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’ INTRODUCTION

Steroid receptors regulate cell processes by controlling gene
expression and have emerged as important biomarkers for
hormone-dependent diseases such as endometriosis and breast,
ovarian, uterine, and prostate cancers. Receptor status is fre-
quently determined for these diseases before treatment is started
because many pharmaceuticals, such as tamoxifen, are designed
to block the steroid receptor activity that causes tumor growth.1,2

Furthermore, the loss of steroid receptor expression induces the
disease to become more aggressive and drug-resistant.3�5 Due to
the significant role of steroid receptors in tumor and disease
progression, these proteins represent excellent imaging targets
for noninvasive molecular characterization and monitoring of
cancers and other hormone-related diseases.6

Estrogen receptor (ER) and estrogen-regulated progesterone
receptor (PR) status are frequently used to guide treatment and
predict prognosis in diseases such as endometriosis and uterine
and breast cancers.4,7,8 The presence of both receptors correlates
with the survival rate of breast cancer patients,9 while decreased
PR in ER(+) tumors is associated with tamoxifen resistance, al-
though the mechanism of resistance is unknown.10 Overexpres-
sion of PR is associated with the probability of breast tumor
responsiveness to tamoxifen and higher survival, while aggressive
and metastatic ER(+)/PR(�) tumors are more likely to respond
to aromatase inhibitors.10�12 Since expression of PR in breast
tumors may reflect activation of the growth factor pathway

Her2/neu, establishing the PR status may determine if a patient
will respond to monoclonal antibody treatments directed against
the Her2/neu receptor.13 Endometriosis is staged based on PR
expression and is associated with the development of endome-
trial cancer. Progesterone is often used as a therapeutic agent for
shrinking endometriotic lesions and for slowing the growth of
endometrial cancers.8 Therefore, delineating whether or not dis-
eased tissues express PR is crucial to determining the optimal
therapeutic agent for the patient and ultimately improves survival.

PR levels are measured by in vitro immunohistochemistry
assays of biopsy samples, but noninvasive imaging techniques
could offer several advantages.14,15 Imaging would likely capture
the intrinsically heterogeneous PR levels within whole specimen
and allow for measurement of PR levels in benign disease,
primary tumor, and metastatic lesions. In addition, changes in
PR status could be monitored over time.16 Finally, noninvasively
imaging PR levels in animal models of spontaneous and drug-
resistant disease might elucidate molecular pathways responsible
for progression and tools for novel drug discovery.

Several PR-targeted positron emission tomography (PET)
agents based on both steroidal and nonsteroidal progestins have
been developed.6,17,18 Despite success in vitro and in animal
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models, a steroidal progestin-based PET agent that was tested in
humans was rapidly metabolized by 20-hydroxysteroid dehydro-
genase, rendering it ineffective.19 In addition, PET suffers from
low resolution, limited anatomical detail, short half-life of the
commonly used 18F tracer, and the requirement of a nearby
cyclotron.20�22 In contrast, magnetic resonance imaging (MRI)
offers high spatial resolution, excellent soft tissue contrast, chem-
ically stable contrast agents, and no exposure to radiation.23�27

MRI is increasingly used in breast cancer imaging and has been
proven more effective than mammography, computed tomogra-
phy, and PET.20,28�30 For patients with familial risk of breast
cancer, lesions tend to form quickly and have varying appear-
ances using mammography.31 When a patient has a positive
mammography and biopsy, MR imaging is used to identify other
lesions, particularly in the contralateral breast.28 Functional
imaging agents for breast lesions that monitor steroid receptor
status and possess the high quality spatial resolution of MRI
might provide a more effective secondary line diagnosis.

While higher affinity nonsteroidal progestins are being studied
for PET, the presence of a bulky Gd(III) chelate on these pro-
gestins would likely prevent PR binding. An alternative approach
in the development of PR-targeted MR contrast probes used
the steroidal RU-486 or 21-hydroxyprogesterone.32�34 The C21
hydroxyl group on 21-hydroxyprogesterone provides a site for
attachment of a Gd(III) chelate while maintaining high affinity for
PR.33 In addition, the steric hindrance due to the chelate will likely
decrease metabolism by 20-hydroxysteroid dehydrogenase.35

Finally, the toxicity and biological profiles of progesterone have
been extensively studied as compared to nonsteroidal drugs,
making it a suitable starting point for the development of PR-
targeted MRI contrast agents. These 21-hydroxyprogesterone-
derived MR agents specifically targeted and bound to PR
as demonstrated by activation of PR-regulated transcription
in vitro.33 These probes successfully enhanced MR signal in
PR(+) over PR(�) breast cancer cells.33 One of these agents,
ProGlo, was selected for further evaluation in vivo and in the
current study specifically targeted PR-rich organs in vivo and
preferentially accumulated in PR(+) human breast tumor
xenografts.

’MATERIALS AND METHODS

General Methods. Unless noted, materials and solvents were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO)
and used without further purification. GdCl3 3 6H2O and 1,4,
7,10-tetraazacyclododecane (cyclen) were purchased from
Strem Chemicals (Newburyport, MA) and used without further
purification. Unless noted, all reactions were performed under a
nitrogen or argon atmosphere. Acetonitrile was purified using a
Glass Contour Solvent system. Deionized water was obtained
from a Millipore Q-Guard System equipped with a quantum Ex
cartridge (Billerica, MA). Thin-layer chromatography (TLC)
was performed on EMD 60F 254 silica gel plates. Visualization of
the developed chromatogram was performed by CAM stain and
platinum stain. Standard grade 60 Å 230�400 mesh silica gel
(Sorbent Technologies) was used for flash column chromatog-
raphy. 1H and 13C NMR spectra were obtained on a Bruker
500 MHz Avance III NMR spectrometer or a Varian Inova
400 MHz NMR spectrometer with deuterated solvent as noted.
Electrospray ionization mass spectrometry (ESI-MS) spectra
were taken on a Varian 1200L single-quadrupole mass spectro-
meter. High resolution mass spectrometry data was aquired

on an Agilent 6210 LC-TOF (ESI, APCI, APPI). Analytical
reverse-phase HPLC-MS was performed on a Varian Prostar
500 systemwith aWaters Atlantis C18 column (4.6� 250, 5 μm).
This system is equipped with a Varian 380 LC ELSD system, a
Varian 363 fluorescence detector, a Varian 335 UV�vis detector,
and a Varian 1200L quadrupole MS detector. Preparative runs
were performed on a Waters Atlantis C18 column (19 � 250,
10 μm). The mobile phase consisted of water (solvent A) and
HPLC-grade acetonitrile (solvent B).
Synthesis. {1,4,7-Tris(carboxymethyl)-10-[10-(6-(2-(10R,13S,17S)-

10,13-dimethyl-3-oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-
1H-cyclopenta[a]phenanthren-17-yl)-2-oxoethoxy)hexyl]-1,4,7,10-
tetraazacyclododecanato}gadolinium (ProGlo). The synthesis and
purification of ProGlo were performed as previously published.33

1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacy-
clododecane (1).Cyclen (5 g, 29.0mmol) andNaHCO3 (5.50 g,
65.5 mmol) were dissolved in anhydrous acetonitrile (150 mL).
tert-Butyl bromoacetate (9.60 mL, 65.0 mmol) was added drop-
wise under nitrogen to the solution. The mixture was stirred at
room temperature under nitrogen for 48 h. After filtration of the
NaHCO3 and removal of the acetonitrile by rotary evaporation,
the remaining crude product was dissolved in dichloromethane
and washed with water. Recrystallization from toluene yielded
an off-white solid (6.05 g, 40%). 1HNMR (500MHz, chloroform-
d): δ 3.38�2.88 (b, 21H), 1.47 (s, 27H). 13C NMR (125 MHz,
chloroform-d): δ 170.76, 169.87, 82.07, 81.93, 58.49, 51.59,
51.17, 49.41, 47.79, 28.47, 28.43. ESI-MS m/z [M + H]+: 515.1
{1,4,7-Tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacy-

clododecanato}gadolinium (Gd-DO3A).A solution of 1 (0.750 g,
1.46 mmol) in trifluoroacetic acid (2 mL) was stirred at room
temperature for several hours. After removal of the acid, the crude
free ligand was taken up in water and the pH was adjusted to 6. A
solution of GdCl3 in water was added slowly while the pH was
maintained between 5.5 and 6.5. The solution was heated to 60 �C
and stirred under nitrogen. The pHwas monitored and adjusted to
between 5.5 and 6.5 as needed until there was no longer a change.
The reaction mixture was lyophilized and then purified by pre-
parativeHPLCusing a ramp from0 to 100%Bover 20min to afford
a white solid (0.470 g, 94%). HRMS (ESI) m/z: found 502.09519
[M + H]+ (calcd 502.09398 for C14H24N4O6Gd). See Supporting
Information for analytical HPLC trace of purified Gd-DO3A.
1,4,7-Tris(tert-butoxycarbonylmethyl)-10-hexyl-1,4,7,10-tet-

raazacyclododecane (2).Toamixture of 1-bromohexane (99.0μL,
0.705 mmol), 1 (0.500 g, 0.971 mmol), and K2CO3 (0.290 g,
2.10 mmol) in anhydrous acetonitrile was added 40% tetrabuty-
lammonium hydroxide (30 μL). The mixture was heated at 65 �C
for 16 h. After filtration of the K2CO3 and removal of the acetonitrile
by rotary evaporation, the residue was purified by flash chromatog-
raphy (with dichloromethane and methanol (15:1)) to yield the
final product (0.318 g, 55%). 1HNMR(400MHz, chloroform-d):δ
3.42�2.33 (m, 21H), 1.70 (m, 4H) 1.48�1.26 (m, 29H), 1.01 (t,
J=7.4Hz, 6H), 0.87 (m, 2H). 13CNMR(100MHz, chloroform-d):
δ 172.76, 94.625, 82.93, 82.62, 59.19, 56.54, 55.92, 54.65, 50.67,
31.97, 28.12, 27.35, 24.41, 22.71, 19.98, 14.15. ESI-MS m/z
[M + Na]+: 621.7
{1,4,7-Tris(tert-butoxycarbonylmethyl)-10-hexyl-1,4,7,10-tet-

raazacyclododecane}gadolinium (Gd-Hexyl-DO3A). A solution
of 2 (0.318 g, 0.531 mmol) in formic acid (1 mL) was stirred at
60 �C overnight. After removal of the formic acid, the crude free
ligand was metalated and purified as described above for Gd-
DO3A to yield a white solid (0.136 g, 44%). HRMS (ESI) m/z:
found 586.18851 [M+H]+ (calcd 586.18804 forC20H36N4O6Gd).
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See Supporting Information for analytical HPLC trace of purified
Gd-Hexyl-DO3A.
Octanol�Water Partition Coefficients. ProGlo, Gd-DO3A,

and Gd-Hexyl-DO3A (1 mg) were dissolved in 1 mL of a 1:1
mixture of water:1-octanol. After shaking for 30 s, the tube was
placed on a rotator for gentle mixing for 4 h, and it was then
allowed to equilibrate for 10 h. Gd(III) concentration in each
layer was determined by ICP-MS. Partition coefficients were
calculated from the equation log P = log(Co/Cw), where log P is
the logarithm of the partition coefficient, Co is the concentration
of Gd in the 1-octanol layer, and Cw is the concentration of Gd in
the water layer.32

Relaxation Time Measurements. Solutions of Gd-Hexyl-
DO3A and Gd-DO3A were prepared in 500 μL of nanopure
water for T1 and T2 acquisition. Due to the hydrophobicity of
ProGlo, concentrated stock solutions were made in dimethyl
sulfoxide (DMSO) and diluted into water to a final concentration
of 1% DMSO before T1 relaxation time measurement. T1 and T2

relaxation times weremeasured on a Brukermq60NMR analyzer
equipped with Minispec V2.51 Rev.00/NT software (Billerica,
MA, USA) operating at 1.41 T (60 MHz) and 37 �C. T1

relaxation times were measured using an inversion recovery
pulse sequence (t1_ir_mb) using the following parameters: 4
scans per point, 10 data points for fitting, monoexponential curve
fitting, phase cycling, 10ms first pulse separation, and a recycle delay
and final pulse separationg5T1.T2 relaxation times were measured
using a Carr�Purcell�Meiboom�Gill (CPMG, t2_cp_mb) pulse
sequence using the following parameters: 4 scans per point,
100�5000 data points for fitting (longer T2 = more data points
for fitting to produce a good monoexponential curve fit),
monoexponential curve fitting, phase cycling, 1 ms pulse separa-
tion (unless otherwise specified), and a 15 s recycle delay. The
Gd(III) concentration of each solution was determined using
ICP-MS. The inverse of the relaxation time (1/T1 or 1/T2, s

�1)
was plotted against Gd(III) concentration (mM) and fitted to a
straight line with R2 > 0.99. The slope of the fitted line was
recorded as the relaxivity, r1 or r2.
General Cell Culture. Dulbecco’s modified phosphate buf-

fered saline (DPBS), media, sera, and TrypLE were purchased
from Invitrogen (Carlsbad, CA). Cell culture consumables
(flasks, plates, etc.) were purchased from VWR (Radnor, PA).
Charcoal dextran stripped FBS was purchased from Atlanta
Biologicals (Lawrenceville, GA). MDA-MB-231 cells obtained
from ATCC (Rockville, MD) were cultured using phenol red
free R-MEM (modified to contain 20 ng/mL insulin) supple-
mented with 10% FBS (characterized) or with 10% charcoal
dextran stripped FBS. T47D cells obtained from ATCC
(Rockville, MD) were cultured using phenol red free RPMI
1640 (modified to contain 1.0 mM sodium pyruvate, 1.0 mM
HEPES, and 4.5 g/L glucose) supplemented with 10% FBS or
10% charcoal dextran stripped FBS. Prior to all experiments, cells
were plated in medium containing non-charcoal dextran stripped
medium. The plating medium was replaced with medium con-
taining stripped FBS for 24 h and was then replaced with fresh
stripped medium for another 24 h. Experiments and incubations
were done in a 5.0% CO2 incubator at 37 �C unless otherwise
noted. Cells were harvested by incubation with 0.25% TrypLE
for 10 min at 37 �C in a 5.0% CO2 incubator.
Cellular Uptake Studies. Contrast agents were dissolved in

DMSO and diluted into the appropriate medium (containing
stripped FBS) for each cell line (T47D and MDA-MB-231) so
that the final amount of DMSOwas 0.125% v/v in the medium at

a concentration of 0.125 mM of contrast agent. Cells were
incubated with 0.125 mM contrast agent for 1, 4, 10, and 24 h
(all conditions performed in triplicate). After incubation, the
medium was removed, and the cells were rinsed twice with
DPBS. These cells were trypsinized, counted, and analyzed for
Gd(III) content by ICP-MS.
Cell Counting Using Guava EasyCyte Mini Personal Cell

Analyzer (PCA) System. After cell harvesting, an aliquot of the
cell suspensions was mixed with Guava ViaCount reagent and
allowed to stain at room temperature for at least 5.0 min
(no longer than 20 min). Stained samples were vortexed for 10 s
and counted. Percent cell viability was determined via manual
analysis using a Guava EasyCyte Mini Personal Cell Analyzer
(PCA) and ViaCount software module. For each sample, 1000
events were acquired with dilution factors that were determined
based upon optimummachine performance (∼25�70 cells/μL).
Instrument reproducibility was assessed daily using GuavaCheck
Beads and following the manufacturer’s suggested protocol using
the Daily Check software module.
Animal Experiments. Female CD-1 mice and female Balb/C

athymic nude mice were acquired from Harlan (Indianapolis,
IN) and housed under pathogen free conditions. All animal
studies were conducted at University of Illinois at Chicago and
Northwestern University in accordance with the National Insti-
tutes of HealthGuide for the Care andUse of Laboratory Animals
and established institutional animal use and care protocols.
Tissue Distribution. ProGlo, Gd-Hexyl-DO3A, and Gd-

DO3A were each dissolved in DMSO such that 0.15 mmol of
agent per kg of body weight was injected into each CD-1 mouse
(mice were approximately 25 g each). Intravenous injections
could not be administered due to the insolubility of ProGlo.
Thus, the agents (100 μL volume) were injected intraperitone-
ally, and tissues were harvested at 2, 6, and 24 h after injection.
Fat was removed from the tissue to ensure that the Gd(III) level
in only the tissue of interest was determined. Five mice per time
point were used for ProGlo and Gd-DO3A, and three mice per
time point were used for Gd-Hexyl-DO3A. Gd(III) content was
determined by ICP-MS.
Tumor Xenograft Models. Due to low circulating estradiol

levels in nude mice, a 17β-estradiol pellet (Innovative Research
of America, Sarasota, FL, 70 day release, 0.72 mg/pellet) was
implanted subcutaneously in the nape of the neck to ensure
growth of estrogen-dependent T47D cells. Two to seven days
later, T47D and MDA-MB-231 ((1�2) � 106) cells in DPBS
were suspended in Matrigel (1:1 volume) and injected subcuta-
neously into the rear flank (T47D cells on the right side and
MDA-MB-231 cells on the left). Mice were monitored for tumor
growth every two to three days after injection of cells. MR images
were acquired two to three weeks after xenografting when tumors
were palpable.
In VivoMR Imaging. CD-1 mice (n = 3 per compound) were

imaged before injection and at 2, 6, and 24 h after intraperitoneal
injection with ProGlo or DO3A (dissolved in 50 μL DMSO),
consistent with the tissue distribution study. Xenografted nude
mice were injected either intraperitoneally (n = 2 per compound)
or subcutaneously (n = 4 for ProGlo and n = 3 for Gd-DO3A).
During imaging, mice were maintained under anesthesia (1�3%
isoflurane) but were allowed to wake up and recover between
imaging time points. Tubing containing heated water was posi-
tioned under the mouse to keep a constant body temperature.
All MR imaging was performed on an 89 mm bore size
PharmaScan 7.05 T MR imager fitted with shielded gradient
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coils (Bruker BioSpin, Billerica, MA, USA) using a RF RES
300 1H 089/038 quadrature transmit receive volume coil
(Bruker BioSpin, Billerica, MA, USA).
For in vivo imaging of the uterus and ovaries, T2-weighted

RARE (rapid acquisition with rapid echo) scans without fat
suppression were used to detect tissues of interest, particularly
the ovary: TR = 3000 ms, TE = 11.739 ms, rare factor = 8,
effective TE = 46.956 ms, FOV = 35 � 35 mm2, matrix size =
256 � 256, slice thickness = 1.0 mm, interslice distance =
1.0 mm. Standard T1-weighted multislice multiecho (MSME)
scans with fat suppression were used for imaging the uterus,
ovaries, and xenografts: TR = 700 ms, TE = 10.635 ms, FOV =
35� 35 mm2, matrix size = 256� 256, slice thickness = 1.0 mm,
interslice distance = 1.0 mm. Images were analyzed using ImageJ.
Contrast-to-noise ratios (CNRs) were calculated using the
equation CNR = (SItissue � SImuscle)/σnoise where SItissue is the
signal intensity in the tissue of interest (uterus or ovary), SImuscle

is the signal intensity in the muscle, and σnoise is the standard
deviation of the noise. At least two slices were analyzed per
mouse unless the tissue of interest was clearly demarcated in only
one slice.
CNRs in the xenograft images were calculated using the

equation CNR = (SItissue � SImuscle)/σnoise where SItumor is the
signal intensity in the tumor, SImuscle is the signal intensity in the
muscle, and σnoise is the standard deviation of the noise. CNRs
were analyzed in two to three axial slices per mouse.
Ex Vivo MR Imaging. CD-1 mice were injected with 5 IU

pregnant mare serum gonadotropin (PMSG) intraperitoneally
in 100 μL of saline. After two days, the mice were injected
intraperitoneally with ProGlo or Gd-DO3A similarly to the tissue
distribution and imaging studies. Two hours after injection, the

mice were euthanized and the uterus and ovaries were removed
en bloc from each animal. Each uterus was cut in half such that
each piece contained one ovary and half the uterus. The tissues
were embedded in low melting temperature agarose and imaged
using a 3D FLASH (fast low angle shot) pulse sequence with
the following parameters: TR = 20.0 ms, TE = 4.368 ms,

Figure 1. Structures of the progesterone-modified and nontargetedMR
contrast agents used in this study.

Scheme 1. Synthesis of the Nontargeted Control Agents Gd-DO3A and Gd-Hexyl-DO3Aa

aReagents and conditions: (a) tert-butyl bromoacetate, NaHCO3, 40%; (b) (1) trifluoroacetic acid, (2)GdCl3, H2O, pH= 5.5�6.5, 60 �C, 94% over two
steps; (c) 1-bromohexane, K2CO3, NBu4OH, 65 �C, 55%; (d) (1) formic acid, 60 �C, (2) GdCl3, H2O, pH = 5.5�6.5, 60 �C, 44% over two steps.
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flip angle = 15.0�, FOV = 250 � 250 � 100 mm3, matrix size =
256� 256� 100. MR imaging was performed on an 89mmbore
size PharmaScan 7.05 T MR imager fitted with shielded gradient
coils (Bruker BioSpin, Billerica, MA, USA) using a RF RES
300 1H 089/023 mouse brain transmit receive volume coil.
ICP-MS Sample Preparation and Instrument Parameters.

For octanol�water, relaxivity, and cell studies, ACS reagent
grade nitric acid (70%) was added to solutions of the agent in
water or 1-octanol, cell suspensions and media (for a 1.0:1.0 v/v
sample:nitric acid) in 15mL conical tubes and placed at 65 �C for
at least 4.0 h to allow for complete sample digestion. For samples
in 1-octanol, tubes were vented every 30 min due to buildup of
pressure. Nanopure H2O and internal standard (either indium or
multielement) were added to produce a final solution of 3.0%
nitric acid (v/v) and 5.0 ng/mL internal standard. Gadolinium
standards were prepared at 0.10, 0.25, 0.50, 1.0, 5.0, 10, 25, and
50 ng/mL concentrations with 3.0% nitric acid (v/v) and internal
standard final concentrations. Standard concentrations were
prepared from commercially available standards (Sigma-Aldrich
Chemical Co., St. Louis, MO).
For tissue distribution and xenograft studies, 1.0 mL of ACS

reagent grade nitric acid (70%) was added to 50mL conical tubes
containing preweighed tissue samples. The tubes were capped

and heated at 75 �C for 4 h. The tubes were vortexed and vented
every 30 min during this digestion process. After the tissue was
liquefied, the tubes were allowed to cool to room temperature.
The acid mixtures were then passed through 0.2 μmPTFE filters.
A portion of each of these samples was placed in a clean
preweighed 15mL conical tube followed by addition of nanopure
H2O and indium internal standard to produce a final solution of
3.0% nitric acid (v/v) and 5 ng/mL internal standard up to a total
sample volume of 10 mL.
ICP-MS was performed on a computer-controlled Thermo X

series II ICP-MS (Thermo Fisher Scientific, Waltham, MA)
equipped with a CETAC 260 autosampler. Each sample was
acquired using 1 survey run and 3 main (peak jumping) runs.
The isotopes selected were 156,157Gd, as well as 115In and 165Ho
(as internal standards for data interpolation and machine
stability).

’RESULTS

Synthesis, Relaxivity, and Octanol�Water Partition Coef-
ficients. PR-targeted MR agents were previously synthesized
with a wide range in cellular permeability.33 Due to its high cel-
lular permeability and specific retention in PR(+) breast cancer
cells, ProGlo was chosen for comparison to nontargeted contrast
agents in vitro and in vivo. PR-targeted ProGlo and the two
nontargeted control agents (Gd-Hexyl-DO3A and Gd-DO3A)
are shown in Figure 1. Gd-DO3A is the Gd(III) chelate of
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A) that
forms the MR-active moiety of ProGlo. Gd-Hexyl-DO3A, a deri-
vative of Gd-DO3A containing a six-carbon aliphatic tail, was
synthesized to control for possible effects of the aliphatic linker
on the biological properties of ProGlo.
The synthesis of ProGlo was previously reported.33 The

syntheses of the nontargeted controls are shown in Scheme 1.
To synthesize Gd-DO3A, tert-butyl bromoacetate was coupled to
the 1, 4, and 7 positions on cyclen to form DO3A-tris-tert-butyl
ester (1). Following removal of the tert-butyl protecting groups
with trifluoroacetic acid, the free ligand was metalated with
GdCl3 in water at pH = 5.5 to 6.5. Purification of the final
compound was performed by preparative HPLC. Gd-Hexyl-
DO3A was synthesized in a similar manner. Addition of 1-bro-
mohexane to the secondary nitrogen on 1, followed by removal
of the tert-butyl protecting groups with formic acid, yielded the
free ligand (2). This compound was then metalated with GdCl3
in water at pH = 5.5 to 6.5. Purification of the final contrast agent
was performed by preparative HPLC.
Longitudinal and transverse relaxivities (r1 and r2) conducted

at 1.41 T and 37 �C are summarized in Table 1. The relaxivity of
ProGlo previously reported at 4.7 T and 21 �C is shown for
comparison. The relaxivities of all three agents were similar to
those reported for clinically used contrast agents, approximately
4�5 mM�1 s�1. However, ProGlo and Gd-Hexyl-DO3A had
30�40% higher r1 and r2 than Gd-DO3A, most likely due to the
higher molecular weights and aggregation of these amphiphilic
agents.
Octanol�water partition coefficients (log P), summarized in

Table 1, were measured to determine the hydrophobicity of the
agents, which correlates to the cellular permeability and the tissue
distribution.36,37 The previously reported octanol�water parti-
tion coefficient for ProGlo had been measured using the shake
flask method and determining the mass of compound in each
layer.33 The current study used the shake flask method followed

Table 1. Relaxivities and Octanol�Water Partition
Coefficients

r1 (mM
�1 s�1) r2 (mM

�1 s�1) log P

ProGlo 4.73,a 5.35( 0.74b 6.14( 0.81b 1.40( 0.08

Gd-Hexyl-DO3A 5.55( 0.22c 6.38( 0.38c �1.21( 0.12

Gd-DO3A 4.05( 0.02c 4.75( 0.35c �2.96( 0.35

21-hydroxyprogesterone 2.88d

aMeasured at 4.7 T (200 MHz), 21 �C.33 bMeasured in 1% DMSO in
water, 1.41 T (60 MHz), 37 �C. cMeasured in water, 1.41 T (60 MHz),
37 �C. dMeasured by shake flask method/mass.38

Figure 2. Time-dependent cellular uptake of Gd-DO3A, Gd-Hexyl-
DO3A, and ProGlo in PR(+) T47D human breast cancer cells (top) and
PR(�) MDA-MB-231 human breast cancer cells (bottom). Cellular
uptake of ProGlo was significantly higher than that of Gd-Hexyl-DO3A
and Gd-DO3A in both cell lines (Student’s t test, p < 0.05). Data are
mean ( standard deviation.
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by ICP-MS to determine Gd(III) concentration in each layer,
allowing for improved accuracy with the sacrifice of less material.
The positive log P value for ProGlo indicated its hydrophobic
nature, and the negative log P values for the nontargeted agents
were characteristic of high water solubility. The literature value for
the log P of 21-hydroxyprogesterone is shown for comparison.38

ProGlo was significantly more hydrophobic than either of the
nontargeted controls due to the presence of the lipophilic steroid.
In addition, the alkyl chain in Gd-Hexyl-DO3A resulted in in-
creased hydrophobicity relative to Gd-DO3A, indicating that the
presence of the carbon linker in ProGlo further contributed to its
high partition coefficient.
ProGlo Accumulates in Human Breast Cancer Cells. To

determine the cellular permeability of the agents, cellular uptake
of ProGlo and the nontargeted agents was studied in PR(+)
T47D and PR(�) MDA-MB-231 human breast cancer cells
(Figure 2). As expected, the uptake mirrored the octanol�water
partition coefficients. The uptake of the hydrophobic ProGlo was

highest in both cell types, followed by Gd-Hexyl-DO3A. The
hydrophilic nature of Gd-DO3A reduced its cellular perme-
ability, resulting in low cellular uptake. Furthermore, the
uptake of ProGlo was higher in the PR(+) cells than in the
PR(�) cells at the 10 and 24 h incubation times, indicating that
ProGlo preferentially targeted PR in cells and was retained
longer inside these cells due to PR binding as previously
reported.33

PR-Rich Tissues Accumulate ProGlo in Vivo. Tissue distri-
bution studies were carried out to determine whether the steroid-
modified contrast agent was specifically retained within tissues
that express high levels of progesterone receptor in vivo. Each
agent was dissolved in DMSO and injected intraperitoneally into
female CD-1 mice (0.15 mmol/kg body weight). The organs
were harvested at 2, 6, and 24 h after injection. Total Gd(III) per
gram of tissue is shown in Figure 3. Clearance of the agents mir-
rored the trend in octanol�water partition coefficients. Hydro-
phobic ProGlo was likely cleared hepatically, hydrophilic Gd-
DO3A was cleared renally, and Gd-Hexyl-DO3A was cleared by
both liver and kidney due to its midrange partition coefficient39

and its initial high Gd(III) levels in these tissues.

Figure 3. Tissue distribution of Gd-DO3A (top), Gd-Hexyl-DO3A
(middle), and ProGlo (bottom) in female CD-1 mice 2, 6, and 24 h after
injection. The levels of Gd(III) in the PR-rich tissues (uterus, ovaries,
and mammary tissues) were significantly higher than in the muscle
(which served as a negative control due to its low PR expression) at all
time points after injection of ProGlo (Student’s t test, p < 0.05). The
levels of Gd(III) in the PR-rich tissues after injection of ProGlo were
significantly higher than the levels after injection of Gd-DO3A after 2 h
(Student’s t test, p < 0.05). Asterisks designate high retention of ProGlo
in PR-rich tissues. Data are mean ( standard deviation.

Figure 4. Enhancement in contrast-to-noise ratios (CNRs) in the
uterus and ovaries after injection of Gd-DO3A or ProGlo in female
CD-1 mice. Average CNR of ovaries and uteri in vivo after injection of
Gd-DO3A (top) or ProGlo (bottom). A significant increase in the CNR
of the uteri was observed after injection of ProGlo (black bars with
asterisks, Student’s t test, p < 0.05) and was maintained for at least 24 h
postinjection. Data are mean ( standard deviation.
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Not surprisingly, high levels of ProGlo were detected in the
liver. In addition, ProGlo accumulated in the uterus, ovary, and
mammary, which contain high levels of PR.40 In the uterus,
ProGlo was retained and maintained a Gd(III) level significantly
higher than in the muscle (which served as a negative control) for
up to 24 h. Importantly, ProGlo did not accumulate in other
abdominal tissues or within the fat, which was originally a con-
cern due to the hydrophobicity of the agent (Supporting Infor-
mation).39 Despite the high levels of Gd-DO3A inmost tissues at
the 2 h time point, it was not significantly retained in those tissues
by 6 h postinjection as compared to ProGlo. Gd-Hexyl-DO3A
was cleared by the kidney and liver with very low levels detected
in other tissues. The levels of Gd-Hexyl-DO3A were significantly

lower than those of ProGlo in the uterus, ovaries, and mammary
tissues at all time points, and the levels of Gd-DO3A were
significantly lower than those of ProGlo in these tissues at 6 and
24 h postinjection. These results indicate that ProGlo, unlike the
two control agents, targeted and was retained in PR-rich tissues
in vivo.
MRI Contrast-to-Noise Ratio in the Uterus Is Enhanced by

ProGlo in Vivo. To establish a correlation between the tissue
distribution of our agents and the ability to image steroid re-
ceptor expression at corresponding time points, CD-1 mice were
injected with ProGlo or Gd-DO3A, and their uteri and ovaries
were imaged. Gd-Hexyl-DO3A was not imaged because it was
present in very low levels in the tissues of interest for all time
points in the tissue distribution study. The average contrast-to-
noise ratio (CNR) over three mice per agent at each imaging
time point is shown in Figure 4. After injection of ProGlo, the
right and left sides of the uterus had significantly increased CNR
relative to the CNR before injection through 24 h postinjection,
correlating with the retention of Gd(III) in the uterus in the
tissue distribution study. Injection of Gd-DO3A, however, re-
sulted in no significant changes in CNR in the uterus or ovaries.

Figure 5. Ex vivo images of the uterus and ovaries after injection of Gd-
DO3A or ProGlo in superovulated female CD-1 mice. (A) Ex vivo
images of the uterus and ovaries harvested 2 h after injection with Gd-
DO3A (top), injection with ProGlo (middle), or no injection (bottom).
Black arrows designate fat. Color images highlight areas of increased
signal intensity (calibration bar represents signal intensity in arbitrary
units). White scale bars represent 5 mm. (B) Ex vivo images of the
ovaries after injection with Gd-DO3A (top), injection with ProGlo
(middle), or no injection (bottom). Blue arrows highlight ovarian
follicles. White scale bars represent 1 mm.

Figure 6. Contrast-to-noise ratios (CNRs) in tumor xenografts after
intraperitoneal injection of Gd-DO3A or ProGlo in female nude mice.
(A) Average CNR of PR(+) or PR(�) tumors over time after intraper-
itoneal injection of Gd-DO3A (top) and change in average CNR
compared to the average preinjection CNR (bottom). (B) Average
CNRof PR(+) or PR(�) tumors over time after intraperitoneal injection
of ProGlo (top) and the fold change in CNR over the preinjection (pre)
levels (bottom). Significant CNR enhancement was seen after intraper-
itoneal injection of ProGlo in the PR(+) tumor over the PR(�) tumor at
2 and 6 h postinjection (asterisks, top graph, Student’s t test, p < 0.05).
Data are mean( standard deviation. P-values (Student’s t test, p < 0.05)
are shown in the graph. (C) Representative images of xenografted mice
injected intraperitoneally with Gd-DO3A (top panels) or ProGlo
(bottom panels). White scale bars represent 5 mm.
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These results provide definite evidence that ProGlo accumu-
lated in PR-rich tissues, while Gd-DO3A did not.
ProGlo Localizes to Specific Regions of High PR Expres-

sion within the Uterus and Ovaries. To investigate the diffe-
rential enhancement of organ substructure in mice injected with
ProGlo versus those injected with Gd-DO3A, ex vivo imaging of
the uterus and ovaries was performed. In order to increase organ
size, mice were superovulated by injection of pregnant mare
serum gonadotropin (PMSG) two days prior to imaging. PMSG
stimulates ovarian production of estrogen, which is known to
increase PR levels in the myometrium.40�42 Two hours after in-
jection (with either ProGlo or Gd-DO3A), tissues were har-
vested and imaged with tissues from uninjected mice. The dif-
ference in MR contrast between mice injected with ProGlo and
those injected with Gd-DO3A is shown in Figures 5A and 5B.
The organs from the mouse injected with ProGlo had signifi-
cantly increased signal intensity compared to tissues from the
Gd-DO3A and uninjected mice, particularly in areas that corre-
sponded to the PR-rich myometrium (Figure 5A) and the
ovarian follicles (Figure 5B, blue arrows). Enhancement in signal
intensity of the tissues from the Gd-DO3A injected mouse was
detected as compared to tissues from the uninjected mouse.
ProGlo Preferentially Targets PR(+) Tumors in Vivo. To

determine if ProGlo specifically targets PR(+) tumors compared
to PR(�) tumors, ProGlo or Gd-DO3A was injected into nude
mice xenografted with PR(+) T47D cells on the right flank and

PR(�)MDA-MB-231 cells on the left flank. T1-weighted images
of tumor-bearing mice were acquired before injection and 2,
6, and 24 h after intraperitoneal or subcutaneous injection.
Changes in CNR after injection with Gd-DO3A and ProGlo

are shown in Figures 6A and 6B, respectively. Intraperitoneal
injection of Gd-DO3A resulted in no significant difference in
average CNR between the two tumors (Figure 6A, top graph).
Furthermore, the fold change in CNR did not change relative to
the preinjection CNR after intraperitoneal injection of Gd-
DO3A (Figure 6A, bottom graph). ProGlo, by contrast, signifi-
cantly increased the CNR of the PR(+) tumor relative to the
PR(�) tumor 2 and 6 h after intraperitoneal injection (Figure 6B,
top graph). In addition, the change in CNR relative to preinjec-
tion CNR for the PR(+) tumor was greater than that for the
PR(�) tumor (Figure 6B, bottom graph). Images of mice in-
jected with Gd-DO3A or ProGlo are represented in Figure 6C
(top and bottom panels, respectively). These results suggest that
ProGlo is significantly more effective than Gd-DO3A at enhan-
cing tumor CNR, particularly in tumors that express high levels of
PR.
Mice were injected subcutaneously and imaged with Gd-

DO3A (Figure 7A) or ProGlo (Figure 7B) to study biological
effects resulting from a different route of delivery. Subcutaneously
injected ProGlo demonstrated targeting to the PR(+) tumor
over the PR(�) tumor. The average CNR over four mice
subcutaneously injected with ProGlo increased in the PR(+)
tumor after injection, and the average CNR of the PR(+) tumor
was significantly higher than the PR(�) tumor 6 h after ProGlo
injection. By 24 h postinjection, the average CNRs in each tumor
were not significantly different and had both returned to
preinjection CNR levels. A significant increase in CNR in the
PR(�) tumor was not detected after injection of ProGlo. The
average CNR over three mice injected with Gd-DO3A did
not significantly change in either tumor. Representative axial
images of xenografted mice at each time point are shown in
Figure 7C.
ProGlo overall exhibited increased tumor uptake with speci-

ficity for the PR(+) tumor compared to Gd-DO3A regardless of
mode of injection. However, subcutaneous injection of ProGlo
was associated with less toxicity than intraperitoneal injection
(intraperitoneally injected mice did not survive to 24 h). Auto-
psies could not define the exact mode of toxicity, but such toxi-
city was not detected in CD-1 mice regardless of the route of
administration or with subcutaneous injections of ProGlo in the
nude mice.

’DISCUSSION

Steroid receptors such as PR are significant biomarkers in
endometriosis, uterine cancer, and breast cancer that correlate
with disease prognosis and therapeutic efficacy.1,2While receptor
status is currently determined by immunohistochemistry assays
of tissue biopsy samples, there has been interest in developing
noninvasive PR imaging agents that would allow for improved
molecular characterization, treatment decisions, and repeat analyses.6

The PR-targeted MR contrast agent ProGlo targeted and en-
hanced CNR in PR-rich organs in vivo. In addition, ProGlo was
taken up to a greater extent than the nontargeted Gd-DO3A in
tumors, specifically if the tumor expressed PR. To our knowl-
edge, ProGlo is the first steroid-based MRI contrast agent that
has successfully targeted and accumulated in PR-rich organs and
tumors in vivo.

Figure 7. Average contrast-to-noise ratios (CNRs) and fold change in
CNRs in tumor xenografts after subcutaneous injection of Gd-DO3A or
ProGlo. (A) Subcutaneous injection of Gd-DO3A demonstrated no
significant enhancement in CNR of PR(+) or PR(�) tumors over time.
(B) Subcutaneous injection of ProGlo showed specific CNR enhance-
ment in the PR(+) tumor over the PR(�) tumor at 6 h postinjection
(asterisk, Student’s t test, p < 0.05). Error bars represent ( standard
deviation of the mean. (C) Representative images of xenografted mice
injected subcutaneously with Gd-DO3A (top panels) or ProGlo
(bottom panels). White scale bars represent 5 mm.
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Injection of ProGlo into female mice resulted in accumulation
and retention of the agent in several PR-rich tissues, particularly
the uterus. High levels of ProGlo in these PR-rich tissues
compared to low levels in the muscle (which expresses signifi-
cantly less PR)40�42 are evidence of PR-based targeting and
retention. In addition, the low levels of ProGlo in other abdom-
inal tissues and fat compared to the uterus indicate that lipophi-
licity did not significantly contribute to the retention of ProGlo in
the uterus, ovaries, and mammary tissues. Gd-Hexyl-DO3A and
Gd-DO3A, on the other hand, did not reveal any specificity for
the PR-rich tissues. Therefore, PR levels play a large role in the
distribution of ProGlo without affecting the distribution of the
nontargeted agents.

The images of the uteri in vivo in CD-1 mice correlated well
with the tissue distribution in that they both displayed significant
and tissue specific enhancement of Proglo in receptor rich tissues
in vivo. After injection of ProGlo, the average CNR of the uteri
remained higher than the CNR before injection for at least 24 h.
The average CNR did not maintain a higher level after injection
of Gd-DO3A over 24 h. Furthermore, specific accumulation of
ProGlo was observed in the PR-rich regions of the uterus and
ovarian follicles in ex vivo images of the tissues embedded in
agarose. These data indicate that ProGlo not only accumulates in
PR-rich tissues but likely distributes itself preferentially in sub-
structures of these tissues with high PR expression. Tissue struc-
ture specific imaging would be of interest inMRI-based histology
which would use targeted MRI contrast agents to “stain” tissues
and create high resolution 3D reconstructions.43,44 Unlike tradi-
tional histology, these tissues would require no freezing, fixation,
or sectioning, which can alter sample morphology and introduce
artifacts. Additionally, ProGlo might be employed as a theranos-
tic for detecting, monitoring, and treating uterine-based diseases
such as endometriosis and endometrial cancer.

Xenograft images demonstrated targeting of ProGlo to the
PR(+) tumor over the PR(�) tumor, while Gd-DO3A did not
display preference for either tumor over the other. The differ-
ences in CNR between the tumors after subcutaneous injection
were lower than after intraperitoneal injection, most likely as a
result of the imaging time points. The tissue distribution of the
agents after subcutaneous injection specifically in nude mice with
estrogen pellets implanted was not determined. Therefore, the
optimal imaging times in nude mice after subcutaneous injection,
isoflurane exposure, and estrogen supplementation may have
differed from the CD-1 mice and nude mice that were injected
intraperitoneally. The overall trend revealed that, regardless of
delivery route, ProGlo specifically targeted the PR(+) tumor at
the 2 and 6 h time points. More importantly, ProGlo was taken
up to a greater extent by the tumors, as shown by the greater
change in CNR over the preinjection images than with Gd-
DO3A. Therefore, ProGlo not only specifically targets PR(+)
tumors, but is an overall improved tumor imaging agent com-
pared to Gd-DO3A likely due to its ability to traverse the cellular
membrane.

Intraperitoneal injection of ProGlo in the nude mice was
associated with toxicity. The exact cause of death of these mice
could not be determined, but may have involved a combination
of ProGlo insolubility and the stress of isoflurane. Subcutaneous
injection of ProGlo was not associated with toxicity in any of the
mice tested, most likely because the agent had limited access to
internal organs with this injection method and may have been
eliminated by additional mechanisms. Furthermore, intraperito-
neal injection of ProGlo was not associated with high toxicity in

the CD-1 mice, even those that received isoflurane, indicating
that this problem may have been specific to nude mice. Hydro-
phobic drugs are generally associated with greater toxicity than
hydrophilic drugs, and a more water-soluble PR-targeted agent
would likely alleviate this issue.36,37 Water-soluble modifications
of ProGlo are currently being developed in our group as one
method to reduce systemic toxicity.

Finally, while ProGlo and the two nontargeted control agents
had similar relaxivities to clinically used Gd(III) agents, the
relaxivities for ProGlo and Gd-Hexyl-DO3A were higher than
that for Gd-DO3A at 1.41 T. This was due in part to the higher
molecular weight of ProGlo and Gd-Hexyl-DO3A. Furthermore,
aggregation or micellar formation may have occurred as a result of
the amphiphilic nature of these molecules. The increased molec-
ular weight of these complexes in comparison to Gd-DO3Awould
affect the rotational correlation coefficient (τR) of the complex,
thus increasing relaxivity.45,46 However, while important at lower
field strengths, this τR effect is insignificant at the high magnetic
field (7 T) used for the in vivo images.47 Further studies are
currently being conducted in vivo at lower field strength (1.5 or 3
T) to determine whether τR changes further enhance CNR of
PR(+) tissues by increasing the relaxivity of ProGlo, particularly
upon binding to PR, which would increase themolecular weight of
the complex in comparison to the nontargeted controls.

In conclusion, ProGlo targeted PR-rich tissues in vivo and
specifically increased CNR in these tissues compared to muscle.
Furthermore, ProGlo increased CNR in tumors compared to
Gd-DO3A by targeting PR(+) tumors over PR(�) tumors while
Gd-DO3A showed preference for neither tumor type. These
observations indicate that ProGlo and similar agents could poten-
tially be clinically used to noninvasively diagnose, molecularly
characterize, and monitor diseases such as breast, uterine, and
ovarian cancers that have altered steroid receptors that directly
correlate to disease stage and grade.
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