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99mTc(N)-DBODC(5) is the lead compound of a new series of
monocationic 9°™Tc¢(N)-based potential myocardial imaging
agents that exhibit original biodistribution properties. This study
was addressed to elucidate the mechanisms of distribution, reten-
tion, and elimination of this promising °°™Tc(N)-agent. Methods:
The sex-related in vitro and in vivo stability and the subcellular dis-
tribution of °¥mTc(N)-DBODC(5) were investigated. Studies were
performed by considering binding to the serum proteins; stability
in rat serum, human serum, and rat liver homogenates; and the
chemical integrity of the complex after extraction from rat tissues
such as heart, liver, and kidney, as well as from intestinal fluids
and urine. The effect of cyclosporin A on the in vivo pharmacoki-
netic properties of #°mT¢(N)-DBODC(5) was also evaluated. Sub-
cellular distribution of 9°™Tc(N)-DBODC(5) in ex vivo rat heart was
determined by standard differential centrifugation techniques.
Results: No significant in vitro serum protein binding and no nota-
ble biotransformation of the native compound into different spe-
cies by the in vitro action of the serum and liver enzymes was
evidenced. In vivo experiments showed that sex affects the
pharmacokinetic profile of the 9°™T¢(N)-complexes including me-
tabolism and excretion. Chromatographic profiles of 9™Tc(N)-
radioactivity extracted from tissues and fluids of female rats were
always coincident with the control. Conversely, a small percentage
of metabolized species was detected by high-performance liquid
chromatography in liver extracts of male rats. Furthermore, admin-
istration of cyclosporin A caused a significant reduction of lung,
liver, and kidney washout along with a considerable variation in ac-
tivity distribution in the intestinal tract in both male and female rats,
thus indicating a possible implication of Pgp transporters in deter-
mining the biologic behavior of °*™T¢(N)-DBODC(5). However, this
phenomenon was more pronounced in females. Subcellular distri-
bution studies showed that 86.3% =+ 7.4% of 9™ T¢(N)-DBODC(5)
was localized into mitochondrial fraction as a result of the interac-
tion with the negative membrane potential. Conclusion: Evidence
showing that the new 99mTc(N)-myocardial tracers behave as
multidrug resistance—associated protein P-glycoprotein sub-
strates, combined with their selective mitochondrial accumulation,
strongly supports the possibility that diagnostic application of
99mTc(N)-DBODC(5) can be extended to tumor imaging and nonin-
vasive multidrug resistance studies.
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Previously, we reported a new class of nitrido °™Tc
agents of the type [**™Tc(N)(DTC)(PNP)]*, where DTC is
a dithiocarbamate ligand and PNP an aminodiphosphine
ligand, as potential myocardial imaging agents (/-3).
Among the tested compounds, [*°™Tc¢(N)(DBODC)(PNP5)]*
and [*™Tc(N)(DBODC)(PNP3)]* (Fig. 1) (DBODC =
bis-(N-ethoxyethyl)dithiocarbamato; PNP5 = bis-(dimethoxy-
propylphosphinoethyl)ethoxyethylamine, PNP3 = bis-(dime-
thoxypropylphosphinoethyl)methoxyethylamine) exhibited the
most interesting biodistribution properties (3). In particular,
animal studies of [**™Tc(N)(DBODC)(PNP5)]" (abbreviated
99mT¢(N)-DBODC(5)) revealed high and persistent myocar-
dial uptake and rapid blood, lung, and liver clearance yielding
high-quality images of the heart as early as 20 to 30 min after
injection (4,5).

Similar results were found in humans (6). Preliminary
phase I studies in healthy volunteers showed that both rest and
peak stress administration of **™T¢(N)-DBODC(5) yielded
high-quality myocardial images starting 5 min after injection,
thus suggesting promising diagnostic value for this tracer.

Comprehension of the biologic factors determining the
pharmacokinetic behavior of these agents is crucial not only
to elucidate their diagnostic importance but also to provide a
rational design strategy aimed at improving the biologic
properties.

This study was addressed to elucidate the mechanisms
of distribution, retention, and excretion of the new cardiac
99mT¢(N)-agents. The sex-related in vitro and in vivo sta-
bility and subcellular distribution of **Tc(N)-DBODC(3/5)
as representatives of this class of compounds were investi-
gated. Data collected for *°™Tc(N)-DBODC(3) were used
for comparison and to confirm the metabolic pattern of
99mT¢(N)-DBODC(5). The effect of cyclosporin A on the
pharmacokinetic properties was also investigated.
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FIGURE 1. Chemical structure of the
9mT¢(N)-compounds, with their corre-
sponding physical properties.

MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich. Solvents
were of reagent grade and used without further purification. PNP3
and PNP5 were prepared according to published procedures (7).
The DBODC ligand was purchased from Alchemy. Na[**™TcO,]
was eluted from a ®Mo/**™Tc generator provided by GE Health-
care. Carbonylcyanide-m-chlorophenylhydrazone (CCCP), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and
cyclosporin A were purchased from Sigma-Aldrich.

Thin-layer chromatography (TLC) and high-performance liquid
chromatography (HPLC) analyses were used to evaluate the sta-
bility of the compounds as radiochemical purity. TLC analyses
were performed on C18 Fsys plates (Merck) using a mixture of
saline/CH;OH/THF/HAc ) (2/8/1/1) as mobile phase (*™Tc(N)-
DBODC(3): Ry = 0.43; #*mTc¢(N)-DBODC(5): R, = 0.61) and on
SiO, F,s4 plates (Merck) using a mixture of EtOH/CHCl;/Tol/
NH4Ac (0.5 mol dm~!) (5/3/3/1) (°*™Tc¢(N)-DBODC(3): Ry =
0.78; mTc(N)-DBODC(5): Ry = 0.80). The activity on the plates
was detected using a Cyclone phosphorus imaging instrument
(Packard).

HPLC analysis were performed on a System Gold instrument
(Beckman) equipped with programmable solvent model 126, sam-
ple injection valve 210A, scanning detector module 166, and
radioisotope detector model B-FC-3200 (Bioscan). HPLC analysis
was performed using a reversed-phase Beckman octadecyl silane
precolumn (4.6 X 45 mm, 5 pm), and a reversed-phase Beckman
octadecyl silane column (4.6 X 250 mm, 5 pwm). Isocratic: solvent
A = phosphate buffer (0.02 mol dm~!; pH 7.4) and solvent B =
MeOH (20:80); flow rate = 1 mL/min for 30 min; ultraviolet A =
215 nm; *™Tc¢(N)-DBODC(3) ¢, = 13.83 min and %°™Tc(N)-
DBODC(S) #, = 18.53 min. Serum protein binding affinity was
evaluated through chromatographic methods using HPLC or a size-
exclusion MicroSpin G50 column (Amersham Biosciences).
Reversed-phase HPLC was performed with a Symmetry 300 C4
precolumn (3.9 X 20 mm, 5 wm; Waters) and a Symmetry 300 C4
column (4.6 X 150 mm, 5 pwm). Gradient: solvent A = H,0 (0.1%
trifluoroacetic acid, pH 3) and solvent B = CH3CN (0.1% trifluoro-
acetic acid) (0-2 min, 15% B; 2-20 min, 65% B; 20-22 min, 15% B;
22-25 min, 15% B); flow rate = 1 mL/min.

99mT¢(N)-DBODC(3/5) Radiopharmaceutical Preparation

These agents were prepared in accordance with published pro-
cedures (3). Before use, the complexes were purified with a Sep-Pak
C18 cartridge (Waters) conditioned with 5 mL of EtOH and 5 mL of
deionized water. The reaction solution containing the *°™Tc(N)-
complex was diluted with 8.0 mL of deionized water and loaded on
the cartridge. Approximately 95% of the initial activity was re-
tained on the cartridge. After washing the cartridge with water (20.0
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mL) and ethanol, 35% (5.0 mL), the complex was eluted using an
80/20 mixture of ethanol/saline (0.250 mL x 1; 0.750 mL X 1).
Ninety percent of the loaded activity was collected in the second
fraction. The solvents were evaporated under a dinitrogen stream;
the complex was dissolved in water to obtain an isotonic saline
solution containing less than 5% (v/v) ethanol and used for in vitro
and in vivo studies.

The radiochemical purity of each compound, determined by TLC
and HPLC techniques, was more than 98%.

Determination of Log P and Log K,' Values

Log P values were determined by vortex mixing (20 min) 3 mL
of n-octanol, 3 mL of phosphate buffer (0.02 mol dm~!, pH 7.4),
and 100 pL of the *°™Tc(N)-radiolabeled compounds purified by
HPLC chromatography and treated with a Sep-Pak C18 cartridge as
indicated above. After centrifugation (3,000g for 10 min), aliquots
(100 pL; in triplets) of both the organic and the aqueous phases
were collected and counted with a y-counter. The P values were
calculated using the following equation: P = (activity concentra-
tion in n-octanol)/(activity concentration in aqueous solution).

Log K’ values of the radiolabeled compounds were measured
using the previously reported method (3). For comparison, the log
P and log K, values of **™Tc-sestamibi were determined.

In Vitro Studies

Protein Binding. The affinity of the *™Tc(N)-complexes toward
the serum proteins was evaluated by chromatographic methods,
using the procedures reported below.

In a propylene test tube, 100 wL of the purified complex (50-100
MBq) were added to 900 wL of human or rat serum; at 2, 10, and 60
min of incubation at 37°C, 150 pL of each sample were withdrawn
and diluted in 1.350 mL of phosphate buffer (phosphate-buffered
saline, 0.02 mol dm™!, pH 7.4). Aliquots of this solution were
treated and analyzed. In method A, 100 pL were analyzed by
HPLC, without further purification, using a reversed-phase Sym-
metry C4 column. In method B, 25 pnL were loaded on a prespun
(735g for 1 min) size-exclusion MicroSpin G50 column). The
column was centrifuged at 735¢g for 1 min. The collected eluate and
the column were counted in a y-counter. The protein-bound com-
plex was calculated as the percentage of the total activity. Twenty-
five microliters of **™Tc-complex were controlled after incubation
in phosphate-buffered saline at 37°C as a blank. As a control, a
small fraction of the collected eluate was analyzed by HPLC. The
chromatographic profiles revealed the presence of only the protein
fraction. All activity was associated with the mini column.

Metabolism. For incubation in liver homogenates, the organs
freshly excised from female and male rats were rapidly rinsed and
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homogenized in 20 mM HEPES buffer (pH 7.3) with an Ultra-
Turrax T25 homogenator (IKA Works, Inc.) for 1 min at 4°C.

The in vitro metabolism of the agents was evaluated by moni-
toring the radiochemical purity at different time points using the
following procedure. In a propylene test tube, 50 L of the purified
99mTc-complex (50-100 MBq) were added to 950 wL of rat serum,
950 pL of human serum, 950 pL of fresh 30% liver homogenate,
and 950 pL of saline and HEPES buffer as a blank. The samples
were incubated at 37°C for 24 h. Aliquots (200 L) of each solution
were withdrawn, diluted with 800 L of phosphate buffer (0.2 mol
dm~!, pH 7.4), and treated using an OASIS hydrophilic lipophilic
balance (HLB) extraction cartridge (Waters) before HPLC injec-
tion. In detail, the sample was loaded on cartridges, conditioned
with MeOH (1 mL), equilibrated with water (1 mL), and washed
with MeOH 5% (3 mL). Ninety percent of the starting activity was
eluted using a 90/10 mixture of EtOH and saline (1 mL). Aliquots of
this fraction were analyzed by TLC and HPLC.

Animal Studies

Animal experiments were performed in compliance with the
relevant national laws relating to the conduct of animal experimen-
tation. Studies were performed on both female and male Sprague—
Dawley rats.

Biodistribution. The animals were anesthetized with an intra-
peritoneal injection of a mixture of zolazepam HCI plus tiletamine
HCI (Zoletil; Virbac [40 mg kg~ ']) and xylazine (2 mg kg~ 1). A
150-nL dose of the radioactive complex (300—370 kBq) was
injected through the jugular vein. At different times after injection,
animals (n = 3) were sacrificed. A blood sample and the excised
organs rinsed with saline were weighed and counted in a y-counter.
Results were normalized as percentage injected dose per gram.

In Vivo Stability. The complexes were extracted from the rat
tissues and urine using the following procedure. A 150-pL dose of
radioactive compound (370-500 MBq) was injected through the
jugular vein in anesthetized rats. At 30 and 120 min after injection,
animals (n = 3) were sacrificed. The heart and the metabolic organs
and tissues were excised, rinsed, weighed, and counted.

Extraction of **"Tc(N)-DBODC(3/5) from Heart. The excised
heart was placed in saline (2 mL), chopped for 5 min, and
centrifuged (3,000g for 10 min). Pellet and supernatant were
counted for their radioactivity content; only 15% of the initial
activity was found in the liquid fraction. The remaining activity was
completely extracted from the tissue by treating the pellet with
MeCN (2 mL) and chopping for 5 additional minutes. The organic
solution was separated from the particulate by centrifugation
(3,000g for 10 min). Aliquots of the aqueous and organic solutions,
the latter previously diluted 1:3 with water, were eluted through an
OASIS HLB extraction cartridge and analyzed by TLC and HPLC
as described before.

Extraction of **"Tc(N)-DBODC(3/5) from Liver and Kidneys.
The extraction was performed as described above, and the eluate
analyzed by TLC and HPLC.

Metabolites in Intestine. The intestinal lumen was rinsed with
2 mL of saline; 90% of the total activity was collected in the
endoluminal content. The liquid fraction was separated from the
intestinal content by centrifugation (3,000g for 10 min) and
counted. Fifty percent of the activity was found in this first liquid
fraction. Exhaustive extraction of the residual activity from the
solid fraction was performed by using MeCN (2 mL) followed by
centrifugation (3,000g for 10 min). An aliquot of each fraction
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(1 mL) was eluted through an OASIS HLB extraction cartridge, and
the eluate analyzed by TLC and HPLC.

Metabolites in Urine. Urine was collected directly from the
bladder and loaded onto an activated OASIS HLB extraction
cartridge. The complex was eluted and analyzed by TLC and HPLC.

The method used to extract metabolites from tissues and fluids
allowed for the recovery and analysis about 90% of the activity.

Effects of Cyclosporin A on Pharmacokinetic Properties of
99mTe(N)-DBODC(5). Animals (n = 6) were treated with a solution
of cyclosporin A (16 mg kg~ ! in 250 L of dimethyl sulfoxide
intraperitoneally) 60 min before the radiotracer administration. At
30 and 120 min after injection, animals (n = 3) were sacrificed. Asa
blank, a group of animals (n = 6) received the carrier vehicle
solution (dimethyl sulfoxide) by intraperitoneal injection 60 min
before radiotracer administration.

Subcellular Distribution. Subcellular distribution of *°™Tc¢(N)-
DBODC(5) was evaluated in ex vivo myocardial tissue, excised 15
min after injection, by applying a previously reported procedure (8).
For comparison, the subcellular distributions of **™Tc-sestamibi
and **™Tc-tetrofosmin were assessed in the same experiment.

99mTc-activity in each supernatant and pellet was measured in a
y-counter.

Malate dehydrogenase, a mitochondrial inner matrix enzyme,
was used as a marker to determine the distribution and association
of mitochondrial contents into various fractions (9).

CCCP experiments (final concentration, 5 wmol dm~') were
performed to define the accumulation of **™Tc-complexes in the
intact mitochondria dispersed into each fraction. CCCP, in fact,
uncouples the influx of protons from ATP synthesis, inducing a
collapse of the mitochondrial membrane potential, resulting in
release of activity from the mitochondrial pellet in the cytosolic
fractions (supernatants) (8,10,11).

RESULTS

99mT¢(N)-DBODC(3/5) complexes were prepared using
the classic 2-step procedure and purified by Sep Pak C18
filtration (3). This process was needed to remove some
radioimpurities before testing the compounds in biologic
studies and to avoid any interference from the contaminants.

Measures of the log P and log K’ values of *™Tc-agents
revealed that *™Tc(N)-DBODC(3/5) complexes were more
lipophilic than %°™Tc-sestamibi. Staring from the more
lipophilic compound, the corresponding log P and log Ky’
values were as follows: *°™T¢(N)-DBODC(5): log P = 1.61 =
0.12, log Ky' = 3.68 = 0.05; *"Tc(N)-DBODC(3): log P =
1.18 = 0.15, log Ky’ = 3.35 = 0.22; **™Tc-sestamibi: log
P =0.87 £0.18, log Ky’ = 3.22 £ 0.08.

Because of the fast blood clearance and the low liver
uptake followed by rapid washout (Table 1), *™Tc(N)-tracer
stability was first estimated in vitro. Thus, binding to the
serum proteins and biotransformation of the two agents in
blood and liver tissues were assessed by incubating the
purified compounds at 37°C in human and rat serum and in
rat liver homogenates.

The affinity of the complexes toward the serum proteins
was evaluated at 2, 10, and 60 min by chromatographic
methods using reversed-phase HPLC chromatography
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TABLE 1
Baseline Biodistribution

% dose/g for 3 rats (mean = SD)

Group* Organ 2 min 10 min 30 min 60 min 120 min

A Blood 0.13 = 0.04 0.03 * 0.02 0.02 += 0.00 0.02 =+ 0.01 0.01 = 0.00
Heart 2.85 = 0.09 2.82 = 0.05 3.01 = 0.30 2.98 = 0.04 2.82 = 0.04
Lungs 1.18 = 0.06 0.63 *= 0.04 0.55 *= 0.02 0.59 =+ 0.01 0.34 = 0.02
Liver 1.53 = 0.29 0.43 = 0.12 0.18 = 0.02 0.10 = 0.01 0.06 + 0.01
Kidneys 8.54 = 0.12 7.32 = 0.09 4.86 = 0.04 4.05 = 0.06 2.87 = 0.02
Small intestine 11.01 = 0.52 15.21 = 1.94 6.22 = 0.39 7.45 = 0.12 15.51 = 0.29
Muscle 0.21 = 0.02 0.25 *= 0.04 0.26 *= 0.03 0.32 = 0.02 0.38 = 0.03
Urine — — 7.41 = 0.53 — 20.51 = 0.56
Heart-to-lung ratio 2.41 4.47 5.47 5.05 8.35
Heart-to-liver ratio 1.86 6.55 16.72 29.80 47.00

B Blood 0.14 += 0.05 0.03 = 0.01 0.02 = 0.00 0.02 =+ 0.01 0.01 = 0.00
Heart 2.95 + 0.09 2.84 = 0.05 3.02 + 0.30 2.91 £ 0.04 2.75 £ 0.04
Lungs 0.88 + 0.06 0.64 =+ 0.05 0.57 *= 0.02 0.39 =+ 0.01 0.29 * 0.02
Liver 2.583 = 0.25 1.43 + 0.12 0.64 = 0.02 0.20 = 0.01 0.11 = 0.01
Kidneys 1412 £ 1.25 10.12 = 1.51 6.70 = 0.98 5.98 *= 0.68 3.32 = 0.21
Small intestine 5.97 = 2.52 9.59 = 1.02 6.22 = 0.50 6.57 = 1.39 6.91 = 2.39
Muscle 0.23 + 0.03 0.21 + 0.01 0.18 = 0.02 0.15 = 0.01 0.16 = 0.05
Urine — — 0.57 = 0.09 — 16.61 = 1.40
Heart-to-lung ratio 3.35 4.44 5.29 7.46 9.48
Heart-to-liver ratio 1.16 1.98 4.71 14.55 25.00

(¢} Blood 0.31 = 0.03 0.15 + 0.01 0.12 = 0.02 0.06 = 0.00 0.15 = 0.01
Heart 3.09 + 0.22 3.17 = 0.30 3.00 = 0.21 2.99 + 0.03 2.72 £ 0.19
Lungs 1.83 + 0.02 1.16 = 0.07 0.74 += 0.02 0.56 = 0.23 0.62 = 0.06
Liver 2.21 = 0.08 1.43 + 0.30 0.88 = 0.08 0.53 = 0.04 0.63 + 0.09
Kidneys 14.91 =1.20 11.59 + 0.98 7.83 = 0.13 6.87 = 0.05 5.69 = 1.25
Small intestine 1.51 = 0.17 8.05 = 1.21 8.96 = 1.75 11.21 = 0.87 12.14 = 417
Muscle 0.30 + 0.03 0.30 + 0.04 0.36 *= 0.08 0.30 = 0.10 0.38 = 0.05
Urine — 14.35 = 4.18 12.78 = 4.22 — 16.51 = 1.44
Heart-to-lung ratio 1.69 2.74 4.04 5.39 4.38
Heart-to-liver ratio 1.40 2.22 3.39 5.69 4.30

*A = 9mT¢(N)-DBODC(3) in female rats; B = 99MT¢(N)-DBODC(5) in female rats; C = 99mT¢(N)-DBODC(5) in male rats.

(reversed-phase Symmetry C4 300 column) and size-exclusion
chromatography (MicroSpin columns).

Figure 2 shows HPLC analysis of **™T¢(N)-DBODC(3/5)
incubated in human serum. Each analysis displays 2 profiles,
one resulting from ultraviolet detection of the serum proteins
and the other from radiometric detection of °™Tc(N)-
complexes. No ?°MTc-activity was coeluted with any of the
protein fraction, and essentially all activity was eluted in a
single peak as *°™T¢(N)-DBODC(3/5) complex. These ob-
servations established that, under these conditions, there was
no detectable binding to serum components.

These findings were confirmed by size-exclusion chro-
matographic experiments. The percentage of free com-
pound, evaluated after 2 and 60 min of incubation, was
98.56 + 0.56 and 95.00 = 0.71, respectively, for *™Tc(N)-
DBODC(3) and 99.02 = 0.78 and 93.01 *= 0.14, respec-
tively, for *°™T¢(N)-DBODC(5).

These results indicated that 2°™Tc(N)-DBODC(3) and
99mT¢(N)-DBODC(5) simply were distributed from the
blood flow as free cations or that an extremely labile conju-
gation between the serum proteins and the complex could be

PHARMACOKINETICS OF 2°™Tc(N)-DBODC(5) * Bolzati et al.

involved, such that the *°™Tc(N)-DBODC(3/5) dissociated
during the elution.

In vitro metabolism studies performed in human and rat
serum, as well as in rat liver homogenates, revealed that the
radiolabeled compounds remain intact for prolonged incu-
bation at 37°C.

The quantitative organ biodistribution of °°™Tc(N)-
DBODC(3/5) is reported in Table 1.

Data show high and persistent myocardial uptake in both
female and male rats. However, washout of %°™Tc(N)-
DBODC(5) from nontarget tissues, such as lungs, liver, and
kidneys, was remarkably higher in female than in male rats;
as a consequence, the heart-to-lung and heart-to-liver ratios
were found to decrease in male rats.

The distribution of **™T¢(N)-DBODC(5) activity in prin-
cipal organs with or without cyclosporin A administration is
reported in Table 2 and Figure 3. The effects of cyclosporin
A on the pharmacokinetic profile were evident at 30 and 120
min after injection. Notable reductions in lung, liver, and
kidney washout (Figs. 3A and 3B) and significant variations
in the activity distribution in the intestinal tract (Figs. 3C and
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FIGURE 2. HPLC profiles of 99MT¢(N)-
DBODC(3/5) incubated at 37°C for 60
min in human serum. HS = ultraviolet
trace of human serum detected at 215
nm (albumin t. = 14.42 min); 9°™MTc(N)-

P ——— —

99"\TC(N)-DBOBC(?)\/\
99mTc(N)-DBOBC?/

Albumin

60 min

DBODC@3) t, = 18.9 min; 99MTc¢(N)-

10 min

DBODC(5) t, = 19.76 min. Superimpos-

i

able HPLC profiles were obtained at 2

P n— JLJ

Blank

min. Similar results were observed in rat
serum.

0 5

3D) were observed. No variation in the biodistribution
profile of **™T¢(N)-DBODC(5) was observed after admin-
istration of a dimethyl sulfoxide by intraperitoneal injection
60 min before radiotracer.

Activity localized in the heart and other tissues or fluids
after intravenous injection of %°™Tc(N)-complexes was
extracted using the procedure reported in the experimental
section. Compared with homogenization, chopping main-
tained superior cell integrity. The initial soft treatment with
saline extracted approximately 15% of the starting activity,
corresponding to unbound activity localized in the extra-
cellular space and on the cellular surface through weak
interactions. Exhaustive discharge of the ®™Tc-activity was
achieved using pure MeCN because of its ability to dena-
ture biologic structures such as proteins and phospholipidic
bilayers and to dissolve the lipophilic compound.

TLC and HPLC analysis was performed on the recovered
aqueous and organic solutions to investigate the effect of
the uptake process on the chemical identity of the complex.
The chromatographic profiles shown in Figures 4B and 4C

10 15 20 25 HS

demonstrated that the myocardial uptake process and the
corresponding trapping mechanism do not involve any
change in the chemical nature of the tracer (control peak,
Fig. 4A). Similarly, the activity extracted from other tissues
and fluids in female rats at 30 and 120 min after injection
evidenced that the radiotracer was stable in vivo.

On the contrary, the HPLC profiles of the activity recov-
ered from male liver and intestinal fluids showed, at 120 min
after injection, the presence of a low amount (<10%) of
undetermined hydrophilic compounds (Figs. 4D and 4E),
consistent with the higher expression of hepatic cytochrome
P450 enzymes in male than in female rats (/2,13). However,
no change of tracer identity was found in the kidneys and
urine of male rats (Figs. 4F and 4G).

Subcellular distribution studies of 2°™Tc(N)-DBODC(5)
were performed by standard differential centrifugation tech-
niques using the commercially available compounds as a
control (*™Tc-sestamibi and **™Tec-tetrofosmin) (8). For all com-
plexes, most activity was released in supernatants I and II
(defined as the two cytosolic fractions isolated during the

TABLE 2
Sex-Related Effects of Cyclosporine A on Biodistribution Profile of ®*™Tc(N)-DBODC(5)

% dose/g for 3 rats (mean = SD)

Female (baseline)

Female (cyclosporin A)

Male (baseline) Male (cyclosporin A)

Organ 30 min 120 min 30 min 120 min 30 min 120 min 30 min 120 min
Blood 0.02 = 0.00 0.01 =0.00 0.08 £0.01 0.01 £0.00 0.12 +0.02 0.15*= 0.01 0.12 £ 0.03 0.05 = 0.01
Heart 3.02 030 2.75=*0.04 351 *019 350=*020 3.00+ 021 272=*0.19 371 £051 3.51 = 0.09
Lungs 0.57 = 0.13 0.29 =0.02 091 £0.05 0.54 £0.03 0.74 =+ 0.02 062 = 0.06 1.64 041 0.76 = 0.16
Liver 0.64 = 0.02 0.11 =0.01 0.72 £0.06 0.69 +0.11 0.88 =+ 0.08 0.63 = 0.09 2.83 +0.10 1.80 = 0.60
Kidneys 6.70 = 0.98 3.32 = 0.21 821 £098 957 £0.89 7.83+0.13 569 = 1.25 13.82 £ 1.00 12.96 * 2.46
Small intestine  6.22 + 0.50 6.91 +2.39 9.78 = 0.58 15.08 =2.09 8.96 * 1.75 12.14 = 417 10.65 = 1.32  8.02 = 1.63
Intestinal tissue* 7.80 = 0.39 8.92 = 2.00 59.86 + 10.39 44.65 = 1.48 66.33 + 0.65 61.51 = 9.21 63.64 = 10.90 28.18 = 4.57

Endoluminal*

92.00 = 0.39 90.05 = 2.00 40.14 = 10.39 55.35 = 1.48 33.67 £ 0.65 38.49 + 9.21

36.36 = 10.90 71.82 £ 4.57

Urine 0.57 £ 0.09 16.61 = 1.40 8.94 + 0.29 8.27 = 3.40 12.78 = 4.22 14.82 = 1.44 NA 16.91 = 2.59

Heart-to-lung 5.29 9.48 3.85 6.48 4.04 4.38 2.26 4.62
ratio

Heart-to-liver 4.71 25.00 4.87 5.07 3.39 4.30 1.31 1.95
ratio

*As relative percentage of total small-intestinal activity.
NA = data not available.
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fractionation process), and only a small portion of the activity
was found associated with the mitochondrial fraction (Fig. 5A).

A correlative evaluation of supernatants and pellets with
the presence of malate dehydrogenase and *°™Tc-activity is
reported in Figures 5B and 5C. Approximately 80% of
malate dehydrogenase was found in the cytosolic fractions
and directly correlated with ®™Tc-activity, thus indicating
that the procedure damaged the mitochondrial structure,
allowing leakage of inner matrix enzyme content (8). Ad-
dition of the mitochondrial uncoupler CCCP to superna-
tants, 3 min before centrifugation of the cell fragment pellet
or mitochondrial pellet, determined a significant reduction
of 9mTc-activity associated with the pellets (Fragment:
1.64 = 0.30 vs. 0.30 = 0.19; 7.08 = 0.88 vs. 1.95 = 0.65.
Mitochondria: 3.15 + 2.03 vs. 0.41 £ 0.45; 8.66 £ 3.14 vs.
1.76 = 1.07 for ?°™Tc-sestamibi and **™Tc(N)-DBODC(5),
respectively.) (Fig. 6).

CCCP-releasable °°™MTc-activity was present in both
pellets, revealing the presence of viable mitochondria in
the cell membrane fraction.

The corrected subcellular distribution of the complexes
was estimated by correlating the distribution of the markers
with the mitochondrial integrity. The result is reported in
Figure 7.

As an additional control, TLC analysis of the activity
recovered in the heart homogenate and in supernatant I was
performed, and only 1 radioactive spot corresponding to
intact 2°™Tc(N)-DBODC(5) was observed.

DISCUSSION

It is commonly maintained that the presence of lateral
ether groups on cationic **™Tc-complexes decreases protein-
binding capability and hepatic accumulation and favors a
fast clearance from these regions. These behaviors were
particularly evident in the pharmacokinetic profiles of
99mT¢(N)-DBODC(3/5) agents.

Despite the presence of similar ether groups on their coor-
dination sphere and the higher lipophilic character of both
99mT¢(N)-DBODC(3/5) complexes, their pharmacokinetic

FIGURE 4. HPLC profiles of ®°mTc(N)-
DBODC(5) complexes after tissue extrac-
tion at 120 min after injection. Peaks
represent control (A); activity extracted
from myocardial tissue after treatment
with saline (B) or treatment with MeCN
(C); and activity extracted with MeCN

from liver (D), endoluminal content (E),
kidneys (F), and directly from urine (G) of
male rats. No hepatic biotransformation
of tracers was observed at 30 min after
injection. No changes in tracer identity
were found in tissues and fluids of female
rats at 30 and 120 min after injection.
Similar results were observed for
99mT¢(N)-DBODC(3).

PHARMACOKINETICS OF 2°™Tc(N)-DBODC(5) * Bolzati et al.
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properties were significantly different from those of °™Tc-
sestamibi and %°™Tc-tetrofosmin (3-5).

In particular, the excreted activity quickly moved from the
hepatic tissue to the intestinal area, showing a high accumu-
lation in this region also at 10 min after injection. The high
intestinal accumulation may also account for the fast de-
crease of activity in the circulation and, consequently, in
nontarget tissues, resulting in remarkably high heart-to-liver
and heart-to-lung ratios.

The results presented here clearly show that metabolism
of these **™Tc¢(N)-complexes cannot explain their pharma-
cokinetic properties (3-5). Specifically, experimental data
appear to support an important role played by P-glycopro-
teins (Pgp) or multidrug resistance—associated protein
(MDR)-Pgp on the rapid elimination of these lipophilic
compounds from the tissues (/14-17).

Protein-binding studies demonstrated a negligible associ-
ation with serum proteins, in agreement with the extremely
fast in vivo distribution of the complexes characterized by a
rapid blood clearance.

Biodistribution studies performed on both female and
male rats showed high and prolonged heart uptake. Differ-
ences between the observed values of heart uptake reported

1342

here in female rats and previous data in the literature (2,3,18)
could be attributed to differences in the composition of the
injected solution. In particular, in our work we used a saline
solution containing less than 5% (v/v) ethanol whereas other
groups used a phosphate buffer solution (0.1 mol dm~'; pH
7.4) containing 10% (v/v) ethanol (2,3) or a saline solution
containing 15% (w/w) propylene glycol (18).

Subcellular distribution studies showed that 86.3% =
7.4% of *°"Tc(N)-DBODC(5) was localized in the mito-
chondrial fraction, analogously to what was previously
observed for %°™Tc-sestamibi and ?°™Tc-tetrofosmin and
supporting the conclusion that heart uptake occurs through
an identical mechanism (8,10,11). The presence of higher
99mT¢(N)-activity in the cell fragments could be explained
by the higher lipophilic character of *°™Tc¢(N)-DBODC(5),
compared with the commercial compounds.

Extraction of activity localized in the heart tissue after
intravenous injection of the **™Tc¢(N)-complexes revealed
that the myocardial uptake and trapping processes do not
involve a change in the chemical nature of the tracer.
Similarly, analysis of the identity of complexes extracted
from urine samples and from the liver of female rats did not
show any metabolic transformation. Sex-related differences

THE JoURNAL OF NUCLEAR MEDICINE ¢ Vol. 49 ¢ No. 8 ¢ August 2008
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were observed in the liver and in the endoluminal content of
male rats, where a low amount of hydrophilic compounds
was detected. This fact could be related to the expression of
the hepatic CYP450 which is considerably higher in male
than in female rats (/2). Metabolic studies performed in vitro
by incubating, at 37°C, the purified **™Tc(N)-compounds
in human serum, rat serum, and rat liver homogenates
confirmed the high metabolic inertness of these compounds.
These results displayed an irrelevant contribution of
CYP450 enzymes to the pharmacokinetics of these agents,
suggesting the participation of Pgp or MDR-Pgp in the efflux
mechanism in *°™T¢(N)-DBODC(5) from nontarget tissues.

Some evidence supporting the involvement of Pgp trans-
porters in the pharmacokinetic profiles of these tracers was
collected from biodistribution studies performed on female
and male rats. In fact, biodistribution data showed a signif-
icantly reduced elimination of **™Tc(N)-DBODC(5) from
the excretory organs of male rats, as compared with female

in fragment and mitochondrial fraction.

rats. This finding is consistent with higher expression of Pgp/
MDR-Pgp proteins in female than in male rats (12,13).

To confirm the role of these transporters in efflux of
99mT¢(N)-agents from nontarget tissues, the effect of an
MDR modulator, cyclosporin A, on biodistribution of
99mT¢(N)-DBODC(5) was investigated (/9-22). When cy-
closporin A was administered before intravenous injection
of the tracer in female and male rats, 2°™Tc(N)-DBODC(5)
uptake in lungs, liver, and kidneys was increased with
respect to the baseline, and excretion from nontarget tissues
was delayed, with a concomitant reduction of the corre-
sponding target-to-nontarget ratios (Table 2). The most
important differences were in the distribution of activity in
the intestinal tract of female rats (Fig. 3), with a significant
increase of activity in the intestinal tissue and a concomitant
decrease in the endoluminal content. This fact strongly
indicates that it is intestinal Pgps/MDR-Pgps, rather than
metabolizing enzymes, that plays the most important role in

100
T
80 I I I
2
£ 60| FIGURE 7. Corrected fractional subcel-
3 lular distribution of °°mMTc-activity ex-
g pressed as percentage of total activity.
3407 99mTc-activity associated with malate
; dehydrogenase in supernatants | and I,
20 v, T 7 L - or releasable by treatment of pellets with
CCCP, was assigned to mitochondrial
0 é ' % i JAV/ fraction. CCCP-insensitive ®°mTc-activity
Tc-sestamibi Te-tetrofosmin Tc(N)-DBODC(5) in nonmitochondrial pellet was assigned

B Fragment @ Cytosol O Mitochondria
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to fragments, and all residual activity was
assigned to cytosol.
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the prehepatic elimination of this compound (/4). It is
interesting to note that, after cyclosporin A treatment, heart
activity was 30% higher than in the baseline studies (23).

All these changes were consistent with an enhanced
intracellular concentration of the tracer due to inhibition of
the Pgp function in healthy tissue by cyclosporin A.

Considering these results, it is reasonable to believe that the
MDR Pgp transport function of hepatocytes and, in particular,
of intestinal cells is responsible for the extremely fast efflux of
99mT¢(N)-complexes from these regions. The difference in
the excretion kinetics of *™T¢(N)-DBODC(5) with respect
to ?°MTc-sestamibi and °°™Tc-tetrofosmin—a difference
that results in significantly higher heart-to-liver ratios early
after injection—could be justified by assuming that these
99mT¢(N)-tracers can be recognized more specifically by
the MDR-Pgps than the other two monocationic compounds.
Consequently, it is reasonable to expect that these new com-
pounds can be much more effective for noninvasive imaging
of Pgp functions in different tumors (24-26).

CONCLUSION

The relevant finding of this study was the fact that the
chemical identity of the ®™T¢(N)-compounds was not modified
in vivo by localization processes or by the action of enzymatic
systems in different regions. The sex-related pharmacokinetic
studies, including metabolism and excretion, as well as the
effects of cyclosporin A strongly support the conclusion that the
remarkably rapid efflux of *™T¢(N)-DBODC(3/5) from non-
target tissues cannot be attributed to metabolic transformations
but is essentially due to the action of Pgp transporters.

The potential selective recognition of these “°™Tc(N)-
myocardial tracers as MDR-Pgp substrates, combined with
their mitochondrial accumulation, may extend their clinical
application from cardiology to oncology such as in tumor
and MDR imaging studies. On the basis of these results,
99mT¢(N)-DBODC(5) could represent a first example for
developing more specific and sensitive tumor markers.
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