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Therapeutic Effects of a 136Re-Complex—
Conjugated Bisphosphonate for the Palliation of
Metastatic Bone Pain in an Animal Model
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Previously, based on the concept of bifunctional radiopharma-
ceuticals, we developed a highly stable 185Re-mercaptoacetyl-
glycylglycylglycine (MAG3) complex—conjugated bisphosphonate,
[[[[(4-hydroxy-4,4-diphosphonobutyl)carbamoylmethyl]carba-
moylmethyllcarbamoylmethyllcarbamoylmethanethiolate] oxo-
rhenium(V) ('8Re-MAG3-HBP), for the treatment of painful
bone metastases. This agent showed a superior biodistribution
as a bone-seeking agent in normal mice when compared with
186Re-1-hydroxyethylidene-1,1-diphosphonate (*86Re-HEDP). In
this study, we evaluated the therapeutic effects of 185Re-MAG3-
HBP using an animal model of bone metastasis. Methods: The
model was prepared by injecting syngeneic MRMT-1 mammary
tumor cells into the left tibia of female Sprague-Dawley rats.
186Re-MAG3-HBP (55.5, 111, or 222 MBqg/kg) or '85Re-HEDP
(55.5 MBg/kg) was then administered intravenously 21 d later. To
evaluate the therapeutic effects and side effects, tumor size and
peripheral blood cell counts were determined. Palliation of bone
pain was evaluated by a von Frey filament test. Results: In the
rats treated with 1%Re-HEDP, tumor growth was comparable
with that in untreated rats. In contrast, when 18Re-MAG3-HBP
was administered, tumor growth was significantly inhibited. Allo-
dynia induced by bone metastasis was attenuated by treatment
with 18Re-MAG3-HBP or '86Re-HEDP, but '86Re-MAG3-HBP
tended to be more effective. Conclusion: These results indicate
that 186Re-MAG3-HBP could be useful as a therapeutic agent for
the palliation of metastatic bone pain.

Key Words: bone metastases; internal radiotherapy; bisphos-
phonate; pain; radiopharmaceutical
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Malignant tumors, especially cancers of the breast and
prostate, frequently metastasize to bone (/,2). A prominent
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symptom of such metastasis is pain, which has a significant
impact on patient quality of life, and pain within the skel-
etal tissues is the most common source of pain in patients
with malignant disease (3-5). Treatments designed to reduce
inflammation-associated pain with nonsteroidal antiinflam-
matory drugs (NSAIDs) are the first option in most cases,
with stronger opioids used as the intensity of the pain rises.
However, these drugs produce side effects such as gastro-
intestinal ulceration, neutropenia, enhanced bleeding, and
deterioration of renal function in the case of NSAIDs, and
nausea, sedation, and constipation in the case of opioids.
Localized radiation therapy is an effective treatment for
bone pain (6) but is difficult to apply when there are mul-
tiple lesion sites, as is often the case in patients with bone
metastases. Wide-field, hemibody radiotherapy is also an
effective treatment but its potential benefit is often out-
weighed by significant bone marrow and gastrointestinal
toxicity. Accordingly, in cases of metastases to multiple
sites, molecular radiotherapy using bone-seeking radio-
pharmaceuticals is preferable (7,8).

186Re is a promising radionuclide with a maximum B-energy
of 1.07 MeVand a y-ray of 137 keV (9%) that are adequate for
therapy and imaging, respectively. Furthermore, the physical
half-life of !#6Re is 3.8 d, which is long enough for shipment
and processing of the radiopharmaceutical but not too long for
its disposal as a radioactive waste. These physical character-
istics have led to the development and clinical application of
186Re-1-hydroxyethylidene-1,1-diphosphonate ('8Re-HEDP)
(9,10). However, 186Re-HEDP showed a delayed blood clear-
ance and high gastric uptake after injection, due to its instability
in vivo (11-14). Thus, to overcome the problems of !%Re-
HEDP, we recently developed, based on the concept of
bifunctional radiopharmaceuticals, a highly stable %6Re-mer-
captoacetylglycylglycylglycine (MAG3) complex—conjugated
bisphosphonate, [[[[(4-hydroxy-4,4-diphosphonobutyl)carba-
moylmethyljcarbamoylmethyljcarbamoylmethyl]carbamoyl-
methanethiolate] oxorhenium(V) ('%$Re-MAG3-HBP, Fig. 1)
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(I5). This agent showed greater accumulation in bone and
faster clearance from blood than '¥Re-HEDP in normal mice.

In this study, we evaluated the therapeutic potential of
186Re-MAG3-HBP in comparison with '8Re-HEDP for the
palliation of metastatic bone pain using an animal model of
bone metastasis.

MATERIALS AND METHODS

Materials

186Re was supplied by the Japan Atomic Energy Research Institute
as perrhenate (18%ReQ, ™) at a specific activity of 18-20 TBq/g. Other
reagents were of reagent grade and were used as received.

186Re-HEDP, 186Re-MAG3-HBP, and nonradioactive Re-
MAG?3-HBP were prepared according to a published procedure
(15) with radiochemical yields of >90% without requiring puri-
fication. The radiochemical purity of '86Re-HEDP was determined
by thin-layer chromatography (TLC) and cellulose acetate elec-
trophoresis (CAE) (Separax-SP; Joko Co. Ltd.). TLC analyses
were performed with silica plates (Silica gel 60; Merck KGaA)
with acetone as a developing solvent. !36Re-HEDP remained at
the original position (Ry = 0), whereas the free perrhenate
(*8Re0,~) migrated with the solvent front Ry = 1). CAE was
run at an electrostatic field of 0.8 mA/cm for 20 min in veronal
buffer (ionic strength 0.06 M, pH 8.6). 86Re-HEDP migrated to
the 3.5-cm anode from the origin, whereas reduced-hydrolyzed
rhenium (!86Re0,) remained at the origin. The radiochemical
purity of '86Re-MAG3-HBP was determined by reversed-phase
(RP) high-performance liquid chromatography (HPLC). RP-
HPLC was performed with a Cosmosil 5C;3-AR-300 column
(4.6 x 150 mm; Nacalai Tesque) at a flow rate of 1 mL/min with a
mixture of 0.2 mol/L phosphate buffer (pH 6.0) and ethanol
(90:10) containing 10 mmol/L tetrabutylammonium hydroxide.

Biodistribution in Normal Rats

Experiments with animals were conducted in accordance with
our institutional guidelines, and the experimental procedures were
approved by the Kyoto University Animal Care Committee.
Biodistribution experiments were performed by intravenously
administering !'3Re-labeled compounds into male Wistar rats
(200-250 g). Groups of 4 rats each were administered 250 pL of
each 186Re-labeled compound and sacrificed at 10 min, 3 h, and
24 h after injection. Tissues of interest were removed and weighed,
and radioactivity counts were determined with an auto well
y-counter (ARC-2000; Aloka) and corrected for background
radiation and physical decay during counting.

Rat Model of Bone Metastasis

Female Sprague-Dawley rats were used (150-180 g). The ani-
mals were housed with free access to food and water at 25°C with a
12-h alternating light/dark cycle. MRMT-1 mammary tumor cells

186Re-MAG3-HBP For METASTATIC BONE PAIN * Ogawa et al.

were kindly supplied by the Cell Resource Center for Biomedical
Research, Tohoku University. The culture of MRMT-1 cells and
induction of bone cancer was performed as previously described
with slight modifications (/6). Briefly, MRMT-1 cells were grown
in cell culture dishes in RPMI 1640 medium with phenol red,
10% heat-inactivated fetal calf serum, 100 pg/mL glutamine,
100 units/mL penicillin, and 100 pg/mL streptomycin. The cells
were cultured in a humidified atmosphere of 95% air and 5% carbon
dioxide at 37°C. They were then released from the dishes by
treatment with 0.05% trypsin/ethylenediaminetetraacetic acid.
Next, the rats to be inoculated were anesthetized with chloral
hydrate, and a 1.5-cm incision was made over the top half of the
tibia. A 23-gauge needle was inserted into the intramedullary canal
of the tibia, approximately 5 mm below the knee joint to create a
cavity for injection of the cells. At the left tibia, 3 uL of medium
with tumor cells (approximately 3 x 103 cells) was then injected into
the bone cavity using a Hamilton syringe (Hamilton Co.). At the
righttibia, 3 pL of medium only was injected into the bone cavity as
a sham-treated control. The cavities were sealed using bone wax,
and the wounds were closed with surgical suture.

Imaging and Therapy

Rats were randomly distributed to the experimental groups.
186Re-MAG3-HBP (55.5, 111, or 222 MBgkg), !'%Re-HEDP
(55.5 MBg/kg), or nonradioactive Re-MAG3-HBP was administered
intravenously 21 d after inoculation—that is, the time needed for
tumors to reach a palpable size (about 1 cm in diameter). A group of
rats that did not receive any treatment served as a control group.

At 24 h after the injection of radiolabeled compounds, y-imaging
was performed on a SPECT-2000H (Hitachi Medical Co.) fitted with
low-energy, high-resolution collimators. The energy window was
symmetric (+20%) and centered on the 186Re photopeak (137 keV).

Tumoral bone-to-normal bone ratios were calculated by draw-
ing regions of interest (ROIs) on planar images (counts/pixel). The
ROI of tumoral bone was drawn manually around the edge of the
tumoral bone activity by visual inspection. The ROI of normal
bone was drawn at the corresponding site of the contralateral tibia
(sham-treated) using an inverted figure of the tumoral bone ROI.

Tumor size was measured once weekly with a slide caliper in 2
dimensions. Individual tumor volumes (V) were calculated by the
formula V = [length x (width)?]/2 and related to the values on the
day of treatment (relative tumor volume).

Pain was evaluated as the hind paw withdrawal response to
stimulation with von Frey filaments (North Coast Medical) as
previously described with slight modifications (/7,18). The test
environment consisted of a wire mesh box. The rat was placed in the
test box and allowed to acclimate for 5-10 min. The tactile stimulus
was applied to the plantar surface in ascending order of force
beginning with the 2.84-mN filament. Once a withdrawal response
was established, the paw was retested, starting with the next
descending von Frey filament until no response occurred. The
lowest amount of force required to elicit a response was recorded as
the paw withdrawal threshold (in newtons (N]). The ratio of the right
value to the left value was used as an index of the palliation of pain.

The myelotoxicity of the radiotherapy was assessed using the
peripheral blood cell counts. Two blood samples (5 wL) were
obtained from a tail vein. The samples were pooled and diluted
with 95 pL of Turk’s solution (0.01% gentian violet and 1% acetic
acid) for white blood cell (WBC) counts and 495 uL of 1%
ammonium oxalate for platelet counts, and cell counts were
performed using a hemocytometer and a light microscope.
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Statistical Evaluation

An unpaired Student r test was used for the biodistribution
experiments. One-way ANOVA followed by the Dunnett post hoc
test compared with the untreated group was used for experiments
on allodynia measurements, comparisons of tumor growth, WBC
counts, and platelet counts. Results were considered statistically
significant at P < 0.05.

RESULTS

Biodistribution in Normal Rats

The biodistributions of '*Re-MAG3-HBP and '®%Re-
HEDP in normal rats are presented in Table 1. Both com-
pounds showed a rapid accumulation and long residence in
the bone. The uptake of '*¢Re-MAG3-HBP in the bone was
significantly higher than that of '86Re-HEDP.

Imaging

The planar images at 24 h after injection of '®¢Re-
MAG3-HBP and '86Re-HEDP showed a marked accumu-
lation of radioactivity surrounding the site of inoculation of
the tumor cells (Fig. 2). In tissues other than bone, no sig-
nificant accumulation of radioactivity was observed, a
reflection of the results of the biodistribution experiments.

Tumoral bone-to-normal bone ratios of '8¢Re-MAG3-
HBP and '%6Re-HEDP were 3.54 * 0.60 and 2.90 + 0.97,

TABLE 1
Biodistribution of 186Re-MAG3-HBP and '¢Re-HEDP
in Rats

Time after administration

Tissue 10 min 3h 24 h
186Re-MAG3-HBP (%ID/g tissue)
Blood 0.831 + 0.134* 0.015 + 0.008t 0.003 + 0.000t
Liver 0.213 = 0.031* 0.063 = 0.025 0.051 = 0.009*
Kidney 1.551 =+ 0.115 0.539 = 0.187* 0.473 = 0.074
Intestine  0.153 = 0.015" 0.235 = 0.173 0.151 = 0.081
Spleen 0.180 = 0.018* 0.030 + 0.009 0.027 * 0.005*
Pancreas 0.196 = 0.024 0.013 = 0.003* 0.008 * 0.002
Lung 0.566 + 0.059' 0.040 + 0.009* 0.037 + 0.031
Stomach* 0.525 = 0.198 0.302 = 0.134* 0.152 + 0.176*
Femur 2.129 + 0.142* 3.943 = 0.270% 4.097 = 0.181t
Muscle 0.129 = 0.028 0.014 = 0.009 0.004 = 0.001
186Re-HEDP (%ID/g tissue)
Blood 0.572 + 0.103 0.074 = 0.025 0.025 + 0.006
Liver 0.162 + 0.020 0.035 = 0.005 0.025 + 0.005
Kidney 1.807 + 0.613 0.859 = 0.162 0.386 * 0.115
Intestine 0.126 = 0.012 0.074 = 0.039 0.082 = 0.039
Spleen 0.133 = 0.019 0.032 + 0.005 0.020 + 0.003
Pancreas 0.164 + 0.021 0.019 = 0.003 0.013 + 0.004
Lung 0.414 + 0.049 0.067 + 0.014 0.032 + 0.013
Stomach* 0.710 + 0.323 0.729 + 0.284 0.764 + 0.440
Femur 1.586 = 0.365 1.913 = 0.272 1.798 * 0.621
Muscle 0.117 = 0.024 0.011 + 0.005 0.005 *= 0.003

*P < 0.05 vs. '®Re-HEDP.
P < 0.01 vs. 186Re-HEDP.
*Data are expressed as percentage injected dose (%ID).
Data are expressed as mean + SD for 4 animals.
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I
FIGURE 2. Planar images at 24 h after intravenous injection of

186Re-MAG3-HBP (222 MBg/kg) (A) and '8Re-HEDP (55.5 MBa/kg)
(B). Arrows indicate the site where tumor cells were injected.

respectively (mean * SD). This difference was not statis-

tically significant.

Therapeutic Effects

The volume of the tumors as a function of time is shown in
Figure 3. As can be seen, the MRMT-1 tumor cells proliferated
exponentially after a palpable tumor developed in the left tibia.
In rats treated with '*¢Re-HEDP at a dose of 55.5 MBg/kg,
tumor growth was comparable with that of untreated rats. In
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FIGURE 3. Curves show inhibition of growth of MRMT-1 tumor
cells on therapy. Data are expressed as tumor volume relative
to that on day of treatment (mean * SEM for 5-7 rats).
Significance was determined using 1-way ANOVA followed by
the Dunnett post hoc test (*P < 0.05 vs. no treatment).

contrast, when '3$Re-MAG3-HBP was administered at the
same dose as '®6Re-HEDP, tumor growth was significantly
inhibited compared with that of the untreated group.

Palliative effects determined by the von Frey filament
test are shown in Figure 4. A larger value indicates more
intense pain on the cancer-bearing side. In untreated rats,
the enhanced withdrawal response to mechanical stimula-
tion with von Frey filaments caused by cancer-induced bone
pain was elevated. Both !%6Re-MAG3-HBP and !36Re-HEDP
attenuated this mechanical allodynia but '36Re-MAG3-HBP
tended to be more effective.

The injected dose of 136Re-MAG3-HBP ranged from 55.5
to 222 MBg/kg, and the therapeutic effects were assessed.
Consequently, it was found that the inhibition of tumor

257 [ - "™®Re-MAG3-HBP (222 MBy/kg)

-0~ "®Re-MAG3-HBP (111 MBg/kg)
- "®Re-MAG3-HBP (55.5 MBg/kg)
-0~ "Re-HEDP (55.5 MBg/kg)

-@- Nonradioacitive Re-MAG3-HBP

& No treatment

2071

0 1 2 3 4 5 6
Time after inoculation (wk)

FIGURE 4. Effects of radiopharmaceuticals on bone cancer
pain. Data are expressed as ratio of right {contralateral) with-
drawal paw threshold values to left (ipsilateral) values (mean =
SEM for 5-7 rats). Significance was determined using 1-way
ANOVA followed by the Dunnett post hoc test (*P < 0.05 vs. no
treatment).
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growth and the response in terms of the palliation of pain
were not correlated with the treatment dose (Figs. 3 and 4).

Moreover, when nonradioactive Re-MAG3-HBP was
administered, tumor growth and the withdrawal response
were not significant compared with those in untreated rats
(Figs. 3 and 4).

Myelotoxicity

When !86Re-MAG3-HBP or !86Re-HEDP was adminis-
tered, WBC and platelet counts tended to decrease at 1 and
2 wk after treatment, especially in the case of high-dose
treatment with '86Re-MAG3-HBP. However, the decreases
were not critical, and these counts were recovered within
3 wk after the injection (Fig. 5).

DISCUSSION

In general, the use of an appropriate animal model is
important for the evaluation of the therapeutic effects of

(108/mL)
20 186,
-0~ '"*Re-MAG3-HBP (222 MBq/kg)
-0- "**Re-MAG3-HBP (111 MBg/kg)
2 "*Re-MAG3-HBP (55.5 MBg/kg)
15 O~ "®Re-HEDP (55.5 MBq/kg)
—&- No treatment
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5
0
0 1 2 3 4 5 6
Time after inoculation (wk)
6
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- '®Re-MAG3-HBP (55.5 MBqg/kg)
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FIGURE 5. WBC (A) and thrombocyte (B) counts in rat model
of bone metastasis under treatment. Data are presented as
mean = SEM for 5-7 rats. Significance was determined using
1-way ANOVA followed by the Dunnett post hoc test (*P < 0.05
vs. no treatment).
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pharmaceuticals. For the evaluation of therapeutic effects of
radiopharmaceuticals on metastatic bone tumors, a heart
injection model has often been used (/9,20). This model
involves the direct introduction of tumor cells into the
arterial circulation through the left ventricle of the heart in
nude mice or nude rats (21,22). It is useful for the
evaluation of survival (/9,20) but is unsuitable for the
evaluation of palliation of metastatic bone pain because it
has multiple lesion sites. Furthermore, to our knowledge,
there has been no report on an appropriate animal model for
the evaluation of the palliating effects of radiopharmaceu-
ticals on metastatic bone pain. However, intrabone injection
models have recently been developed as a model of bone
tumor pain (/6,23,24). In this study, we used one of these
models, the intratibial injection model, for the following
reasons: (a) the radiologic, histologic, and behavioral
characteristics resemble those of patients with bone metas-
tases (5,16,25); (b) it is possible to equalize the position of
single lesions in all experimental animals; (c¢) bone cancer
pain can be quantitatively evaluated using a von Frey fila-
ment test; and (d) the surgery is simple and barely invasive.
The von Frey filament test is a way to examine withdrawal
responses for mechanical stimuli to the hind paw of rats using
various different von Frey filaments and has frequently been
used for evaluating mechanical allodynia, especially in a
neuropathic pain model (/7,18). Recently, the test has also
been used in a metastasis model (/6,25). Bone cancer pain can
be intermittent, but it progresses rapidly into continuous pain
that is exacerbated by episodes of breakthrough pain. Once
this chronic pain is established, the condition of the patient
deteriorates further when mechanical allodynia develops.
Mechanical allodynia occurs when normally nonpainful ac-
tivity or stimulation is perceived as painful. For example,
coughing, turning in bed, or gentle limb movement can cause
intense pain (26). Accordingly, evaluating mechanical allo-
dynia as an index of pain in the model is meaningful.
Moreover, it has been reported that levels of osteoblastic/
osteoclastic activity were high in areas close to the tumor
because the MRMT-1 cells used in this model produce a
mixed type of bone lesion (/6). Most bone-seeking radio-
pharmaceuticals, including '86Re-MAG3-HBP, accumulate
at sites with strong osteoblastic activity. Accordingly, we
assumed that this model might be adequate to evaluate the
therapeutic effects of bone-seeking radiopharmaceuticals.
The main finding of this study is that a single treatment with
186Re-MAG3-HBP, a !8¢Re-complex—conjugated bisphosph-
onate, achieved significant inhibition of tumor growth and
palliation of pain in a rat mode! of bone metastasis (Figs. 3 and
4). 186Re-HEDP palliated the pain but did not inhibit tumor
growth. Although the mechanism of the palliation of bone
cancer pain by radiotherapy remains unclear, a radiation-
induced reduction of tumor size has been considered one of the
causes (27,28). However, empiric data from experiments with
external irradiation indicate that the absorbed dose required
to achieve pain relief is significantly lower than that necessary
to achieve a tumoricidal effect (29-3/). Because 'S6Re-
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MAG?3-HBP showed much greater accumulation in normal
bone than did '%6Re-HEDP in biodistribution experiments
with normal rats and because there was no significant differ-
ence between the tumoral bone-to-normal bone ratios of
186Re-MAG3-HBP and '86Re-HEDP in the bone metastasis
model, the difference in the inhibition of tumor growth
between the 2 radiopharmaceuticals could be attributed to
the difference in accumulation at the site of bone metastasis.
Furthermore, the inhibition of tumor growth should resultina
more effective palliation than that achieved with '®6Re-HEDP.

The pain-relieving effect of '®6Re-MAG3-HBP was not
dependent on dose (Fig. 4). This result is consistent with
the clinical observations in breast cancer patients that the
response rate in terms of pain reduction was not correlated
with the dose of 136Re-HEDP (/0). Contrary to expectation,
raising the dose of 1¥Re-MAG3-HBP did not potentiate the
inhibition of tumor growth. Although the reason for this is
unclear, no serious toxic effects were observed on high-
dose treatment. Therefore, it is necessary to examine the
effect of increasing the dose of '%¢Re-MAG3-HBP on tumor
growth using other models.

Bisphosphonates have been used primarily to treat hyper-
calcemia (from excess bone resorption) and, more recently,
cancer-induced bone pain (32). Recent reports indicate that the
regular use of bisphosphonates for metastatic bone disease
prevents skeletal-related events, reduces bone pain, and im-
proves the patient’s quality of life (32,33). Briefly, the mech-
anism of action includes induction of the apoptosis of
osteoclasts, inhibition of the proliferation of cancer cells,
and reduction in the production of cytokine and secretion of
metalloproteinase. Walker et al. reported that zoledronic acid,
a bisphosphonate, was a useful antinociceptive agent in a rat
model of metastatic cancer pain (25). These findings raise the
possibility that the therapeutic effect of 186Re-MAG3-HBP is
attributable not to the B-particles of '86Re but, rather, to the
bisphosphonate structure of '86Re-MAG3-HBP. To test this
possibility, we treated rats with nonradioactive Re-MAG3-
HBP at the same dose as '86Re-MAG3-HBP. In nonradioactive
Re-MAG3-HBP-treated rats, tumor growth and the with-
drawal response were comparable with those in untreated rats
(Figs. 3 and 4). Accordingly, the therapeutic effect of 86Re-
MAG?3-HBP can be attributed to the B-particles of %¢Re.

CONCLUSION

186Re-MAG3-HBP accumulated at the site where tumor
cells were injected in a rat model of bone cancer and
significantly inhibited tumor growth and attenuated the
allodynia induced by bone cancer without having critical
myelosuppressive side effects. These results indicate that
186Re-MAG3-HBP could be useful as a therapeutic agent
for the palliation of metastatic bone pain.
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Development of a Novel **™Tc¢-Chelate—-
Conjugated Bisphosphonate with High Affinity
for Bone as a Bone Scintigraphic Agent
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In bone scintigraphy using 9°™Tc¢ with methylenediphosphonate
(®®mTc-MDP) and hydroxymethylenediphosphonate (3®™Tc-
HMDP), it takes 2—6 h after an injection before imaging can
start. This interval could be shortened with a new radiopharma-
ceutical with higher affinity for bone. Here, based on the con-
cept of bifunctional radiopharmaceuticals, we designed a
99mTc-mercaptoacetylglycylglycylglycine  (MAG3)-conjugated
hydroxy-bisphosphonate (HBP) (**™Tc-MAG3-HBP) and a
98mTc-6-hydrazinopyridine-3-carboxylic acid (HYNIC)-conjugated
hydroxy-bisphosphonate (**"Tc-HYNIC-HBP). Methods: %™ Tc-
MAG3-HBP was prepared by complexation of MAG3-HBP with
%mTc using SnCl, as a reductant. The precursor of %mTc-
HYNIC-HBP, HYNIC-HBP, was obtained by deprotection of the
Boc group after the coupling of Boc-HYNIC to a bisphosphonate
derivative. 99™Tc-HYNIC-HBP was prepared by a 1-pot reaction
of HYNIC-HBP with %®™TcQ,", tricine, and 3-acetylpyridine in the
presence of SnCl,. Affinity for bone was evaluated in vitro by
hydroxyapatite-binding assays for #mTc-HMDP, 9mTc-MAG3-
HBP, and ¥™Tc-HYNIC-HBP. Biodistribution experiments for the
3 99Tc-|abeled compounds were performed on normal rats.
Resutts: 99mTc-MAG3-HBP and #™Tc-HYNIC-HBP were each
prepared with a radiochemical purity of >95%. In the in vitro bind-
ing assay, %mTc-MAG3-HBP and 9°mTc-HYNIC-HBP had greater
" affinity for hydroxyapatite than #™Tc-HMDP. In the biodistribution
experiments, 9¥mTc-MAG3-HBP and 99™Tc¢c-HYNIC-HBP had
higher levels of radioactivity in bone than #mTc-HMDP. #9mTc-
MAG3-HBP was cleared from the blood slower than ®mTc-
HMDP, whereas there was no significant difference in clearance
between #MTc-HYNIC-HBP and ™Tc-HMDP. Consequently,
%mTc-HYNIC-HBP showed a higher bone-to-blood ratio than
89mTc-HMDP. Conclusion: We developed a novel %mTc-
chelate—conjugated bisphosphonate with high affinity for bone
and rapid clearance from blood, based on the concept of bifunc-
tional radiopharmaceuticals. The present findings indicate that
99mTc-HYNIC-HBP holds great potential for bone scintigraphy.
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Over the last quarter of a century, complexes of #™Tc
with methylenediphosphonate (**™Tc-MDP) and hydroxy-
methylenediphosphonate (°*™Tc-HMDP) have been widely
used as radiopharmaceuticals for bone scintigraphy in cases
of metastatic bone disease, Paget’s disease, fractures in
osteoporosis, and so forth (/—4). With these “*™Tc-labeled
bisphosphonates, however, an interval of 2-6 h is needed
between injection and bone imaging (3). Shorting this interval
would lessen the burden on patients in terms of the total length
of the examination and the dose of radiation absorbed. To
enable imaging at an earlier time after injection, a radiophar-
maceutical with higher affinity for bone is required.
Bisphosphonate analogs accumulate in bone because
their phosphonate groups bind to the Ca?* of hydroxyap-
atite crystals (5). In the case of 9°™Tc-MDP and 99™Tc-
HMDP, the phosphonate groups coordinate with technetium
(6), which might decrease the inherent accumulation of
MDP and HMDP in bone. Thus, we hypothesized that bone
affinity of %°mTc-labeled bisphosphonate would be in-
creased by the design of a bisphosphonate in which the
phosphonate groups do not coordinate with technetium,
and we attempted to design a 2*™Tc-chelate—conjugated
bisphosphonate based on the concept of bifunctional radio-
pharmaceuticals (Fig. 1). In this study, mercaptoacetylgly-
cylglycylglycine (MAG3) and 6-hydrazinopyridine-3-
carboxylic acid (HYNIC) were chosen as chelating sites
because they have been widely used for %™Tc label-
ing of proteins and peptides (7-11) and conjugated to
4-amino-1-hydroxybutylidene-1,1-bisphosphonate. Then,
99mTc-[[[(4-hydroxy-4,4-diphosphonobutyl)carbamoylme-
thyl]carbamoylmethyl]carbamoylmethyl]carbamoylme-
thanethiolate (°*™Tc-MAG3-HBP; Fig. 1A) and
[®*™Tc][[4-[(6-hydrazinopyridine-3-carbonyl)amino]-1-
hydroxy-1-phosphonobutyl]phosphonic acid](tricine)(3-
acetylpyridine) (®®*™Tc-HYNIC-HBP; Fig. 1B) were
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HYNIC-HBP (B).

prepared by coordination with 9™Tc, and their proper- Preparation of #*"Tc-HYNIC-HBP

ties in vitro and in vivo were compared with these of 2,3,5,6-Tetrafluorophenyl  6-(tert-butoxycarbonyl)-hydrazino-
99mT-HMDP. pyridine-3-carboxylate (Boc-HYNIC-TFP) and 4-amino-1-hy-

- droxybutylidene-1,1-bisphosphonate were synthesized according
MATERIALS AND METHODS to procedures described preciously (12,13). 4-Amino-1-hydroxy-

i butylidene-1,1-bisphosphonate (10.3 mg, 41.3 pumol) was sus-
Materials , pended in 1.33 mL of distilled water, and triethylamine (25.1 mg,
Proton nuclear magnetic resonance (‘H NMR) spectra were  p4g wmol) was added to the suspension. After a few seconds
recorded on a Bruker AC-200 spectrometer (JEOL Ltd.), and the of StiITiﬂg at room temperature, Boc-HYNIC-TFP (178 mg,
chemical shifts were reported in parts per million downfield from 44 4 umol) dissolved in 1.33 mL of acetonitrile was added. The
an internal 3-(trimethylsilyl)propionic-2,2,3,3-ds acid sodium salt  oocion mixture was stirred for 3 h at room temperature. RP-
standard. Electrospray ionization mass spectra (ESI-MS) were  ppj c was performed with a Hydrosphere 5C18 column (20 X 150
obtained with a LCMS-QP8000«a (Shimadzu). Thin-layer chro- mm; YMC Co., Ltd) at a flow rate of 16 mL/min with a mixture of
matographic analyses were performed with silica plates (Silica gel water, acetonitrile, and formic acid (90:10:1). Chromatograms were
60; Merck KGaA) with acetone as a developing solvent. *™Tc-  gpiained by monitoring the ultraviolet (UV) adsorption at a wave-
Pertechnetate (99mTCO4_) was eluted in a saline solution on a length of 254 nm. The fraction containing [4-[[6-(tcr[-butoxycaxbonyl)-
daily basis from generators (Daiichi Radioisotope Laboratories, hydrazinopyridine-3-carbonyl]amino]-1-hydroxy-1-phosphonobu-
Ltd.). *™Tc-HMDP was prepared by reconstitution with a con- tylJphosphonic acid (Boc-HYNIC-HBP) was identified by mass
ventional HMDP labeling kit (Nihon Medi-Physics Co., Ltd.) with spectrometry and collected. The solvent was removed by lyoph-
a *¥mTc0,~ solution. Other reagents were of reagent grade and jjjzq¢ion 10 provide Boc-HYNIC-HBP (178 mg, 36.7%) as white
were used as received. crystals. 'H NMR (D;0): & 8.42 (IH, s), 8.33 (1H, d), 7.21 (IH,
Preparation of ®mTc-MAG3-HBP d), 343 (2H, v), 1.92-2.04 (4H, m), 1.47 (9H, s). ESI-MS

The precursor of %™Tc-MAG3-HBP, [1-hydroxy-1-phosphono- calculated for C;sHy6N409P; (M- H)™: m/z 483. Found: 483.
4-[2-[2-[2-(2-tritylmercaptoacetylamino)-acetylamino] acetylamino) ch-HYNIC-HBP (10.4 mg, 2'1.5 pmol) was stirred ina mixed
acetylamino]butyl]phosphonic acid (Tr-MAG3-HBP) was syn- solution of TFA (720 pL) and anisole (80 pL) for 10 min at room
thesized according to procedures described previously (72). The temperature. After removal of the solvent under a stream of

trity] group of T-MAG3-HBP (0.1 mg) was dissolved in 190 uL N2 the residue was washed with dry ether to produce [4-[(6-
of trifluoroacetic acid (TFA) and 10 pL of triethylsilane. After Ydrazinopyridine-3-carbonyl)amino}-1-hydroxy-1-phosphonobu-
removal of the solvent under a stream of N,, 80 pL of 0.1 mol/L tyllphosphonic acid (HYNIC-HBP) quantitatively as white crys-

1 .
borate buffer (pH 9.5) were added to the residue. Next, 3 pL of talsé H2NMR (1)1222_82 ?);133 (1H, s), 8.13 (1H, d), 7.01 (1H, d),
S$nCl,-2H,0 solution in 0.1 mol/L citrate buffer (pH 5.0) (1 mg/mL) 42 (2H, 1, 194204 (4H, m). ESI'MS calculated for

and 200 pL of **™TcQ,~ solution were added, and the reaction C'OH‘SN“QSPZ ,(M‘ H)™: m/z 383. Found:‘ 383. .
mixture was vigorously stirred and allowed to react at 95°C for Forty microliters of HYNIC-HBP solution (3.75 mg/mL in 0.1

1 h. 9™Tc-MAG3-HBP was purified by reversed-phase high- mol/L borate.b.uffer, pH 9.5) were mix.ed successively .with
200 pL of tricine solution (30 mg/mL in 10 mmol/L citrate

buffer, pH 5.2), 200 pL of 3-acetylpyridine solution (10 pL/mL in
10 mmol/L citrate buffer, pH 5.2), 200 uL of #®TcO,™~ solution,
and 25 pL of SnCl, solution (1.0 mg/mL in 0.IN HCIl). The
reaction mixture was vigorously stirred and allowed to react at
95°C for 35 min. ™Tc-HYNIC-HBP was purified by RP-HPLC
Preparation of [[[[(4-Hydroxy-4,4-Diphosphonobutyi) under the same conditions as for the preparation of *"Tc-MAG3-
Carbamoylmethyl]Carbamoyimethyi]Carbamoylmethyl]  HBP.
Carbamoylmethanethiolate] Oxorhenium(V)
(Re-MAG3-HBP) Hydroxyapatite-Binding Assay

Re-MAG3-HBP was synthesized according to procedures de- The hydroxyapatite-binding assay was performed according
scribed previously (72). ESI-MS calculated for C;;H0N40;,P,!%’ReS  to procedures described preciously with a slight modification
(M- H)™: m/z 692. Found: 692 C;,H50N40,P;!%ReS (M- H)": m/z  (I14-16). In brief, hydroxyapatite beads (Bio-Gel; Bio-Rad) were
690. Found: 690. suspended in Tris/HCl-buffered saline (50 mmol/L, pH 7.4) at 1,

performance liquid chromatography (RP-HPLC) performed with a
Cosmosil 5C;3-AR-300 column (4.6 x 150 mm; Nacalai Tesque)
at a flow rate of 1 mL/min with a mixture of 0.2 mol/L phosphate
buffer (pH 6.0) and ethanol (90:10) containing 10 mmol/L tetra-
butylammonium hydroxide.
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2.5, and 10 mg/mL. For the solutions of *™Tc-labeled compounds
(®9™Tc-MAG3-HBP, #=Tc-HYNIC-HBP, and *®Tc-HMDP), the
bisphosphonate concentrations were adjusted to 0.60 pmol/L. One
hundred microliters of each solution of #™Tc-labeled compound
were added to 100 pL of the hydroxyapatite suspension, and sam-
ples were gently shaken for 1 h at room temperature because it has
been reported that 1 h was enough to attain binding equilibrium
(14). After centrifugation at 10,000g for 5 min, the radioactivity of
the supernatant was measured with an auto well y-counter (ARC-
2000; Aloka). Control experiments were performed with a similar
procedure in the absence of hydroxyapatite beads. The rate of
binding was determined as follows:

Hydroxyapatite binding (%) = (1 — [radioactivity of
supernatant of each sample]/[radioactivity of supernatant
in the respective control]) x 100.

Biodistribution Experiments

Animal experiments were conducted in accordance with our
institutional guidelines, and the experimental procedures were ap-
proved by the Kyoto University Animal Care Committee. Bio-
distribution experiments were performed with an intravenous
administration of 250 nL of each diluted tracer solution (370-
740 kBq) to male Wistar rats (200-230 g). Groups of at least 4 rats
each were sacrificed by decapitation at 5, 10, 30, and 60 min after
injection. Organs of interest were removed and weighed, and
radioactivity counts were determined with an auto well y-counter
and corrected for background radiation and physical decay during
counting.

Serum Protein-Binding Assay

The binding of %*™Tc-labeled compounds to serum protein was
evaluated by ultrafiltration. Male Wistar rats (200-230 g) received
a bolus of 9°Tc-labeled compound by intravenous injection. At
3 min after the injection, the rats were anesthetized with ether and
blood was collected by heart puncture. Each serum sample was
prepared and applied to Centrifree units (Millipore). The units
were centrifuged at 1,000g at room temperature. The radioactivity
counts of the initial samples and filtrates were determined with an
auto well y-counter.

Statistical Analysis

Data are expressed as means + SD where appropriate. Results
of biodistribution experiments were statistically analyzed using a
1-way ANOVA followed by the Dunnett post hoc test. Differences
were considered statistically significant when P values were less
than 0.05.

RESULTS

Preparation of *mT¢-|_abeled Compounds

99mTc-MAG3-HBP was prepared by complexation with
99mTc using SnCl, as a reductant. The radiochemical yield
of ™Tc-MAG3-HBP was 73%. After purification by RP-
HPLC, %™Tc-MAG3-HBP had a radiochemical purity of
>95%.

HYNIC-HBP, the precursor of °™Tc-HYNIC-HBP, was
synthesized by the coupling of the carboxyl group of Boc-
HYNIC with the amino group of the bisphosphonate de-
rivative and the subsequent deprotection of the Boc group.

2044 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 47 »

99mTc-HYNIC-HBP was prepared by a 1-pot reaction of
HYNIC-HBP with #9™TcQ,~, tricine, and 3-acetylpyridine
in the presence of SnCl,. The radiochemical yield of 9°™Tc-
HYNIC-HBP was 39%. After purification by RP-HPLC,
99mTc HYNIC-HBP had a radiochemical purity of >95%.

Hydroxyapatite-Binding Assay

Figure 2 shows the percentage of each ?*™Tc-labeled
compound bound to hydroxyapatite beads. With an increase
in the amount of hydroxyapatite, the rate of binding rose.
Both #*™Tc-chelate —comjugated bisphosphonates (°°™Tc-
MAG3-HBP and 9™Tc-HYNIC-HBP) showed a signifi-
cantly higher rate of binding than #™T¢c-HMDP.

Biodistribution Experiments

The biodistributions of %™Tc-MAG3-HBP, 99™Tc-
HYNIC-HBP, and ®™Tc-HMDP in normal rats are presented
in Tables 1, 2, and 3. All #™Tc-labeled compounds accu-
mulated rapidly and resided a long time in the femur. **™T¢-
Chelate —conjugated bisphosphonates, 9°™Tc-MAG3-HBP
and ?*™Tc-HYNIC-HBP, accumulated in bone in signifi-
cantly larger amounts than °°"Tc-HMDP. However, the
bone-to-blood ratio of 9°™Tc-MAG3-HBP was decreased
because its clearance from blood was delayed compared with
that of #™Tc-HMDP. ?°»Tc-HYNIC-HBP had a signifi-
cantly higher bone-to-blood ratio than °™Tc-HMDP because
its clearance was equivalent to that of #™Tc-HMDP.

Serum Protein-Binding Assay

The proportions of %°™Tc-MAG3-HBP and °™Tc-
HYNIC-HBP bound to serum protein were 97.7% =+
0.2% and 88.7% * 2.7%, respectively.

100

Binding (%)
3 &

-3
(=]

N
o

1.25 5
Hydroxyapatite (mg/mL)

[l ~re-HmoP

[] 99mT e MAG3-HBP

99mT e HYNIC-HBP

05

FIGURE 2. Binding of hydroxyapatite to 9™Tc-MAG3-HBP,
9mTc_HYNIC-HBP, and 29mTc-HMDP. Data are expressed as
mean * SD for 3 or 4 experiments. Asterisks indicate statis-
tically significant differences compared with %*™Tc-HMDP with
the Dunnett test (P < 0.05).
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TABLE 1
Biodistribution of Radioactivity After Intravenous Administration of 9™Tc-MAG3-HBP in Rats

Time after administration (min)

Tissue 5 10 30 60
Blood 0.98 = 0.09* 0.77 = 0.06 0.29 = 0.01 0.07 = 0.01*
Liver 0.32 = 0.00 0.29 = 0.03 0.18 = 0.01 0.11 £ 0.02
Kidney 2.15 = 0.33 1.87 = 0.40 0.85 = 0.05* 0.50 + 0.08*
Intestine 0.16 = 0.03* 0.15 = 0.03* 0.13 = 0.01* 0.17 = 0.03*
Femur 1.80 = 0.24 231 £ 0.22 3.73 = 0.18* 4.23 = 0.25*
F/B ratiot 1.86 = 0.38* 3.02 £ 0.21* 13.1 = 0.85* 59.7 + 10.41

*Significant differences (P < 0.05) from 9°™Tc-HMDP were identified with the Dunnett test.

tFemur-to-blood ratio.
Each value is mean = SD for 4 animals.

DISCUSSION

Radiopharmaceuticals with greater affinity for bone are
expected to be effective in shortening the time interval
between injection and bone imaging. Thus, based on the con-
cept of bifunctional radiopharmaceuticals, 9™Tc-chelate-
conjugated bisphosphonates were designed in this study.
First, MAG3 was chosen as a ?°™Tc-chelating group be-
cause this N3S ligand forms a relatively compact, hydro-
philic, and stable complex with *™Tc in high yields (17).
As expected, *™Tc-MAG3-HBP bound to the hydroxyap-
atite beads in vitro and accumulated in the rat femur in vivo
to a greater extent than ®>™Tc-HMDP. However, the level of
99mTc.MAG3-HBP in blood was higher than that of 99™Tc-
HMDP, which resulted in a decreased bone-to-blood ratio.
We attribute this high radioactivity of ®™Tc-MAG3-HBP
in blood to the binding of serum proteins because the
99mTc-MAG3 complex shows strong binding to serum
proteins (18,19). In fact, the level of binding of *°™Tc-
MAG3-HBP to protein was very high.

HYNIC is a representative bifunctional chelating agent
used to prepare **™Tc-labeled proteins and peptides with
tricine as a coligand (10,20-22). However, it has been
reported that the complex [**™Tc¢](HYNIC)(tricine), is not

stable and exists in multiple forms, and the pharmacoki-
netics could be affected by the exchange reaction between
tricine and protein in the plasma and tissues (22-24). To
solve these problems, Liu et al. used several pyridine
derivatives as coligands to form ternary ligand complexes,
[#9mTc](HYNIC)(tricine)(pyridine derivative), with greater
stability and fewer isomers (25). Furthermore, in a previous
study, we showed that little binding to plasma protein was
displayed by #™Tc-HYNIC-labeled polypeptides derivatized
with this ternary ligand complex (13). Then, #*™Tc-HYNIC-
HBP in which [®™Tc](HYNIC)(tricine)(3-acetylpyridine)
was conjugated with a bisphosphonate derivative, was de-
signed for high bone affinity and rapid washout from the
blood.

The rate of binding of **Tc-HYNIC-HBP to serum pro-
tein was significantly lower than that of ™Tc-MAG3-HBP.
When these values were expressed as a nonprotein—bind-
ing rate, the value of **™Tc-HYNIC-HBP (11.3%) is about
5 times the value of 9™Tc-MAG3-HBP (2.3%). The differ-
ence in the binding of the compound to the serum protein
affects its blood clearance (26-28). In fact, the blood
clearance of 9°™Tc-HYNIC-HBP was significantly faster
than that of #°™T¢c-MAG3-HBP and was equivalent to that

TABLE 2
Biodistribution of Radioactivity After Intravenous Administration of 99mTc-HYNIC-HBP in Rats

Time after administration (min)

Tissue 5 10 30 60
Blood 0.56 = 0.05 0.39 + 0.04* 0.10 = 0.01 0.03 = 0.01
Liver 0.18 = 0.02 0.12 = 0.01* 0.07 = 0.01* 0.05 = 0.01
Kidney 3.19 = 1.02 1.43 = 0.09 0.45 = 0.05 0.26 = 0.10
Intestine 0.15 = 0.01* 0.10 = 0.01 0.10 = 0.07 0.05 = 0.02
Femur 1.90 = 0.21* 2.59 = 0.22* 3.71 = 0.30* 3.96 * 0.36*
F/B ratiot 3.40 = 0.50* 6.69 + 0.43 37.1 = 4.01* 123.20 + 18.30*

*Significant differences (P < 0.05) from 9™Tc-HMDP were identified with the Dunnett test.

tFemur-to-blood ratio.
Each value is mean + SD for 6 animals.
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: TABLE 3
Biodistribution of Radioactivity After Intravenous Administration of 99™Tc-HMDP in Rats

Time after administration (min)

Tissue 5 10 30 . 60
Blood 0.61 = 0.03 0.32 £ 0.04 0.10 = 0.01 0.04 + 0.01
Liver 0.15 £ 0.02 0.08 = 0.01 0.03 = 0.00 0.04 £ 0.05
Kidney 3.11 £0.23 1.59 = 0.42 0.46 + 0.08 0.24 = 0.03
Intestine 0.12 + 0.00 0.09+ 0.02 0.04 = 0.01 0.03 = 0.01
Femur 1.52 £ 0.14 1.97 = 0.18 2.73 = 0.15 3.16 = 0.51
F/B ratio* 2.49 + 0.15 6.27 + 0.94 29.16 = 4.86 93.40 = 19.81

*Femur-to-blood ratio.
Each value is mean + SD for 4 or 5 animals.

of 99mTc-HMDP, although factors other than protein bind-
ing may also be responsible for rapid blood clearance.
Furthermore, 9™Tc-HYNIC-HBP accumulated in larger
amounts in femur than did ™Tc-HMDP, which could
be attributable to its design based on the bifunctional
radiopharmaceutical concept. Consequently, the bone-to-
blood ratio of ¥™Tc-HYNIC-HBP was significantly higher
than that of °Tc-HMDP.

We assume that ®™Tc-chelate —conjugated bisphospho-
nates in bone remain intact because their ™Tc complexes
are stable. On the other hand, previous studies suggested
that there was a separation of the °™Tc-bisphosphonate
complex into its ®*™Tc and bisphosphonate components
before incorporation into the mineral phase (29,30). How-
ever, the separation of 2°™Tc-bisphosphonate must occur at
the bone site because reduced *™Tc alone was not taken up
by bone (30). Namely, there is little difference from the
point of view that bisphosphonate is used as a carrier to
bone in both cases. Thus, we hypothesized that the affinity
of bisphosphonate for hydroxyapatite is important for bone
accumulation and it would be increased by the design of a
bisphosphonate in which the phosphonate groups do not
coordinate with technetium. In fact, °*™Tc-chelate—conju-
gated bisphosphonates had better affinity for hydroxyapa-
tite and accumulated in the rat femur in vivo to greater
extent than “°Tc-HMDP. These results support our hy-
pothesis. However, other factors such as the blood circula-
tion and delivery of the agents may also be important.
Further study may be required to elucidate the mechanism
for bone localization.

Because MAG3-HBP and HYNIC-HBP contain a
bisphosphonate site, there is the possibility that **™Tc coor-
dinates not with the MAG3 moiety or the HYNIC moiety
but rather with the bisphosphonate moiety. To ascertain that
9mT¢ is chelated with only the MAG3 moiety, Re-MAG3-
HBP was prepared by the coupling of nonradioactive Re-
MAG3 complexed previously with the bisphosphonate
analog. By RP-HPLC analysis, identical retention times
between %°mTc-MAG3-HBP and Re-MAG3-HBP were
exhibited (Fig. 3), revealing their structural analogy. In
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the case of the HYNIC complex, because it is difficult to
synthesize the corresponding stable Re-HYNIC complex,
99mTc-HYNIC-HBP was prepared by the coupling of
[*°™Tc](HYNIC-TFP)(tricine)(3-acetylpyridine) with the
bisphosphonate derivative. RP-HPLC analysis revealed this
99mTc-labeled product to be identical to that obtained from
the reaction of HYNIC-HBP with 99™TcQ,", tricine, and
3-acetylpyridine in the presence of SnCl, (Fig. 4). These
findings exclude the possibility of complexation between
technetium and the bisphosphonate structure and indicate
the chelation of 9"Tc with only the MAG3 moiety in
MAG3-HBP and the HYNIC moiety in HYNIC-HBP.

CONCLUSION

As a radiopharmaceutical that accumulates at high level
in bone and is rapidly cleared from blood, we designed a
novel ?™Tc-chelate —conjugated bisphosphonate, 9™Tc-
HYNIC-HBP. **"T¢c-HYNIC-HBP had good affinity for
hydroxyapatite crystals and showed lower binding to serum
proteins. In rat biodistribution experiments, **™Tc-HYNIC-
HBP had a higher bone-to-blood accumulation ratio of ra-
dioactivity at early times after injection than 9™ Tc-HMDP.
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FIGURE 3. RP-HPLC chromatograms of nonradioactive Re-
MAG3-HBP (A) and 29"T¢c-MAG3-HBP (B). Conditions: flow rate
of 1 mL/min with 10% ethanol in 200 mmol/L phosphate buffer
(pH 6.0) containing 10 mmol/L tetrabutylammoniumhydroxide.
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