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Two series of [®MTc](SNS/S) mixed ligand complexes each carrying the N-diethylaminoethyl
or the N-ethyl-substituted bis(2-mercaptoethyl)amine ligand (SNS) are produced at tracer level
using tin chloride as reductant and glucoheptonate as transfer ligand. The identity of [*°™Tc]-
(SNS/S) complexes is established by high-performance liquid chromatographic (HPLC)
comparison with authentic rhenium samples. The para substituent R on the phenylthiolate
coligand (S) ranges from electron-donating (—NH,) to electron-withdrawing (—NO,) groups, to
study complex stability against nucleophiles as a result of N- and R-substitution. The relative
resistance of [**™Tc](SNS/S) complexes against nucleophilic attack of glutathione (GSH), a native
nucleophilic thiol of 2 mM intracerebral concentration, is investigated in vitro by HPLC. The
reaction of [*™Tc](SNS/S) complexes with GSH is reversible and advances via substitution of
the monothiolate ligand by GS~ and concomitant formation of the hydrophilic [**™Tc](SNS/
GS) daughter compound. The N-diethylaminoethyl complexes are found to be more reactive
against GSH as compared to the N-ethyl ones. Complex reactivity as a result of R-substitution
follows the sequence —NO;, > —H > —NHo,. These in vitro findings correlate well with in vivo
distribution data in mice. Thus, brain retention parallels complex susceptibility to GSH attack.
Furthermore, isolation of the hydrophilic [**™Tc](SNS/GS) metabolite from biological fluids and
brain homogenates provides additional evidence that the brain retention mechanism of [*°™Tc]-

(SNS/S) complexes is GSH-mediated.

Introduction

Quantification of regional cerebral blood flow (rCBF)
plays an important role in the diagnosis of various
cerebrovascular and neurological disorders, among which
are stroke, dementia, epilepsy, and psychiatric dis-
eases.! The introduction of the 9™Tc complex of hex-
amethylpropylene amine oxime (HM-PAO) in the late
1980s provided the first ®°*™Tc-based radiopharmaceu-
tical that can be successfully used in the clinic for the
assessment of brain perfusion.? Originally, the use of
[#*™Tc]HM-PAO was limited to only 30 min after label-
ing due to formation of radiochemical impurities soon
after reconstitution of the commercial kit. This problem,
which meanwhile has been efficiently addressed, pre-
vented the preparation of [**"Tc]JHM-PAO in a central
radiopharmacy unit and complicated its use in certain
clinical investigations, as, for example, the imaging of
epilepsy during the ictal phase.® To overcome these
handicaps, the [*°™Tc]ethylcysteinate dimer (ECD) was
later proposed due to its high chemical stability as a
9mTc brain perfusion imaging agent.* Both [*°™Tc]-
HM-PAO and [**™Tc]ECD are neutral lipophilic 2°™TcVO
species that can cross the intact blood—brain barrier
(BBB) by passive diffusion. They are then retained
through different mechanisms in brain tissue for time
sufficient to conduct single-photon emission-computed
tomographic (SPECT) imaging using conventional in-
strumentation. Thus, whereas [**"Tc]HM-PAO suffers
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nucleophilic attack by intracerebral glutathione (GSH)
and transformation to hydrophilic species eventually
decomposing to reduced hydrolyzed technetium,> [*°™Tc]-
ECD is metabolized in brain cells to the corresponding
free acid form after hydrolysis of at least one of its
pendant ester groups by brain esterases.*ab6 Given that
[°®*™Tc]ECD does not always accurately reflect rCBF in
extreme conditions of low and high brain blood flow,”
the search for the ideal ®°™Tc-based brain agent still
continues.

Neutral, lipophilic ®™Tc complexes can be alterna-
tively generated following a different approach by
coordination of a dianionic aminedithiolate and a mono-
thiolate ligand to oxotechnetium.8® In fact, the so-called
“3 + 1” mixed ligand system primarily composed of the
SNS/S donor atom combination has been the focus of
our recent work.® Chemical studies with macroscopic
amounts of 99Tc¢ (carrier technetium) and rhenium have
led to the complete characterization of this class of
compounds. Comparison with the 9™Tc (technetium
tracer) analogues has demonstrated the formation of
isostructural species, where the oxometal MO3™ core
forms a neutral complex after binding the two ligands.
The N-substituent of the tridentate ligand can adopt
either a syn or an anti orientation with respect to the
oxometal core, and thus, two isomers (syn and anti) are
theoretically expected.® In most cases the major product
is the syn isomer, with the anti isomer forming, if at
all, in only negligible amounts.® The syn isomers adopt
the unusual distorted trigonal-bipyramidal geometry
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Scheme 1. Preparation of [*™Tc]- and Re(SNS/S)
Mixed Ligand Complexes
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around oxotechnetium, while the anti isomers prefer the
familiar distorted square-pyramidal configuration.®

In a previous work we reported on the synthesis at
tracer level and structure—activity relationships of a
great number of [*°™Tc](SNS/S) complexes. In particu-
lar, the effect of the N-substituent on the tridentate
ligand, as well as the type of monothiolate ligand on
brain uptake and retention, has been studied. However,
the mechanism responsible for the prolonged brain
retention observed for many members of this series has
not been established.® Further findings later on con-
cerning the stability of this system in the presence of
excess thiol prompted us to study their stability versus
nucleophilic attack of common native nonprotein thiols,
like cysteine and GSH.0 In particular, the y-Glu-Cys-
Gly tripeptide, involved in detoxification pathways of
many xenobiotics, drew our attention due, on the one
hand, to its highly nucleophilic thiolate group and, on
the other hand, to its presence in 2 mM concentrations
in brain cells.? Thus, a GSH-mediated retention mech-
anism for [**™Tc](SNS/S) complexes was first postulated.

To test this hypothesis, we report herein on the in
vitro stability versus GSH of two series of [**™Tc](SNS/
S) complexes each containing the N-diethylaminoethyl
or the N-ethyl tridentate SNS ligand. Factors governing
complex resistance to GSH are studied also in relation
to monodentate ligand type. For this purpose, the sta-
bility versus GSH of complexes carrying either electron-
donating (—NHy) or electron-withdrawing (—NOy) groups
as the p-phenylthiolate substituent is compared. The in
vitro findings of this study are then correlated with mice
tissue distribution data with emphasis given on brain
retention. Eventually, isolation of GSH-related metabo-
lites from biological fluids, such as blood, bile, and urine,
as well as from brain homogenates is also pursued, to
provide additional evidence for the validity of our initial
hypothesis.

Results and Discussion

Synthesis and Analysis of [*°™Tc](SNS/S) Com-
plexes (Tracer Level). The [*™Tc](SNS/S) mixed
ligand complexes 1—6 are produced by ligand-exchange
reaction using the [*MTcV]glucoheptonate ([*°*™TcV]GH)
precursor, as described in Scheme 1. Due to the high
affinity of the SNS/S donor atom set for technetium, the
reaction is fast and practically quantitative (>90%), as
determined by reverse-phase HPLC. Corroboration of
structure with well-characterized analogous Re(SNS/S)
complexes prepared (Scheme 1) at macroscopic amounts
(1—6')%-h is achieved by HPLC, adopting both optical
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Table 1. Retention Times of Technetium-99m and Rhenium
SNS/S Complexes on a RP-HPLC Column?@

[9mTc](SNS/S) Re(SNS/S)
complex tr (Min) complex tr (Min)
1 28.1 1 27.9
2 29.7 2' 29.4
3 30.7 3 305
4 26.1 4 25.9
5 27.5 5' 27.3
6 29.0 6' 28.7

a For chromatograpic conditions, see text.

Scheme 2. Reversible Nucleophilic Attack of GSH on
the Metal Center of [*MTc]- and Re(SNS/S) Mixed
Ligand Complexes, Substitution of the Monothiolate
Ligand, and Formation of the Respective Hydrophilic
(SNS/GS) Metal Compound
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and y detection modes. The identical chromatographic
profiles summarized in Table 1 indicate formation of
isostructural mTc and Re metal species.?~" The com-
plexes adopt a trigonal-bipyramidal geometry around
the metal with the two sulfur atoms of the tridentate
ligand and the oxygen atom defining the basal plane
and the nitrogen atom of the tridentate ligand and the
sulfur atom of the monothiol positioned each at the
apexes of the distorted bipyramid.®d=" Although the
N-substituent of the tridentate ligand has the possibility
to be either syn or anti orientated with respect to the
Tc=O0 core, the complexation reaction leads exclusively
to the syn isomer.9d-h

In Vitro Reaction of [*°"Tc](SNS/S) Complexes
with GSH. The interaction of [*™Tc](SNS/S) mixed
ligand complexes 1-6 with GSH in a phosphate-
buffered solution of pH 7.4 at 37 °C is investigated. In
all cases, as shown in Scheme 2, formation of a tech-
netium daughter compound of hydrophilic character is
revealed by HPLC analysis. The retention time (tg) of
this GSH-induced y peak is identical for technetium
complexes with the same tridentate ligand but differs
slightly for the two series of technetium mixed ligand
complexes under investigation. Thus, whereas the N-
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Figure 1. Rate of GSH-induced transformation of N-ethyl
[**™Tc](SNS/S) complexes to complex 8. The GSH-induced
decomposition of d,I-[**"Tc]HM-PAO and meso-[**"Tc][HM-PAO
as a function of time is included for comparison. All data sets
have been taken into account for the analysis presented in
Table 2.

diethylaminoethyl [*°*™Tc](SNS/S) complexes (1—3) after
exposure to GSH transform to the daughter compound
7 of tr 18.8 min, the N-ethyl ones (4—6) lead to the
daughter hydrophilic species 8 of tg 17.9 min under the
applied chromatographic conditions.

The transformation rate not only depends on GSH
concentration but is also strongly influenced by the type
of tri- and monodentate ligands. In general, the mem-
bers of the N-diethylaminoethyl series (1—3) react with
GSH at a much faster pace than the members of the
N-ethyl series (4—6). Concerning the monodentate
ligands the transformation rate follows, for both series,
the trend —NO, > —H > —NH,. At a GSH concentration
of 1 mM the time course of transformation of the N-ethyl
series to 8 is summarized in Figure 1. The rate con-
stants (k) and respective half-lives (ti2) for complexes
4—6 as well as those of the reference compounds
([°*°*™Tc]-d,I-HM-PAO and [**"MTc]-meso-HM-PAQ) are
summarized in Table 2. Kinetic data for complexes 1—3
is not included, given that none of these compounds
survives incubation with 1 mM GSH longer than 5 min.
For the rate constants and respective half-lives for the
interaction of GSH with 4, 5, and [**™Tc]-meso-HM-
PAO, the pseudo-first-order approach gives good results
(see Figure 1). For complex 6 and [**"Tc]-d,I-HM-PAO,
the large uncertainty of the data point at 1 min is
affecting the results for k; therefore, analyses have been
carried out with and without this data point.

The GSH-induced transformation is shown to be
reversible (Scheme 2). When purified complex 7 is
reincubated with excess p-nitrothiophenol in phosphate
buffer, the original mixed ligand complex 3 re-forms
completely, as revealed by HPLC analysis.

Reaction of Re(SNS/S) with GSH (“carrier” level).
Formation of the analogous rhenium complex 7' is
achieved after reacting complex 3' with excess GSH in
aqueous dimethylformamide. Chemical characterization
of this compound verifies the formation of the syn-Re-
(SNS/GS) complex, which adopts a trigonal-bipyramidal
geometry around the metal. Corroboration of structure
with the %"MTc analogue 7 is performed by HPLC and
is reported elsewhere in detail.1d

Similarly, after 1-h incubation of the rhenium ana-
logue of 6" with GSH at ambient temperature, HPLC
analysis (UV detection at 4 = 382 nm) demonstrates the
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formation of a hydrophilic daughter peak, complex 8',
having the same tr as the analogous daughter complex
8 formed after treatment of 6 with GSH. On the other
hand, direct reaction of CH3CH>N(CH,CH,SH), ligand
and a 10-fold molar excess of GSH on the ReVOClIs-
(PPh3), precursor in agueous DMF medium similarly
leads to the formation of the daughter compound 8', as
revealed by HPLC. When an equimolar quantity of GSH
and ligand is applied, the reaction favors formation of
a binuclear Re complex as already reported.1?

In Vitro Reaction of [*°™Tc](SNS/S) Complexes
with Cysteine. In contrast to their reversible reaction
with GSH, where a defined y peak is produced, the
interaction of [9¥™Tc](SNS/S) mixed ligand complexes
1-6 with cysteine leads irreversibly to short-lived
unidentified daughter compounds, which decompose
very rapidly to reduced hydrolyzed technetium.1%¢ The
latter reoxidizes over time to free [*¥™Tc]pertechnetate
in the open reaction vial. During HPLC and RP-18 TLC
analyses of cysteine incubates, the major part (>80%)
of the radioactivity remains on the column or at the
origin of the TLC plates, respectively. The rate of
cysteine attack is slightly increased compared to that
of GSH for the same thiolate concentration.

In Vitro Reaction of d,I-[**"Tc]HM-PAO and
meso-[¥*"Tc]HM-PAO with GSH. Given that the
[®*™Tc](SNS/S) mixed ligand complexes transformation
rate is crucial for brain retention, the decomposition rate
of meso- and d,I-[*®*"Tc]HM-PAO after GSH attack is
performed under identical conditions and used as a
reference (Figure 1). In contrast to the reaction of [*™Tc]-
(SNS/S) complexes with GSH, the incubation of meso-
and d,I-[*®"Tc]HM-PAO with GSH leads to several
decomposition peaks as well as reduced hydrolyzed
technetium, as previously reported.> The decomposition
rate of meso-[**"Tc][HM-PAO is comparable to that
observed for complexes 4 and 5 of the N-ethyl series
after GSH incubation (Figure 1). However, in contrast
to the N-ethyl [*¥™Tc](SNS/S) complexes, which are
stable in the absence of GSH and cysteine, the degrada-
tion of meso-[**"Tc]HM-PAQO is a result of both an
“autodecomposition” (catalyzed by several factors, e.g.,
reductant, pH, buffer type) and an interaction with
GSH.325d=f On the other hand, the transformation rate
of d,I-[**"Tc]HM-PAO is faster than that of its meso-
isomer52bef and comparable to that found for the
N-ethyl [9¥™Tc](SNS/S) complex 6. Both a more rapidly
occurring “autodecomposition” and an enhanced sus-
ceptibility against GSH attack cause the observed
increased decomposition rate of the d,I-[**™"Tc]HM-PAO
isomer.5a.cf

To interpret the above findings, the following mech-
anism is proposed. The [**™Tc](SNS/S) complexes un-
dergo nucleophilic attack on the metal center by the
thiolate group of GSH leading to substitution of the
monothiolate ligand by GS™, as illustrated in Scheme
2. This assumption is strongly supported by the fact that
the parent complexes are again regenerated from the
corresponding daughter compounds (7 or 8) by reaction
of excess of the respective monothiols. In this way,
differences between complexes of the N-diethylamino-
ethyl and N-ethyl series can be reasonably explained.
Thus, since each series contains another tridentate
ligand, GSH attack leads to a distinct hydrophilic
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Table 2. Pseudo-First-Order Rate Constants (k) and Corresponding Half-Lives (ti2) for the Interaction of Glutathione with 4—6 and

the 99mTc Complexes of meso- and d,I-HMPAO

4 5 6 meso-HMPAO d,I-HMPAO
k (min—1)a 0.013 + 0.0007 0.028 + 0.002 0.13 £+ 0.0075* 0.034 + 0.002 0.18 + 0.009*
0.67 + 0.0888 0.69 + 0.0798
taz (Min)° 59 to 47 30 to 22 5.9 to 4.6* 24 t0 18 4.3 to 3.4*
1.41t00.88 1.31t00.88

aThe error bars have been calculated from measurements that have been repeated in triplicate. ® 95% confidence intervals. With*/

without® the 1-min time point.

daughter compound containing the original tridentate
ligand (7 from parent complexes 1—3 and 8 from parent
complexes 4—6). The same holds true for the analogous
Re complexes 7' and 8’ formed in macroscopic amounts
after treatment of complexes 3’ and €', respectively, with
excess GSH in aqueous dimethylformamide medium.
The isolation and chemical characterization of complex
7', reported elsewhere,%d provides further evidence to
support the above hypothesis. In addition, daughter
compound 8' is also prepared in good yield by direct
reaction of the N-ethyl tridentate ligand and GSH on
the ReVOCI3(PPhg), precursor in a 1:10:1 molar ratio.
Analysis by HPLC demonstrates the structural analogy
between the Re and %™Tc¢ metal species.

The trend observed in the conversion rate for both
series (—NO,; > —H > —NHy,) can be attributed to
electronic effects imposed by the para substituent of the
phenylthiolate ligand.1% It is the electron-withdrawing
character of the —NO; group that favors the attack of
nucleophiles, whereas the electron-donating quality of
the —NH, group exerts the opposite effect. On the other
hand, the pronounced difference in the conversion rate
between the N-diethylaminoethyl and N-ethyl series is
more subtle to interpret, given that the immediate metal
coordination sphere is the same for both series of
complexes. In the syn configuration of the N-diethyl-
aminoethyl M(SNS/S) complexes, the tertiary pendant
amine group, which is protonated under physiological
conditions, can come in close vicinity to the electron-
rich oxygen atom of the oxometal core. This electrostatic
interaction may induce a reduced electron density on
the metal atom, thereby “intramolecularly catalyzing”
the nucleophilic attack of GSH (Scheme 3, A). In an
alternative approach, the GSH substitution reaction on
the parent N-diethylaminoethyl ™ Tc(SNS/S) complexes
is facilitated by an intramolecular proton transfer from
the protonated pendant amine to the departing phen-
ylthiolate (Scheme 3, B).14b—¢

In contrast, the reaction of [*°™Tc](SNS/S) complexes
with cysteine causes their decomposition to reduced
hydrolyzed technetium.1 The decomposition rate par-
allels their GSH-mediated transformation rate, al-
though it proceeds at a slightly faster pace. This can be
well-explained both by the lower pK, value of cysteine
(8.38 for cysteine versus 8.97 for GSH)3 and by mobility
factors, given that cysteine is a smaller molecule in
comparison to the tripeptide.>¢ In the case of [**™Tc]HM-
PAO both cysteine and GSH provoke the decomposition
of the metal complex, but the mechanism of this reaction
is still unclear. The discrepancy between cysteine and
GSH effect, observed for the [*MTc](SNS/S) complexes,
may be assigned to the electronic influence of either the
free amine or the free carboxylate group of cysteine.
Assuming that a short-lived intermediate [**™Tc](SNS/
Cys) complex forms after cysteine attack, these func-

Scheme 3. Two Possible Mechanisms for Explaining
the Increased Reactivity of the N-Diethylaminoethyl
Complexes against GSH2
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2 A: Nucleophilic attack of glutathione on the technetium metal
center of syn-[**™Tc](SNS/S) mixed ligand complexes facilitated
by an additionally induced positive charge through the intramo-
lecular hydrogen bridge between the oxygen of the TcO core and
the protonated pendant amine. B: “Tautomeric” transition state,
in which the proton moves from the pendant amine to the leaving
phenylthiolate facilitating its departure.

tional groups may act by anchimeric assistance as
intramolecular nucleophiles on the g-carbon atom of
S-coordinated cysteine.’@ As a result, the reactive
nucleofugal [**™Tc](SNS/S™) species is released, which
eventually decomposes to reduced hydrolyzed techne-
tium, as depicted in Scheme 4. The above neighboring-
group mechanism is currently under investigation, with
the goal to demonstrate the formation of the labile
[°®*™Tc](SNS/S™) anion.

Analysis of Complex 3 Incubates in Mouse Blood.
The distribution of radioactivity between serum and red
blood cells (RBCs) after incubation of 3 in mouse blood
at 37 °C is found to be different at 1- and 45-min
incubation periods. Whereas at 1-min incubation RBCs
contain 60% of total radioactivity with the remaining
activity found in serum, at 45 min only 20% of total
radioactivity is still retained in RBCs. When the RBCs
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Scheme 4. Irreversible Nucleophilic Attack of Cysteine
on [**™Tc](SNS/S) Mixed Ligand Complexes Leading, in
the Absence of Electrophiles, to Reduced Hydrolyzed
99mTC

reaction with electrophiles
or decomposition to TcO,

membranes are broken the radioactivity is found ex-
clusively in the cytosol. Analysis by HPLC of mouse
plasma after 1-min incubation of 3 in total mouse blood
demonstrates an 80% presence of the original complex
3 together with 20% of only one hydrophilic metabolite.
However, at 45 min all plasma 3 is completely trans-
formed to the same hydrophilic compound, identified as
the daughter compound 7. It seems that complex 3
enters the RBCs by passive diffusion, wherein it suffers
nucleophilic attack by GSH (RBCs GSH concentration
2 mM)! and transforms to 7. The latter is actively
transported into plasma with time by a GS-X conjugate-
related transporter protein,’15 since its hydrophilic
character prevents its passive rediffusion into serum
through the RBCs membrane. In fact, analysis by HPLC
of the cytosol fractions of mouse RBCs reveals the
complete transformation of 3 already after 1-min incu-
bation to 7. In this case, an additional and slightly more
hydrophilic peak (tr: 16.8 min) is also detected. It can
be postulated that this secondary peak is a further
metabolic product of complex 7.16

Analysis of Complex 3 Incubates in Mouse Brain
Homogenates. As revealed by HPLC analysis of com-
plex 3 1-min incubates in mouse brain homogenates,
80% of radioactivity is found in the solute, whereas 20%
is found bound to proteins. The non-protein-bound
activity is identified as the hydrophilic daughter com-
plex 7. At 45 min the percentage of protein-bound
activity increases to 50%, while the remaining 50% is
again conclusively assigned to complex 7. Formation of
further metabolites of complex 7 (dipeptide, cysteine,
and N-acetylcysteine), reported for other GS-X conju-
gates,6 is totally absent from the solute. However, their
formation cannot be ruled out, if the increase in protein-
binding metabolites with time on the one hand and the
high instability of the respective [*°MTc](SNS/cysteine)
complex on the other hand are taken into account.

Subcellular Distribution of Complex 3 in Mouse
Brain. The major part of radioactivity (>80%) in mouse
brain cells after administration of complex 3 is found
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in the mitochondrial and cytosol fractions, as shown by
fractional centrifugation. The remaining radioactivity
(20%) is equally divided between the nuclear and
microsomal membrane fractions.'” This distribution
does not significantly differ between the 1- and 45-min
preparations. Analysis by HPLC of the cytosol fraction
demonstrates the existence of only the hydrophilic
metabolite 7.

Isolation of Complex 3 Metabolites in Mice.
a. Metabolites in bile: Analysis by HPLC of mouse
bile after administration of complex 3 demonstrates its
total absence in the bile. Instead, metabolite 7 together
with a slightly more hydrophilic derivative of tg: 16.9
min are present in a 55/45 ratio.

b. Metabolites in the Urine: Similarly, HPLC
analysis of mouse urine reveals the total absence of the
original complex 3. The predominant metabolite found
by 60% in the urine coelutes at a tg of 18.8 min with
the daughter GSH-induced complex 7.

Biodistribution of [*®™Tc](SNS/S) Complexes in
Mice. The tissue distribution of radioactivity after
intravenous (iv) administration of [*°*™Tc](SNS/S) mixed
ligand complexes in mice is performed, and blood and
brain clearance data are shown in Figure 2. It is
generally observed that all complexes exhibit a fast
blood clearance. Significant accumulation of radioactiv-
ity is found in liver, lung, and kidneys—organs known
for their high intracellular GSH content.!! The radio-
activity is cleared out not only through the liver and
intestines but also via the kidneys and the urinary tract.
Analysis of mouse bile after iv administration of complex
3 reveals the presence of two hydrophilic metabolites.
One is clearly identified as the GS™-containing daughter
compound 7, whereas the second one is attributed to
further metabolism of 7 in the liver.11.16.18a At |onger
time intervals a substantial portion of the radioactivity
is found in the urine. In this case also, HPLC analysis
of the urine reveals a series of hydrophilic metabolites,
among which daughter complex 7 is the major product
(60%).

Retention data in mouse brain for the N-diethylami-
noethyl and the N-ethyl series is presented as brain/
blood ratio values in Figure 2 as a function of time.
Brain retention is observed only for the members of the
N-diethylaminoethyl series, as expected from the in
vitro data described above. Since these complexes react
rapidly with GSH and transform fast to the hydrophilic
metabolite 7, they are consequently trapped into brain
cells. In fact, the daughter technetium complex 7 cannot
recross the BBB by passive diffusion, as a result of its
hydrophilic character. This fact is confirmed by the
biodistribution of 7 in mice, revealing the negligible
brain uptake of this compound (0.01% ID/g at 1 min pi).
However, the brain retention observed for the N-
diethylaminoethyl complexes is not as long lasting as
that of [**"Tc]HM-PAO. The latter irreversibly decom-
poses to reduced hydrolyzed %™Tc in brain cells.235
Transport proteins on the cell membrane, known to
actively translocate GS-X conjugates out of the cell, are
suspected for the eventual washout of the N-diethyl-
aminoethyl complex metabolite from the brain.1>° This
holds true also for the observed declining retention of
complex 3 in RBC.15 In contrast, the N-ethyl series
complexes react with GSH at a substantially slower
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Figure 2. Brain-to-blood ratios over time after iv administration of [**"Tc](SNS/S) complexes 1, 3, 4, and 6 in mice.

rate, not sufficiently fast to prevent their passive
diffusion through the BBB back into the blood stream.
As a consequence, they wash out of brain cells over time
without being sufficiently retained (Figure 2). It is
evident that the in vitro findings correlate well with in
vivo data, thereby strongly supporting the assumption
that the brain retention of [**™Tc](SNS/S) mixed ligand
complexes is GSH-mediated.

Conclusions

The above-described study has elucidated the brain
retention mechanism of [*°*™Tc](SNS/S) mixed ligand
complexes. This mechanism involves the rapid nucleo-
philic attack of intracerebral GSH on the complex metal
center, substitution of the monothiolate ligand by GS—,
and formation of the hydrophilic [**™Tc](SNS/SG) me-
tabolite. It is reported that human intracerebral GSH
concentration ranges from approximately 2.2 mM for
healthy brain to 0.8 mM for diseased brain, as revealed
by studies of autopsied or biopsied brain.5d11.20a-¢ Brain
disorders involving changes of intracerebral GSH con-
tent include Alzheimer’s and Parkinson’s diseases, as
well as brain injury induced by ischemia, inflammation,
or aging.>11.20 Therefore, a °°*™Tc agent able to in vivo
assess intracerebral GSH levels is of particular impor-
tance. For this purpose, meso-[**"Tc]HM-PAO has been
proposed by certain research groups as an imaging
agent for the GSH localization in the brain of humans.5d-f
However, the [**™Tc](SNS/S) mixed ligand complexes
may be applied more successfully for the same purpose,
given that their brain trapping mechanism is directly
GSH concentration-dependent and is not a combined
effect of a parallel “autodecomposition” process, as in
the case of meso-[**"Tc]HM-PAO.54-f Moreover, since
the rate of GSH-induced transformation of such an
agent must be sensitive to alterations in GSH levels,
this system offers the additional possibility of “fine-
tuning” complex susceptibility toward the desired GSH
“concentration-window” by careful selection of the tri-
and/or monodentate ligand.

An additional option of this system concerns °™Tc
diagnosis in oncology. Recent studies have demonstrated
that elevated tumor GSH intracellular levels are often
detected after cytoreductive chemotherapy, leading to
tumor cell resistance to the applied therapeutic scheme.?!
Thus, selected [*MTc](SNS/S) mixed ligand complexes
may turn out to provide a valuable prognostic tool for
the efficacy of cytostatic chemotherapy interfering with
tumor intracellular GSH levels.

Eventually, the usefulness of [*°*™Tc](SNS/S) mixed
ligand complexes for carrying a pharmacophore group
to particular brain receptors?? can be evaluated after
their resistance against GSH attack is first established.
However, the introduction of the pharmacophore group
on the tridentate ligand may, after GSH attack, lead to
a prolonged residence of the hydrophilic [*®™Tc](SNS/
SG) metabolite still carrying the pharmacophore group
in the immediate vicinity of the respective receptor sites
in brain tissue, thereby enhancing the probability of
receptor—ligand interactions without necessarily nega-
tively affecting the receptor affinity of the forming
radioligand at the same time.

In conclusion, the elucidation of brain retention
mechanism of [*°Tc¢](SNS/S) mixed ligand complexes
has revealed the potential of the SNS/S mixed ligand
system in the diagnosis of several pathologies interfer-
ing with intracellular GSH levels.

Experimental Section

Safety Note! Technetium-99m (**™Tc) is a y emitter (141
keV) with a half-life of 6 h. Work with solutions containing
this radionuclide must always be performed behind sufficient
lead shielding.

General. All chemicals were of reagent grade unless noted
otherwise. p-Nitrothiophenol, thiophenol, and p-aminothiophe-
nol were purchased from Fluka. Synthesis and purification of
CH3CH2N(CH2CH25H)2 and (CH3CH2)2NCH2CH2N(CH2CH2-
SH), were performed according to reported protocols.?® Tech-
netium-99m was used as a [**"Tc]NaTcO, solution in physi-
ological saline either as an in-house preparation (Techne/
Demoscan, NCSR “Demokritos”) or as a commercial **Mo/*™Tc
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generator eluate (Cis International). The [**™Tc]TcV-glucohep-
tonate ([**™Tc]TcV-GH) was produced by reconstitution of
commercial Kits (Gluco/Demoscan, NCSR “Demokritos”) that
contain a lyophilized mixture of SnCl, (0.2 mg, 1.05 umol) and
glucoheptonate (200 mg, 0.408 mmol). Solvents for high-
performance liquid chromatography (HPLC) were of HPLC
grade; they were filtered through membrane filters (0.45 um;
Millipore, Milford) and degassed by helium flux before use.

HPLC analysis was conducted on a Waters 600 Millenium
chromatography system coupled to both a Waters 486 tunable
absorbance detector set either at 254 or 382 nm and a Steffi y
detector obtained from Raytest (RSM Analytische Instrumente
GmbH, Germany). Separations were achieved on a Techsil
10CN column (10 um, 4.6 mm x 250 mm) eluted with a binary
gradient system at a flow rate of 1 mL/min. Mobile phase A
consisted of a 2% aqueous solution of triethylamine neutralized
to pH 7.1 with 85% phosphoric acid, while mobile phase B was
pure ethanol. The elution profile was 0—3 min isocratic with
mobile phase A, followed by a linear gradient to 30% A in 20
min; this composition was held for another 10 min. After a
column wash with 95% B for 5 min, the column was reequili-
brated with mobile phase A for 20 min prior to next injection.

Thin-layer chromatography (TLC) was performed on (A)
reversed-phase Whatman KC18 plates developed with ethanol/
HPLC mobile phase A [90/10], (B) Whatman no. 1 paper using
acetonitrile/water, 50/50 (v/v), or (C) 0.25-mm Merck silica gel
coated aluminum Fs4 plates, and (D) Whatman no. 1 paper
strips developed with ether. The plates were scraped, and the
radioactivity was counted in a Packard Auto Gamma 5000
Series y counter (Chicago, IL).

Synthesis of [*™Tc](SNS/S) Complexes (tracer level).
A commercial kit (Gluco/Demoscan, NCSR “Demokritos”) was
reconstituted with water (10 mL), and an aliquot (1 mL) was
withdrawn and mixed with [**™Tc]pertechnetate solution (0.5—
1.0 mL, 5—10 mCi). The resulting [**™TcVY]O-GH solution was
added to a centrifuge tube containing equimolar amounts (0.02
mmol) of the tri- and monodentate ligand. The mixture was
agitated on a vortex mixer for 1 min and left to react at room
temperature for 10 min. The lipophilic [**™Tc](SNS/S) complex
was extracted into dichloromethane (3 x 2 mL) and the organic
phase dried over MgSO,, filtered, and reduced to a small
volume (0.5—1 mL) under a gentle stream of nitrogen at 25
°C. Aliquots of this solution (100 L, ~ 1 mCi) were purified
by HPLC by eluting a Waters uPorasil column (10 mm, 3.9 x
300 mm) with dichloromethane/methanol either in a 99/1 (N-
ethyl complexes 4—6) or in a 95/5 (N-diethylaminoethyl
complexes 1—3) v/v ratio as eluent at a flow rate of 1 mL/min.
The fractions containing the [**™Tc](SNS/S) complex alone
were collected and evaporated to dryness under a mild nitrogen
stream. The [**™Tc¢](SNS/S) complex was redissolved in ethanol
and for the biodistribution experiments further diluted with
physiological saline to a final 20% ethanol/saline (v/v) solution
containing the desired radioactivity.

Corroboration of [**™Tc](SNS/S) Structure with the
Analogous Re(SNS/S) Complexes. The synthesis and chemi-
cal characterization of the analogous Re(SNS/S) complexes 1'—
6’ are reported elsewhere.®¢9" Briefly, the complexes were
synthesized by reacting equimolar amounts of tridentate and
monodentate ligands on the ReVOCI3(PPhs), precursor in
dichloromethane/methanol mixtures, as presented in Scheme
1. Purification of the products was achieved by repeated
recrystallizations. Classical methods of analysis (elemental
analysis, IR, UV/vis, *H and ¥C NMR spectroscopies, and
X-ray structural analysis) are used for their characterization.
By co-injection of prototype solutions of the Re complexes and
their **"Tc analogues on the HPLC column using parallel UV/
vis and y detection, their chromatographic behavior was
compared. Elutions were performed using the conditions
described above.

In Vitro Reaction of [*™Tc](SNS/S) Complexes with
GSH. In a polypropylene test tube (1.5 mL) containing 0.2 M
phosphate buffer (250 uL, pH 7.4) were added water (150, 195
uL) and HPLC-purified [**™Tc](SNS/S) (50 uCi) dissolved in
ethanol (50 xL). An aliquot (50, 5 uL) of a 10 mM stock solution

Nock et al.

of GSH in 10 mM HCI was added, and the mixture was
incubated in a water bath at 37 °C. For the blank an equal
volume of distilled water was added instead of GSH solution.
All solutions were purged with nitrogen prior to use, and
incubation was conducted in a sealed vial. Aliquots of the
incubate (1 and 50 uL) withdrawn at 1-, 15-, 30-, and 60-min
and 2-h time intervals were analyzed by TLC system A
and HPLC, respectively. The column radioactivity recovery
amounted to 90%. Column recovery was calculated by com-
parison of the y activity of 1 mL of collected HPLC eluate with
1% of the injected activity dissolved in 1 mL of HPLC eluent.

Re-formation of Complex 3 from the Hydrophilic
Daughter Compound 7. The HPLC-purified [**"Tc]complex
6 (=1 mCi) was incubated in GSH solution (1 mL of 0.01 mM
GSH in 0.1 M phosphate buffer, pH 7.4) for 60 min at room
temperature. An aliquot (25 uL) of this incubate was analyzed
by HPLC to verify complete transformation of 6 to the more
hydrophilic daughter %™Tc species 7. Thereafter, the incuba-
tion mixture was loaded onto an activated OASIS extraction
cartridge, the cartridge was rinsed with 5% methanol/saline
(2 mL), and the radioactivity was eluted with methanol (1 mL).
The methanol fraction was evaporated to dryness under a N,
stream and slightly warmed at 40 °C in a water bath. The
residue was redissolved in phosphate buffer (250 uL, 0.2 M,
pH 7.4) and further diluted with water (200 «L). A suspension
of p-nitrophenol in 50% ethanol/water (50 uL, 0.1 M) was
added, and the mixture was left to react for 10 min at 37 °C.
An aliquot (50 uL) thereof was withdrawn and subjected to
HPLC analysis under the same chromatographic conditions
as before.

Reaction of Re(SNS/S) with GSH (“carrier” level). To
a green solution of 3' (5.0 mg, 8.46 umol) in dimethylforma-
mide/dichloromethane (1/1 v/v, 5 mL) was added an aqueous
solution of GSH (50 mg, 0.16 mmol in 1 mL). After 1 h of
stirring at room temperature an aliquot (25 L) of the resulting
green reaction mixture containing the daughter compound 7'
was subjected to HPLC analysis with UV wavelength detection
set at A = 382 nm and using the same elution conditions as
before.

The hydrophilic complex 8 was similarly prepared by
reacting excess GSH on complex 6’ in aqueous dimethylfor-
mamide medium. Alternatively, complex 8" was also prepared
by reacting the CH3;CH;N(CH,CH,SH). ligand (33 mg, 0.2
mmol) and a 10-fold molar excess of GSH (615 mg, 2 mmol)
with ReVOCI;3(PPhs); (166.6 mg, 0.2 mmol) in a dimethylfor-
mamide—water mixture (5 mL, 1/1 v/v). After short refluxing
the reaction mixture turned green, whereupon it was diluted
with water (5 mL) and washed with dichloromethane (3 x 5
mL). Aliquots (20 uL) of the aqueous phase were withdrawn
and subjected to HPLC analysis under the same conditions
as above.

In Vitro Reaction of [**™Tc](SNS/S) Complexes with
Cysteine. The procedure described above for the GSH chal-
lenge experiments was similarly followed, but instead of using
GSH stock solution (10 mM) an aqueous solution of cysteine
hydrochloride (10 mM) was employed.

In Vitro Reaction of d,I-[**"Tc]JHM-PAO and meso-
[®°*™"Tc]HM-PAO with GSH. d,I-[**"Tc][HM-PAO and meso-
[**™Tc]HM-PAO were prepared according to a reported proto-
col.235 Briefly, [**"Tc]pertechnetate (20—25 mCi, 5 mL) was
added to a vial containing the respective ligand (1 mg). A
freshly prepared solution (10 mL) of stannous chloride (10 mg
in 10 mL of Np-purged 0.1 M HCI) was used as reductant. The
lipophilic technetium complexes were extracted in diethyl
ether (2 mL), and the ether phase was evaporated to dryness
under a N, stream. The residue was redissolved in ethanol
(0.5 mL) and then diluted with physiological saline (2 mL).
The radiochemical purity was tested by HPLC under the same
conditions, as in the case of the [*™Tc](SNS/S) complexes.

The GSH challenge experiments were performed at 1 mM
GSH concentration as described above for the [*™Tc](SNS/S)
complexes. The percentage of intact lipophilic d,I-[**"Tc]HM-
PAO or meso-[*™Tc]HM-PAO complex was determined by both
HPLC and TLC system D.%
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Analysis of Complex 3 Incubates in Mouse Blood.
Swiss Albino mice (35 + 3 g) were anesthetized under ether
and sacrificed by cardiac puncture. Mouse blood was im-
mediately collected into heparin-treated syringes. Aliquots (1
mL) were incubated at 37 °C with HPLC-purified [*™Tc](SNS/
S) complex (500 uCi in 100 uL of 20% ethanol/saline v/v).
Incubates of 1 and 45 min were centrifuged to separate plasma
from red blood cells (RBCs). An aliquot (100 uL) of the plasma
phase of each incubate was then diluted with physiological
saline to 1 mL and further eluted through an OASIS extraction
cartridge as described above. Aliquots (10 uL) of the OASIS
eluate fractions were measured in the y counter for their
radioactivity content, and the methanol fraction was analyzed
by HPLC using the same system. The RBCs were resuspended
in a hypotonic lysis buffer (20 vol, 5 mM phosphate buffer,
pH 7.8, 1 mM EDTA, 0.1 mM PMSF) for 5 min and centrifuged
at 4 °C for 20 min at 10 000 rpm. Pellet and supernatant were
counted for their radioactivity content, and the latter also was
eluted through an OASIS extraction cartridge and analyzed
by HPLC.

Analysis of Complex 3 Incubates in Mouse Brain
Homogenates. Swiss albino mice (35 + 3 g) were sacrificed
by cardiac puncture under a slight ether anesthesia. Whole
brain was immediately removed, put on ice, and homogenized
in ice-cold phosphate-buffered sucrose (5 mL of 0.25 M sucrose,
0.01 M phosphate, pH 7.4) using a Jahnke & Kunkel homog-
enizer set at 1/2 max for 30 s. Aliquots of HPLC-purified [**™Tc]-
(SNS/S) (300 uCi in 100 uL of 20% ethanol/saline) were added
to the brain homogenate (2 mL) and incubated at 37 °C.
Aliquots (1 mL) of 1- and 45-min incubates were loaded onto
an activated OASIS extraction cartridge, and the same pro-
cedure was followed as before.

Subcellular Distribution of Complex 3 in Mouse Brain.
Mice were injected with HPLC-purified [**™Tc](SNS/S) (80 uCi)
through the tail vein under ether anesthesia. The animals
were sacrificed at 1 and 45 min postinjection (pi) by cardiac
puncture and the brains excised, placed on ice, and im-
mediately homogenized as described above. The homogenates
were subjected to fractional centrifugation following modified
reported methods,*2>24 in order to determine the distribution
of the radioactivity in mouse brain cells. Briefly, by successive
centrifugation: (i) 3x for 5 min at 650 g, (ii) 20000g for 15
min, and (iii) 100000g for 60 min the nuclear membrane,
mitochondrial, microsomal and cytosol fractions were respec-
tively collected. Pellets and final supernatant divided in
smaller volume samples were measured for their radioactivity
content in an automated y counter. Values were corrected for
radioactive decay by use of appropriate standard solutions. The
cytosol fraction was subjected to the same process as described
above for the RBC and eventually analyzed by HPLC using
the same chromatographic conditions.

Isolation of Complex 3 Metabolites in Mice. a. Me-
tabolites in bile: A bolus of HPLC-purified [**™Tc](SNS/S)
(80 uCi, 80—100 uL of 20% v/v ethanol) was injected in the
tail vein of ether anesthetized mice. The animals were
sacrificed 45 min pi and the gall bladders excised. The bile
was collected, and aliquots (200 «L) were diluted with physi-
ological saline to 1 mL. This mixture was applied onto an
OASIS extraction cartridge already prewashed with methanol
(2 mL) and activated with physiological saline (1 mL). After
application of the sample, the same procedure was followed
as before.

b. Metabolites in the urine: In a similar manner, the
animal bladder was excised and the urine collected with a
syringe. Cartridge purification and HPLC analysis were
performed as above.

Biodistribution of [*™Tc](SNS/S) Complexes in Mice.
Biodistribution experiments were performed in groups of five
male Swiss Albino mice (30—34 g). The mice were adminis-
tered HPLC-purified [*™Tc](SNS/S) (2—3 uCi in 100 uL of 20%
v/v ethanol) through tail vein injection. The animals were
sacrificed by cardiac puncture under a slight ether anesthesia
at 1-, 10-, and 45-min time intervals. The organs of interest
were excised, weighed, and counted for their radioactivity
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content in an automatic y counter. The stomachs and intes-
tines were not emptied of food contents prior to radioactivity
measurements. The percentage of injected dose per organ (%
ID/organ) was calculated by comparison to standard solutions
containing 1% of the injected dose. The calculation for blood
was based upon measured activity, sample weight, and body
composition data (considering that blood comprises 7% of
mouse body weight). The percentage of injected dose per gram
(% 1D/g) was calculated by dividing the respective % ID/organ
by the weight of the organ or tissue. The brain/blood ratio was
calculated by dividing the respective % ID/g values.

Biodistribution of the Hydrophilic Daughter Com-
pound 7 in Mice. The biodistribution of the hydrophilic
[#°™Tc](SNS/GS) complex was conducted as described above.
The OASIS isolated technetium complex was redissolved in
20% ethanol/saline (v/v) to produce the desired activity con-
centration for injection.

Supporting Information Available: Representative chro-
matograms for the formation of GS-X analogues at tracer and
carrier levels, as well as in biological fluids (Figures 1 and 2),
and tissue distribution data as % ID/g for complexes 1, 3, 4,
6, and 7 in mice (Figures 3 and 4). This material is available
free of charge via the Internet at http://pubs.acs.org.
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