and 18 h is presented in Table II.
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A

B

Figure 3. (A) Tissue/blood ratios of 125I S-26 in rats after i.v. dosing of 10 μCi
of radiolabeled S-26. SI, small intestines; SV, seminal vesicles; LI, large
intestines. Data were expressed as a ratio of injected dose/g of tissue to that
of blood. Each bar represents the mean ± SD (n=3/group). The ratio of thyroid
to blood was 97.3±12.0, 201.9±59.4 and 1219.9± 60.6 at 1, 6 and 18 h,
respectively. The ratios of thyroid to blood were not included in this figure.
(B) Fraction of radioactivity of parent drug and metabolites in rat blood after
i.v. dosing of 10 μCi of radiolabeled S-26. Data are expressed as a ratio of
injected dose/g of blood. Each bar represents the mean ± SD (n=3/group).

At 1 h after i.v. administration of radiolabeled S-26, only a
small percentage (less than 0.2% of the injected dose) was
detected in blood, an observation that can be attributed to the
large volume of distribution of the drug. The accumulation of
radioactivity in the prostate gland (AR rich tissue) is of particular interest. Unfortunately, we did not observe appreciable
radioactivity in AR rich tissues (i.e., prostate) as compared to
other tissues (i.e., muscle, fat and blood). Radioactivity in the
prostate represented only 0.35, 0.21 and 0.07% ID/g at 1, 6
and 18 h, respectively (Table II). The thyroid gland accumulated the greatest percentage of radioactivity in these studies
(Table II). Within the first 6 h, the major excretion pathway
was through urine with 2.93 and 10.07% of the total radioactivity identified in samples collected during the 0-1 and 0-6 h
periods, respectively (Table III). However, less than 0.1% of
the total dose was recovered in fecal samples collected during
the 0-6 h time period. During the period of 0-18 h after i.v.
dosing, the percentage of radioactivity recovered in urine and
feces were approximately equal (i.e., 32.9 and 29.5%, respectively) (Table III). The large percentage of radioactivity found
in urinary and fecal samples suggests that both urine and
feces are major elimination pathways of S-26 and its metabolites. This was further confirmed by the large percentage of
radioactivity found in intestinal tissue and intestinal contents
during the first 6 h after dose administration (Table II).

Fig. 3A shows the ratio of radioactivity accumulated in tissue
over that in blood. High ratios of tissue/blood were observed
in GI tract, fat and bladder (Fig. 3A). Relatively large fractions
of radiolabeled metabolites were found in blood after i.v.
bolus of I-125-S-26 in rats (Fig. 3B).
Identification of major metabolites of S-26 in rat urine and
feces. To identify and characterize the major metabolites of
S-26 in rats, we collected both urinary and fecal samples from
animals after i.v. dosing of S-26. These studies were conducted
to provide information regarding the factor(s) that contributed
to the failure of the targeting of radiolabeled S-26 to AR-rich
tissues. Importantly, these studies on the metabolism of S-26
might also be useful for structural modification of non-steroidal
ligands to the discovery of potential imaging agents. Metabolic
profiles of S-26 in rat urinary and fecal samples were generated
by electrospray ionization-mass spectrometry analysis. Blank
urinary and fecal samples were also included in the analysis
as a background control for the analysis of metabolites.
Our in vivo biodistribution using radiolabeled S-26 suggested that S-26 and its metabolites were eliminated from
the body within 18 h after dose administration (Table III).
Therefore, urinary and fecal samples from 0 to 24 h in rats
were analyzed by LC/MS/MS. The [M-H]- ion corresponding
to the parent drug at m/z 439 and seven major metabolites
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Figure 5. LC/MS/MS spectra of m/z 345 (A) was confirmed by a S-26
analog (B).

Figure 4. LC/MS/MS spectra of S-26 and major metabolites.

corresponding to m/z 213, 345, 455, 535, 313, 329 and 409
were identified (Table IV). Parent compound (m/z 439),
identified in both urine and feces, eluted at 37.0 min and
yielded product ions of m/z 327, 299 and 243. Fig. 4A shows
the proposed fragmentation ions of S-26. Similar metabolic
pathways of SARMs were reported also previously by our
laboratory (23-25). The product ion at m/z 299 corresponds to
a cleavage of the bond between the chiral carbon and
methylene carbon with loss of a methyl group. The product
ion at m/z 243 likely resulted from a breakdown at the amide
bond. Another fragmentation ion at m/z 327 was formed
from the cleavage of the bond between the oxygen linker and
B-ring. Two metabolic products from S-26 were also identified
at m/z 213 and 345 (Table IV), which were exclusively found
in urinary samples, not in feces. The m/z 213 ion was
confirmed using a synthesized standard (with exactly the
same HPLC retention time and identical [M-H]- and MS/MS
pattern). The structure of m/z 345 was also confirmed using a
synthesized analog (iodine in A ring was replaced by CF3
group). Their MS/MS spectra are shown in Fig. 5.
An oxidation (B-ring) product of S-26 and its subsequent
sulfation product corresponded to the ions at m/z 455 and
535 (Table IV). The [M-H]- at m/z 455 (mono-hydroxylation
of S-26) eluted at 31.2 and 32.8 min and yielded ions of m/z

327, 299 and 243 following exactly the same cleavage pattern
of S-26 (Fig. 4C), suggesting that the B-ring might be the site
of hydroxylation and that the oxidation happened at different
positions. The MS/MS spectra of m/z of 329 (de-iodinated
S-26) produced a fragment ion at m/z 127 (Fig. 4D), which
further supports the idea that the B-ring was more susceptible
to hydroxylation. The [M-H]- at m/z 535 (sulfate conjugate in
B ring) eluted at 20.2 and 21.1 min and yielded ions of m/z 455
(a cleavage of the sulfate group) and 299, further supporting
the hypothesis that oxidation occurred at different B ring
positions.
Loss of free iodine represents a very important metabolic
pathway of S-26, as the free iodine will greatly contribute
to its non-specific targeting and background radioactivity. The
[M-H]- at m/z 313 (Table IV) was proposed to be the deiodinated S-26 and eluted at 33.5 min. Fragmentation of this molecular ion produced ions at m/z 201, 173 and 111 (Fig. 4B).
The cleavage pattern was similar to that of S-26. Further
oxidation and subsequent sulfate conjugate of this deiodinated
S-26 were identified at m/z 329 and 409 (Table IV).
The products of multiple hydroxylation and subsequent
sulfation were found mainly in rat urine, with lesser amount
in fecal samples (data not shown). This may be because these
water soluble metabolites were mainly excreted via the kidneys,
which is correlated with the results of in vivo biodistribution
studies (where a high percentage of radioactivity was found
in urinary samples at 1 and 6 h after dosing). In summary,
S-26 was susceptible to three major phase I metabolic pathways; namely, deiodination, hydrolysis (at the amide bond),
and oxidation (hydroxylation in B-ring). Sulfate conjugation
was the major phase II metabolic pathway for S-26 in rats
(Fig. 6).
Discussion
The biodistribution of a radioligand in animals can predict its
usefulness as an imaging agent better than in vitro binding
studies. Rats were selected for our biodistribution studies in
that the mechanism of action of androgen in human prostate
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Figure 6. Proposed metabolism of S-26 in rats.

is similar to that in rat ventral prostate (26). In particular, the
human AR has identical amino acid sequences in the DNA
and ligand-binding domain to the rat AR (27,28). However,
the rat is not expected to be an ideal animal model for steroidal
ligand imaging studies due to some inherent physiologic
differences between man and rat. For example, rats do not
express SHBG, which has a high binding affinity to steroids,
while humans do (29,30). Previous studies (18) show that
non-steroidal ligands like S-26 do not bind to SHBG and other
steroid receptors. Therefore, we expected that the rat would
be a reasonable animal model for biodistribution studies of
non-steroidal ligands.
Our pharmacokinetics studies with non-radiolabeled S-26
indicate that it has a half-life of about 4 h. However, radioactivity detected in blood at 6 h was nearly identical to that
observed at 1 h (i.e., 0.16 versus 0.15% ID/g). This suggested
that radiolabeled metabolites of S-26 or free iodine accumulated in the blood and represented a large fraction of the radioactivity present in these animals at later times.
High ratios of the drug concentrations in prostate (AR
rich tissue) to blood and prostate to non-target tissues are
required to obtain a promising imaging agent. Our in vivo
biodistribution data demonstrate that radiolabeled S-26 was
not selectively retained in the prostate. Among all tissues, the
thyroid gland accumulated the highest percentage of radioactivity at all three time points, suggesting that S-26 was
extensively de-iodinated in vivo, which was further confirmed
by our metabolism studies using rat urine and feces. The deiodination of S-26 represented a different metabolic pathway
of SARMs comparing to the metabolism studies previously
reported by our laboratory (23-25). The high accumulation of
radioactivity by GI tract and a large proportion of radioactivity
in urine are also indications of release of free iodine from the
parent drug in vivo. One possible explanation of such high
uptake in thyroid and GI tract is that free iodine uptake is

facilitated by sodium iodide symporter (NIS), an intrinsic
plasma membrane protein which mediates the active transport
of iodide presented in the thyroid gland, mammary gland,
stomach and salivary gland (31,32). Fat also represents a
relatively high uptake of radioactivity in tissue, which might
be due to the high lipophilicity (i.e., log P=4.78) of S-26.
However, it is important to note that rats appear to be unique
in terms of their greater ability for amide bond cleavage of
bicalutamide and the aryl propionamide SARMs as compared
to dogs and humans (23-25,33). Therefore, rats may not
represent an ideal model for the feasibility studies of radiolabeled SARMs. Additional studies to examine the pharmacokinetics and biodistribution of S-26 in dogs are ongoing in
our laboratory.
It is well known that castration and treatment with diethylstilbestrol (DES) result in significant decreases in circulating
concentrations of testosterone and DHT (34). To minimize
the competitive binding from endogenous androgen, we further
compared the biodistribution of 125I-labeled S-26 in intact rats
to that observed in castrated rats and intact rats treated with
DES in an attempt to clarify the role of AR mediated uptake
in our studies. Although we found no favorable prostatic
accumulation of radioactivity in either castrated or DEStreated rats (data not shown), we again found that the greatest
accumulation of radioactivity occurred in the thyroid gland
and the GI tract (i.e., stomach, small intestine and their
contents). These studies corroborate our metabolism studies
and provide further evidence that amide bond cleavage and
de-iodination play an important role in the disposition of aryl
propionamide SARMs in rats.
Our structure-activity studies on non-steroidal AR ligands
showed that electron-withdrawing groups at the R2 (CN/
NO2) and R1 positions (CF3/I) (Fig.1) in the A-ring are
essential to their binding affinity (7,15). We found that, the
biological half-life of non-steroidal ligands increased as the
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R3 substituent was modified from a fluoride to a chloride to a
bromide to an iodide (Fig. 1) (35). Therefore, future studies
with compounds incorporating iodine in the B-ring may
provide a rational approach to the discovery of a novel agent
for imaging of prostate cancer.
As a whole, in vivo studies of S-26 demonstrated that free
iodine decomposition represented a significant fraction of the
dose after i.v. administration of 125I-labeled S-26. Extensive
metabolism of S-26 and accumulation of these metabolites in
blood play a large role in explaining the poor specificity of
radiolabeled S-26 in rat biodistribution studies. Our in vivo
data with S-26 provided additional information suggesting
that metabolically stable ligands with less lipophilicity and
higher AR binding affinity represent a promising and rational
approach for AR-mediated imaging. Additional studies with
metabolically stable ligands and other animal models are
warranted to further define the physiologic, metabolic and
physiochemical factors important for AR-mediated imaging
with non-steroidal ligands.
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