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Purpose: To develop a new glucuronide probe for micro–positron
emission topography (PET) that can depict �-glucuroni-
dase (�G)-expressing tumors in vivo.

Materials and
Methods:

All animal experiments were preapproved by the Institu-
tional Animal Care and Use Committee. A �G-specific
probe was generated by labeling phenolphthalein glucuro-
nide (PTH-G) with iodine 131 (131I) or 124I. To test the
specificity of the probe in vitro, 124I-PTH-G was added to
CT26 and �G-expressing CT26 (CT26/�G) cells. Mice
bearing CT26 and CT26/�G tumors (n � 6) were injected
with 124I-PTH-G and subjected to micro-PET imaging. A
�G-specific inhibitor D-saccharic acid 1,4-lactone monohy-
drate was used in vitro and in vivo to ascertain the speci-
ficity of the glucuronide probes. Finally, the biodistribu-
tions of the probes were determined in selected organs
after injection of 131I-PTH-G to mice bearing CT26 and
CT26/�G tumors (n � 14). Differences in the radioactivity
in CT26 and CT26/�G tumors were analyzed with the
Wilcoxon signed rank test.

Results: 124I-PTH-G was selectively converted to 124I-PTH (phenol-
phthalein), which accumulated in CT26/�G cells and tumors
in vitro. The micro-PET images demonstrated enhanced ac-
tivity in CT26/�G tumors resulting from �G-mediated con-
version and trapping of the radioactive probes. Accumulation
of radioactive signals was 3.6-, 3.4-, and 3.3-fold higher in the
CT26/�G tumors than in parental CT26 tumors at 1, 3, and
20 hours, respectively, after injection of the probe (for all the
three time points, P � .05).

Conclusion: Hydrophilic-hydrophobic conversion of 124I-PTH-G probe
can aid in imaging of �G-expressing tumors in vivo.
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Enzymes that are selectively ex-
pressed at or targeted to tumor
sites can be used to convert rel-

atively nontoxic prodrugs into active,
cytotoxic drugs to enhance antitumor
activity and reduce systemic toxicity,
compared with conventional chemo-
therapy. �-Glucuronidase (�G) is an
attractive enzyme for activation of an-
tineoplastic prodrugs. Glucuronide
prodrugs of several anticancer drugs
have been synthesized, including
doxorubicin (1,2), etoposide (3),
camptothecin analogs (4,5), paclitaxel
(6), docetaxel (7) and alkylating
agents (8,9). In fact, glucuronide de-
rivatives of almost any antineoplastic
agent can be synthesized by using link-
ers between a drug and a glucuronide
group (5,7). Glucuronide prodrugs are
relatively nontoxic due to the hydro-
philic nature of the glucuronide group,
which prevents them from entering
cells and, thus, from contacting lyso-
somal �G (10). In addition, glucuro-
nide prodrugs have been shown to
produce potent antitumor activity in
antibody-directed enzyme prodrug
therapy (8,11), gene-directed enzyme
prodrug therapy (12–14), bacterially
directed prodrug therapy (15), as well
as directly in prodrug monotherapy
(4,16), which relies on the presence of
elevated levels of �G in the tumor in-
terstitial space (16,17).

Endogenous �G activity in tumors
varies widely (18,19). In addition, accu-
mulation of targeted or expressed �G in
tumors may change over time. The abil-
ity to image intratumoral �G activity in
tumors will greatly aid in the design of

personalized glucuronide prodrug treat-
ment and greatly improve �G-based tar-
geted therapy. However, current �G
probes are only suitable for in vitro
studies but not yet available for in vivo
imaging of �G activity (20–24). To be
clinically useful, development of gluc-
uronide probes for more sensitive imag-
ing technologies such as positron emis-
sion tomography (PET) will aid in the
imaging of �G activity in vivo for gluc-
uronide prodrug therapy.

Our purpose in this study was to
develop a new glucuronide probe for
micro-PET imaging that can depict �G-
expressing tumors in vivo.

Materials and Methods

Cells and Animals
CT26 murine colon carcinoma and �G-
expressing CT26 (CT26/�G) cells (24)
were cultured in Dulbecco’s Minimal Es-
sential Medium (DMEM) (Sigma-Aldrich,
St Louis, Mo) supplemented with 10%
heat-inactivated bovine calf serum, 100
U/mL penicillin, and 100 �g/mL strepto-
mycin at 37°C in a 5% CO2 atmosphere.
Female BALB/c mice, 6–8 weeks old,
were purchased from the National Labo-
ratory Animal Center (Taipei, Taiwan).
To avoid excessive uptake of the radio-
iodinated agents by the thyroid glands,
all mice were pretreated with 0.2%
Lugol solution (Sigma-Aldrich) in their
drinking water for 2 days prior to the
injection of the radioiodinated probes,
as previously described (25). The ani-
mal experiments were conducted in ac-
cordance with the standards set forth
by the National Yang-Ming University
Institutional Animal Care and Use Com-
mittee.

Generation of 131I- or 124I-PTH-G Probes
To initiate labeling, 8 �L of chloramine-T
solution (5 mg/mL in deionized H2O)
were added to a mixture of 50 �g of
phenolphthalein glucuronide (PTH-G)
(Sigma-Aldrich), iodine 124 (124I) NaI
(3.7–37 MBq; IBA Molecular, Louvain-
La-Neuve, Belgium), or 131I NaI solution
(Nuclear Science and Technology Devel-
opment Center, National Tsing Hua Uni-
versity, Taiwan) in 50 �L of 0.5 mol/L
ammonium acetate buffer (pH 3.4) and
vortexed intermittently at room tempera-
ture for 2 minutes. Ten microliters of 1
mol/L Na2S2O3 were added to stop the
reaction. The reaction mixture was
loaded into a preconditioned Sep-Pak
PLus C18 cartridge (Waters, Milford,
Mass) and washed with 5 mL water to
remove free radioactive iodide. 131I-
PTH-G or 124I-PTH-G was eluted with 3
mL of ethanol and water (2:1 vol/vol) and
evaporated to dryness under a gentle
stream of nitrogen at 100°C. The specific
activity of 124I-PTH-G and 131I-PTH-G was
about 555 MBq/�mol. The radiochemical
purity was greater than 95%, as deter-
mined (H.P.Y., W.L.T., J.S., and
H.E.W., with 3, 10, 24, and 20 years of
experience in chemical labeling and anal-
ysis) at radio–thin-layer chromatography
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Advances in Knowledge

� The hydrophilic-hydrophobic con-
version of a proactive glucuronide
probe by �-glucuronidase (�G)
can be used to detect �G activity
in vivo.

� This hydrophilic-hydrophobic
conversion may be adopted to
design probes for other enzyme
system(s) that show preferential
up-regulation in the tumor site,
for instance, metallomatrix
proteases.

Implication for Patient Care

� The development of new glucuro-
nide probes for PET may aid in
the diagnosis of �G-expressing
cancers, identifying those cancer
patients who are suitable for gluc-
uronide prodrug therapy in the
future.
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by using an aluminum sheet coated with
silica powder, separated with an aqueous
ethanol and water (1:1 vol/vol) mobile
phase, then scanned with an AR 2000
scanner (Bioscan, Washington, DC).

Hydrophobic Conversion of PTH-G into
PTH by �G-expressing Cells and Tumors
CT26 or CT26/�G cells were stained for
�G activity with the �-Glucuronidase Re-
porter Gene Staining Kit (Sigma-Aldrich)
or with 10 �mol/L PTH-G in 0.5-mL se-
rum-free DMEM (pH 6.5) for 3 hours.
The reddish-brown phenolphthalein
(PTH) precipitate was visualized with the
addition of 2 �L triethylamine. The cells
were then examined under an upright mi-
croscope (BX41; Olympus, Melville, NY).
To assess specific hydrolysis of PTH-G by
�G ex vivo, CT26 or CT26/�G tumors
were excised and embedded in a com-
pound (Tissue-Tek OCT; Sakara Finetek,
Torrance, Calif) in liquid nitrogen and
sectioned into 10-�m slices. Adjacent tu-
mor sections were stained (C.H.K.,
B.M.C., and C.M.C., with 4, 20, and 10
years of experience in cell culture) for �G
activity with X-GlcA (Sigma-Aldrich) and
PTH-G.

Metabolism of 131I-PTH-G in Vitro
CT26/�G or parental CT26 cells (1 � 106

cells per well) cultured in six-well plates
were washed three times with phosphate-
buffered saline and then incubated with
131I-PTH-G (370 kBq of solution per well)
in 0.5-mL serum-free DMEM at 37°C.
Samples were periodically removed at 15,
30, 60, 120, and 240 minutes, were blot-
ted onto an aluminum sheet precoated
with silica, and were dried. 131I-PTH-G
and 131I-PTH were then separated on the
silica by a mobile phase composed of eth-
anol and water (1:1 vol/vol). The radio-
activity of 131I-PTH-G and 131I-PTH was
measured (C.H.K., B.M.C., and C.M.C.)
with a radio–thin-layer chromatography
plate scanner.

Specific Conversion and Accumulation of
124I-PTH-G by �G
To assess specific hydrolysis of radioac-
tive probes by �G in vitro, graded
amounts of 124I-PTH-G in 50-�L per-well
serum-free DMEM (pH 6.5) were added
to 96-well microtiter plates containing live

CT26 or CT26/�G cells for 1 hour. To
establish the specificity of 124I-PTH-G, D-
saccharic acid 1,4-lactone monohydrate
(SAL, a specific �G inhibitor; Sigma-
Aldrich [26]) was added to the cells to a
final concentration of 0.5 mg/mL 45 min-
utes before the addition of 124I-PTH-G.
The wells were washed to remove free
probe before the cells were collected by
means of treatment with trypsin. The ra-
dioactivity of the cells was then measured
(C.H.K., B.M.C., and C.M.C.) in a
gamma counter (1470 Wizard, Wallac,
Turku, Finland).

Serum Half-Live of 131I-PTH-G
BALB/c mice (n � 5) were intravenously
injected with 1.85-MBq 131I-PTH-G, and
blood samples were removed from the
tail vein at 5, 10, 15, 30, 60, 120, 240,
480, and 1440 minutes. The blood was
weighed on an analytical balance and as-
sayed for radioactivity in a gamma
counter. Results are expressed as the per-
centage of injected dose per gram of tis-
sue. The initial and terminal half-lives of
the probe were estimated (Y.C.S. and
K.H.C., both with 5 years of experience
in half-life determination) by fitting the
data to a two-phase exponential decay
model with use of software (Prism 4;
Graphpad Software, San Diego, Calif).

In Vivo Micro-PET Imaging
BALB/c mice (n � 3) bearing estab-
lished CT26 and �G-expressing CT26
tumors (200–300 mm3) in their left and
right chest regions, respectively, were
anesthetized with halothane vapor by
using a vaporizer system and then were
intravenously injected with 3700 kBq
(in 100 �L) 124I-PTH-G. To test the
specificity of 124I-PTH-G in vivo, D-sac-
charic acid 1,4-lactone monohydrate (1
g per kilogram of body weight) was in-
traperitoneally injected into the mice
(n � 3) 1 hour before 124I-PTH-G injec-
tion. PET imaging was sequentially per-
formed at 1, 3, and 20 hours. The tu-
mor-bearing mice were positioned in a
micro-PET scanner (R4; Concorde Mi-
crosystems, Knoxville, Tenn) with their
long axis parallel to the transaxial plane
of the scanner. The scanner has a com-
puter-controlled bed with a 10.8-cm
transaxial and 8-cm axial field of view. It

has no septa and operates exclusively in
a three-dimensional list mode. All raw
data were first sorted into three-dimen-
sional sinograms, followed by Fourier
rebinning and ordered-subsets expecta-
tion maximization image reconstruc-
tion. Fully three-dimensional list-mode
data were collected by using an energy
window of 350–750 keV and a time win-
dow of 6 nsec. Image pixel size was 0.85
mm transaxially, with a 1.21-mm sec-
tion thickness (SCT., K.H.C., I.H.H.,
and H.E.W., with 2, 4, 2, and 20 years
of experience in imaging studies).

Whole-Body Autoradiography in Mice
For autoradiography, the tumor-bearing
mice (n � 3) were intravenously injected
with 3700 kBq (100 �L) of 131I-PTH-G.
Animals were sacrificed by means of chlo-
roform inhalation 3 hours after injection
and were immediately dipped into iso-
pentane (Nacalai Tesque, Kyoto, Japan),
which was prechilled at liquid nitrogen
temperature. The whole carcass was fro-
zen for 1–2 minutes, depending on body
size. The frozen carcass was then embed-
ded on a cryostat holder with 4% car-
boxylmethylcellulose (27). Coronal sec-
tioning was performed with a slice thick-
ness of 30 �m. Slices attached on the
microscopic slides were air dried at room
temperature, applied to the imaging
plates (BAS cassette 2040; Fujifilm, To-
kyo, Japan), and exposed for about 36
hours. After exposure, the imaging plates
were assayed with a FLA5000 reader (Fu-
jifilm) to acquire the phosphor images.
The intensity of the linear arbitrary unit of
the CT-26 tumor and the CT26/�G tumor
was measured (K.H.C., Y.C.S., I.H.H.,
and H.E.W., with 4, 4, 2, and 20 years of
experience in autoradiography in mice)
with Image Gauge (Version 5.0, Science
Lab 2001; Fujifilm).

Detection of �G Activity in Necrotizing
Tumor
BALB/c mice (n � 3) bearing CT26 and
CT26/�G tumors (�400 mm3) were in-
travenously injected with 3700 kBq of
131I-PTH-G and sacrificed 3 hours later.
Tumors were dissected, embedded in a
compound (Tissue-Tek OCT), and snap
frozen in liquid nitrogen. Consecutive
sections were obtained for autoradiog-
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raphy, �G enzyme assay (both 20 �m),
and histologic examination with hema-
toxylin-eosin (10 �m) (SCT., I.H.H.,
K.W.C., and J.J.H., with 8, 2, 2, and 20
years of experience in histology). The
results of autoradiography and �G en-
zyme activity were then matched to the
necrotic regions at histologic examina-
tion.

Biodistribution of 131I-PTH-G and 131I-PTH
Tumor-bearing female BALB/c mice
were intravenously injected with 2220-
kBq (in 100 �L) 131I-PTH-G or 131I-PTH.
Animals were sacrificed after anesthe-
sia with pentobarbital (65 mg/kg) at 1
(n � 3), 3 (n � 5), and 20 (n � 6) hours.
Radioactivity in the tumors and other
internal organs was measured with a
multichannel gamma counter (K.H.C.,
Y.C.S., I.H.H., and H.E.W., with 5, 5,
2, and 21 years experience in biodistri-
bution study in mice). The accumulation
of radioactivity in tissues was normal-
ized to sample weight and expressed as
percentage of injected dose per gram of
tissue.

Statistical Analysis
The radioactivity of the CT26/�G tu-
mors and parental CT26 tumors was
recorded in the biodistribution analysis.
Differences in radioactivity between
CT26/�G and CT26 tumors located on
the same mouse were analyzed (SCT.,

S.R., and T.L.C., with 4, 28, and 18
years experience of data analysis) by
using the Wilcoxon signed rank test. P
values of less than .05 were considered
to indicate a statistically significant dif-
ference.

Results

Specific Conversion of PTH-G into PTH by
�G-expressing Cells in Vitro and ex Vivo
In �G-expressing CT26 cells, �G is teth-
ered to the surface of CT26 cells to al-
low free access of hydrophilic PTH-G
molecules to the enzyme (Fig 1) (24). A
reddish-brown PTH precipitate was ap-
parent on the CT26/�G cells and tumors
but not on parental CT26 cells and/or
tumors after addition of PTH-G (Fig 2).

Specificity and Half-Life of the Iodinated
PTH-G Probes
The percentage of 131I-PTH-G steadily
decreased over time, while the percent-
age of 131I-PTH increased, which indi-
cates specific conversion of 131I-PTH-G
to 131I-PTH by �G (Fig 3). On the con-
trary, parental CT26 cells barely hy-
drolyzed 131I-PTH-G to 131I-PTH.

Cell-associated radioactivity steadily in-
creased in CT26/�G cells but not in paren-
tal CT26 cells (Fig 3b). D-saccharic acid
1,4-lactone monohydrate hampered the ac-
cumulation of cell-associated radioactivity

in CT26/�G cells, indicating that the con-
version of 124I-PTH-G to 124I-PTH was
blocked by inhibition of �G activity.

131I-PTH-G concentration in serum
followed a two-phase exponential decay
kinetics, with an initial half-life of 11.1
minutes � 4.3 (standard error) and a
terminal half-life of 580 minutes � 100
(Fig 3c).

Micro-PET Imaging of �G-expressing
Tumors in Vivo
124I-PTH-G selectively accumulated in
CT26/�G tumors as early as 1 hour after
injection (Fig 4a), suggesting that 124I-
PTH-G was preferentially converted into
124I-PTH by the CT26/�G tumors. CT26
tumors, on the other hand, produced
weak but distinct signals on micro-PET
images. The region of interest ratio of
CT26/�G to parental CT26 tumors was
3.9, 3.5, and 3 at 1, 3, and 20 hours,
respectively. We also found strong signals
in the abdomen of the mice (Fig 4). Al-
though radioactivity selectively accumu-
lated in CT26/�G tumors in mice pre-
treated with phosphate-buffered saline,
D-saccharic acid 1,4-lactone monohy-
drate completely blocked the generation
and accumulation of radioactivity in
CT26/�G tumors (Fig 4b).

Biodistribution of 131I-PTH-G in Vivo
Substantial radioactivity accumulated in
CT26/�G tumors (Fig 5). We also found
weaker but distinctive signals in CT26
tumors. Autoradiography and �G enzy-
matic activity matched in the necrotic
areas in CT26 tumors as determined at
histologic examination (Fig 5, bottom
panel). We also found strong signals in
the internal organs, notably in the gall-
bladder, liver, and intestines (Fig 5, top
panel).

Mean radioactivity was significantly
higher in CT26/�G tumors than in the
parental CT26 tumors at 3 and 20 hours
after injection of 131I-PTH-G (P � .11 at
1 hour, P � .04 at 3 hours, P � .03 at 20
hours, Fig 6). On average, CT26/�G tu-
mors accumulated 3.6-, 3.4-, and 3.3-
fold more radioactivity than did paren-
tal CT26 tumors at 1, 3, and 20 hours,
respectively. In contrast, injection of
131I-PTH did not result in differential
accumulation of radioactivity (P � .827

Figure 1

Figure 1: Schematic of the �G-based micro-PET imaging approach. �G tethered on the surface of CT26
(CT26/�G) cells can hydrolyze the glucuronide group from hydrophilic 124I-PTH-G and convert it to hydro-
phobic 124I-PTH, which can then accumulate in the cancer cells. The radiation from 124I-PTH is then detected
at micro-PET to diagnose �G activity in vivo for personalized glucuronide prodrug targeted therapy.
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at 1 hour, P � .827 at 3 hours, P � .275
at 20 hours) (Fig 6b). As in the micro-
PET studies, we found strong signals in
the gallbladder, liver, and intestines.

Discussion

We have developed a strategy for the
micro-PET imaging of �G activity
based on the hydrophobic conversion
of 124I-PTH-G to 124I-PTH. Our results
show that CT26/�G cells and tumors
selectively hydrolyzed and accumulated
PTH-G and 124I-PTH-G. The micro-PET
images demonstrated enhanced activity

in CT26/�G tumors. By using the �G-
specific inhibitor D-saccharic acid 1,4-
lactone monohydrate, we further vali-
dated that 124I-PTH-G is a specific probe
for �G activity in vitro and in vivo. The
biodistribution of 131I-PTH-G confirmed
the preferential accumulation of 131I-
PTH in �G-expressing tumors. These re-
sults indicate that this method may poten-
tially be a useful diagnostic tool for the
detection of �G-expressing tumors to per-
sonalize glucuronide prodrug mono-
therapy or targeted therapy.

We noted radioactive signals in the
CT26 tumors, gallbladder, and intestines.

In the CT26 tumors, the radioactive sig-
nals were most likely generated by �G
within the necrotic regions, which are
known to contain high concentration of

Figure 2

Figure 2: Specific conversion of hydrophilic PTH-G into hydrophobic PTH by �G in vitro and ex vivo.
(a) PTH-G was incubated with CT26/�G cells or parental CT26 cells. The hydrolysis of PTH-G to PTH by �G
is evident as reddish coat on the cell surface. (b) Sections of CT26 or CT26/�G tumors were incubated with
PTH-G. The hydrolysis of PTH-G into PTH by �G is visualized as reddish coat. X-GlcA was added as a positive
control for functional �G activity (blue color) in both assays. Scale bar � 10 �m (Original magnification,
� 200).

Figure 3

Figure 3: (a) Graph shows that the percentage
of 131I-PTH-G steadily decreased, while that of
131I-PTH increased only in CT26/�G cells.
(b) Graph shows that the radioactivity steadily
increased in CT26/�G cells but not in parental
CT26 cells. SAL � D-saccharic acid 1,4-lactone
monohydrate. (c) Graph shows that 131I-PTH-G
concentration in serum followed two-phase expo-
nential decay kinetics, with initial half-life of 11.1
minutes � 4.3 and terminal half-life of 580 min-
utes � 100. Error bar � standard error of triplicate
determinations.
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�G (17,19). If 124I- or 131I-PTH-G was in-
stead generated by other body sites and
then traveled to CT26 tumors, one would
expect a more homogeneous signal distri-
bution within the tumors. This prediction,
however, is not supported by our data.
On the other hand, signals in gallbladder
and intestines most likely resulted from
excretion of glucuronide metabolites.
Liver cells can uptake glucuronide conju-
gates such as 124I-PTH-G from the blood
by organic anion-transporting polypep-
tides expressed on the basolateral (sinu-
soidal) side of liver cells (28,29). For ex-
ample, estradiol-17-�-D-glucuronide and
telmisartan acylglucuronide are sub-
strates for liver uptake by organic anion-

transporting polypeptide family members
(30–32). Once the glucuronide conjugates
are within liver cells, Mrp2 (multiple re-
sistance-associated protein 2) expressed
on the apical (canicular) side of liver cells
then pumps out glucuronide conjugates
via the bile duct to the intestine (33). An-
ticancer drug metabolites, such as SN-38
glucuronide (a camptothecin derivative)
and flavopiridol glucuronide, are secreted
into the bile through the action of Mrp2
(34,35). �G in commensal flora present in
the intestinal tract can hydrolyze glucuro-
nide conjugates into their original forms.
This is the mechanism underlying the se-
vere diarrhea observed in cancer patients
receiving CPT-11 (36).

Several methods can be considered to
help overcome the nonspecific signal pro-
duced by bacterial �G and improve spe-
cific detection of �G-expressing tumors.
First, before 124I-PTH-G injection, mice
can be pretreated with antibiotics to clear
intestinal microbes, though it might lead
to repopulation of pathogenic flora. Sec-

Figure 4

Figure 4: Micro-PET images of �G-expressing tumors in vivo. (a) Coronal and transverse images of
BALB/c mice bearing CT26/�G (arrows) and parental CT26 (arrowheads) tumors 1, 3, and 20 hours after
intravenous injection of 124I-PTH-G. (b) Coronal images demonstrate the specificity of 124I-PTH-G for �G
activity. PBS� 124I-PTH-G, 1 h � Image obtained after injection of phosphate-buffered saline 1 hour prior to
injection of 124I-PTH-G, SAL� 124I-PTH-G, 1 h � image obtained after injection of D-saccharic acid 1,4-
lactone monohydrate 1 hour prior to injection of 124I-PTH-G.

Figure 5

Figure 5: Top: Autoradiograph (left) and
whole-body section (right) from a mouse bearing
CT26/�G or parental CT26 tumors intravenously
injected with 131I-PTH-G. Bottom: Tumor-bearing
mice injected with 131I-PTH-G. a, b, CT26/�G
and, c–f, CT26 tumors that were frozen sectioned
for autoradiography (a, c), �G activity (b, d, e), and
histologic analysis (f). The boxed area in d is
shown at higher magnification than in e and f.
Disintegrated and amorphonuclear cells within the
cavity suggest that it represents a necrotic region
in the CT26 tumor (f). Scale bar in a and b � 200
�m; c–f � 25 �m.
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ond, PTH-G excretion may be shunted
from the biliary to the urinary pathway.
Repeated administration of acetamino-
phen can increase expression of Mrp3
and drive the elimination of xenobiotic
glucuronides through the urinary path-
way (37). Likewise, probenecid can in-
hibit Mrp2 and reduce biliary excretion of
glucuronides (34,38). Increased urinary
elimination may reduce the radioactivity
retained in the intestines. Last, since
PTH-G is likely excreted through the bili-
ary pathway (39), PTH can be replaced
with other compounds that exhibit pre-
dominately urinary excretion. In this re-
gard, the relatively hydrophobic chelating
agent tetraazacyclododecane tetraacetic
acid (DOTA) is efficiently removed from
the blood via the kidneys (40). Gallium
68–DOTA has been developed for cancer
imaging with use of PET (41), which sug-
gests that DOTA is an attractive candi-
date substitute for PTH.

Selective hydrolysis of a glucuronide
probe to a hydrophobic reporter for PET
imaging may be an effective strategy to
detect �G activity in vivo. Conjugation of
glucuronide groups usually increases the
hydrophilicity of compounds (42,43). In
addition, although �G is highly specific for
the glucuronyl residue of glucuronide con-
jugates, it has little specificity for the con-
jugated aglycone (44), suggesting that a
wide variety of glucuronide-imaging
probes could be designed for PET, single
photon emission computed tomography
(SPECT), or magnetic resonance (MR)
imaging. For example, a range of phenolic
compounds, such resveratrols, could be
glucuronidated and labeled with 124I to
form PET probes with unique properties.
Similarly, glucuronide groups can be at-
tached to hydrophobic derivatives of che-
lating agents such as DOTA for imaging
(45). DOTA-glucuronide derivatives
could chelate gadolinium or indium 111 to
form imaging probes for the detection of
�G activity by using MR imaging or
SPECT, respectively. Thus, the concept
of �G-specific conversion and accumula-
tion of hydrophobic probes opens a new
venue for the design of �G-detecting
probes for imaging technologies com-
monly used in modern medicine.

Two limitations are associated with
the current study. First, our method

might be inappropriate for the in vivo
imaging of �G-expressing tumors that
reside near the gallbladder and intes-
tines, since these organs display strong
signals after injection of the radioiodi-
nated probes. Although some preven-
tive manipulations are suggested, their

efficacy remains to be verified. Second,
the small sample size has rendered data
interpretation difficult. For example, al-
though retention of radioactivity in
CT26 versus CT26/�G tumors at 1 hour
after injection is visually different, it
was not statistically significant. Future

Figure 6

Figure 6: Graphs show biodistribution of (a) 131I-PTH-G and (b) 131I-PTH in selected organs in mice bear-
ing CT26/�G or parental CT26 tumors. Selected organs and tumors were removed from the mice after 1 (n �
3), 3 (n � 5), and 20 (n � 6) hours. Error bars � standard error of the mean. � � P � .05, n.s. �
nonsignificant.
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studies with larger sample sizes may
clarify this issue.

In summary, molecular imaging is a
promising method to pair diagnosis and
therapy for personalized medicine, which
is especially useful in cancer therapy be-
cause of the many different molecular
mechanisms that can cause this disease.
We have developed a 124I-PTH-G probe
for micro-PET imaging of �G activity by
the specific conversion and accumula-
tion of hydrophobic 124I-PTH in �G-ex-
pressing tumor sites. Importantly, our
strategy is designed for the PET imaging
system, which is currently the state-of-
the-art technology in tumor detection.
Thus, the development of new glucuro-
nide PET probes should complement
the detection capability that can diag-
nose �G-expressing cancers. Successful
development of proactive glucuronide
probes is expected to pair the diagnosis
of �G activity and glucuronide prodrug
targeted therapy for improved person-
alized health care.

Acknowledgment: The authors acknowledge
technical support from the National Sun Yat-Sen
University-Kaohsiung Medical University Joint
Research Center.
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