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Cancer chemotherapy has been used since the early 1950s and still remains one the major therapeutic
options for many malignant tumours. A major obstacle to successful cancer chemotherapy is drug
resistance. Frequently resistance is intrinsic to the cancer, but as therapy becomes more effective,
acquired resistance has also become more frequent. One form of resistance, named multidrug resistance
(MDR), is responsible for the failure of tumours to respond to a wide spectrum of chemotherapeutic
agents. The in vivo monitoring of MDR could assist in the selection of patients for therapy and can
avoid ineffective and potentially toxic treatments. Therefore, methods for functionally interrogating
MDR transport activity have been sought, namely single photon emission computed tomography
(SPECT) and positron emission tomography (PET). Cationic radiotracers originally developed as
SPECT myocardial imaging agents, such as [ Tc(MIBI)s]* and [*™Tc(tetrofosmin),0,]*, are used for
both early cancer detection and non-invasive monitoring of the tumour MDR transport function. With
the ultimate goal of obtaining better performing radioprobes for MDR imaging, other metal-based
complexes and/or small molecules have also been synthesized and biologically evaluated. In this
perspective we will report on the chemical efforts made to find metalloprobes for in vivo monitoring of
MDR by nuclear imaging techniques. The current knowledge on the biological mechanisms and
proteins involved in tumour MDR will be also briefly presented, as its understanding is invaluable for

the rational design and biological evaluation of new radioprobes.
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Introduction

Cancer is a leading cause of death worldwide. The World Health
Organization reported that cancer accounted for 7.4 million deaths
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(around 13% of all deaths) in 2004.! In the EU and the USA, it
is only surpassed by heart disease, and according to the American
National Institutes of Health the estimated overall cost of cancer
in the USA in 2010 will be $263.8 billion.? Better prevention,
early detection, and advances in treatment have helped developed
nations to reduce the incidence and mortality rates for certain
cancers but, in most parts of the world, cancer is still a growing
problem.?

To a large extent these achievements have been supported by
the increasing knowledge on the aetiology and physiology of
cancer, which allowed the identification of biomarkers potentially
useful for diagnosis and treatment.? Nuclear medicine and radio-
pharmaceutical sciences have explored some of these biomarkers
as potential targets for in vivo molecular imaging and targeted
radionuclide therapy of cancer.*® Despite the great wealth of
information available, the development of specific tools is not an
easy task, and the successful application of these new targeted
strategies is still limited.

As a consequence, chemotherapy still remains an important
therapy in many malignant tumours and is used extensively, but
resistance to chemotherapeutic agents is a major obstacle in
the successful treatment of cancer patients. Many tumours are
intrinsically resistant to chemotherapy (e.g. kidney, pancreas, liver,
and colon), whereas others initially respond to treatment, but
acquire resistance to a broad spectrum of cytotoxic drugs during
chemotherapy.® Numerous mechanisms have been proposed to
mediate intrinsic or acquired multidrug resistance (MDR) in
cancer cells.” The most common is the ejection of anticancer
drugs by one or more energy-dependent transporters expressed
in cells, mainly P-glycoprotein (Pgp) but also multidrug-resistant
protein 1 (MRP1) and homologues (MRP2 to 6), and breast cancer
resistance protein (BCRP).?

Measurement of MDR is potentially important in planning
systemic therapy, as accurate selection of chemo-sensitive patients
would result not only in their effective treatment and avoidance of
potentially toxic side effects but also in significant cost savings
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for health care providers without a significant loss of life ex-
pectancy for patients.'™!! To assess Pgp expression, determination
of mRNA and protein levels are important methodologies, but
have poor sensitivity and specificity and fail to provide functional
information.'® So, non-invasive in vivo detection of a MDR phe-
notype in tumours is of great interest and significant efforts have
been directed towards the non-invasive detection of transporter-
mediated resistance using radiopharmaceuticals characterized as
transport substrates for Pgp and other MDR proteins.

Two noninvasive imaging techniques — single-photon emission
computed tomography (SPECT) and positron emission tomog-
raphy (PET) — can be used to visualize and measure MDR in
vivo. With the availability of specific radioprobes, these nuclear
techniques would be able to evaluate in vivo the function of Pgp or
other MDR proteins, based on the uptake of the radioprobes in
a target tissue expressing such proteins.” Table 1 shows gamma-
and positron-emitting radionuclides which have been explored in
the search for radioprobes for MDR imaging by SPECT or PET,
respectively.

From the radionuclides shown in Table 1, the positron emitters
"'C and "F have been used to label small molecules such as MDR
cytotoxic drugs or classic modulator/substrate analogs. Some
examples of such labeled compounds are '"C/'F-paclitaxel,'®
"C-colchicine,* "C-daunorubicin,' "C-verapamil,'® and ""C-N-
desmethyl-loperamide’” (Fig. 1).

Some promising in vitro and in vivo preliminary data have been
reported for these small labeled molecules, but they present several
limitations, such as modest radiochemical yields and fast in vivo
metabolization. Moreover, due to the short half-life of ''C and "*F,
their preparation needs a cyclotron nearby, limiting their access
and widespread distribution.

On the contrary, some radiometals, namely *"Tc, “/*Ga
and *“Cu, due to their half-life, chemistry, cost, availability
and metabolic stability of their complexes, present advantages
compared to "C and "F and have been significantly explored
for MDR imaging. Despite an incomplete understanding of the
transport mechanisms, several lipophilic cationic complexes of
these transition and post-transition elements, originally explored
for SPECT/PET myocardial perfusion imaging, were also iden-
tified as potentially useful for MDR evaluation. This class of
compounds accumulates in tumour cells due to the increased
negative mitochondrial potentials, acting as substrates for Pgp
and/or MRP1."¥2 So far, from all these cationic metal complexes,
only [ Tc(MIBI)s]* and [*™Tc(tetrofosmin),0,]* are in clinical
use. However, the diagnostic and prognostic values are often
limited, due to their high uptake in the liver, which makes it difficult
to detect small lesions in the chest and abdominal regions.

Thus, there is an unmet medical need for radiotracers that
are able to monitor noninvasively the MDR transport function
in tumours. Such need has fostered research on chemistry and
biology with the ultimate goal of identifying a good performing
radiopharmaceutical for MDR functional assessment.

Herein, we will present an overview of the chemical efforts
made to find technetium, gallium and copper-based probes for
in vivo monitoring of MDR by nuclear imaging techniques. The in
vitro and in vivo evaluation of these metal complexes will also be
presented, together with a brief review of the current knowledge
of the biological mechanisms and proteins involved in tumour
MDR. Such biological context is invaluable for a rational design
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Table 1 Physical properties of radionuclides used in SPECT and PET

Radionuclides Physical half life t % (h) Production method Imaging modality
PmTe 6.01 PMo/*"Tc generator SPECT

“Ga 78.26 %Zn (p,2n) - Ga/cyclotron SPECT

YmTe 0.9 *“*Mo(p,n) -**™Tc/cyclotron PET

“Ga 1.13 “Ge/*Ga generator PET

#“Cu 12.7 #Ni(p,n) -**Cu/cyclotron PET

nc 0.33 “N(p,a) -"'C/cyclotron PET

F 1.83 #O(p,n) -"*F/cyclotron PET

M C/18F - paclitaxel

HsCO

CN 11CH,
|

11¢ - verapamil

OCHj

OCH,

11¢C - daunorubicin

O N\H
11CH3

¢ - colchicine

Cl

11C-N-desmethyl-loperamide

Fig. 1 Radiolabelled MDR cytotoxic drugs (A) or modulator/substrate analogs (B).

and evaluation of new complexes for SPECT or PET MDR
imaging. This contribution intends to update previous reviews.
However, to provide some context to the current manuscript, some
overlap with its predecessors is unavoidable.'*?2*

Multidrug resistance

Cancer multidrug resistance is defined as the cross-resistance
or insensitivity of cancer cells to the cytotoxic action of var-
ious anticancer drugs which are structurally or functionally
unrelated and have different molecular targets.” These agents
include conventional cytotoxic natural products, alkylating agents,
platinum-containing compounds, antimetabolites and nucleo-
side/nucleotide analogs. Moreover, the efficacy of recently de-
veloped targeted therapeutic agents, such as imatinib mesylate,
appears to be also limited by resistance.?

Non-cellular and cellular based mechanisms have been pro-
posed to mediate MDR in cancer cells. Non-cellular mechanisms
involve factors such as limited vascular accessibility or cell growth
environment, and are typically associated with solid tumours
which exhibit unique physiological properties and show inherent
or natural resistance to chemotherapy at the initial exposure to

the drug. Poor vascularization hinders the accessibility of drugs
to regions within the solid tumours and thus protects tumour
cells from cytotoxicity. Additionally, the physiological properties
of solid tumours also result in tumour regions that are deficient in
nutrients and oxygen, inducing additional resistance mechanisms.

The cellular mechanisms include modification of the drug
target, changes in ability to repair DNA, disruptions in apoptotic
signalling pathways and changes in the expression of enzymes
associated with tumour resistance and cellular metabolism.® To
date, the most widely studied cellular mechanisms of tumour
resistance are those associated with drug efflux, involving members
of the adenosine triphosphate (ATP)-binding cassette membrane
transporter family, typically designated by ABC transporters.
Fig. 2 schematically represents the cellular-based mechanisms that
mediate MDR.

ABC Transporters

ABC transporters form one of the largest protein families, and
its members have been found in each kind of organism examined
so far.?* The human genome contains at least 48 ABC genes; 16
of these have a known function, 14 are associated with a defined
human disease and 8 have identified drug substrates.””*® Thus far,
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Fig.2 Pleotropic mechanisms of multidrug resistance. (1) Drug (D) entry — passive diffusion, endocytosis, or facilitated transport (uptake transporters).
Uptake can be significantly reduced by ABC transporters and alterations in the ceramide pathway, usually found in MDR cells. (2) Drug metabolism
— Phase I is mediated mainly by cytochrome P450 enzymes (CYPs) and epoxide hydrolases. Drug species are metabolized and converted into highly
mutagenic aromatic metabolites that are conjugated by phase II enzymes, GSTs, UGTs, SULTs, and NATS. These conjugated metabolites are then
effluxed by transporters. (3) Drug sequestration — Drug species can be trapped in subcellular organelles as lysosomes and endosomes by ATP7A/B,
ABCA3, or ABCBS and then expelled from the cell. “Scavenger” metallothioneins ensnare metal ions and reactive oxygen species, leading to resistance
to metal-based therapy and radiation. (4) Nuclear mechanisms — Drug species can be effluxed from the nucleus via vault proteins into the cytoplasm and
be either sequestered in intracellular vesicles or effluxed from the cell via ATP-dependent transport. (5) Evasion of apoptosis — Blockage of apoptosis
can result from the inhibitory effect of glycosylceramide and other pathways. (6) Microenvironment — Hypoxia upregulates the expression of numerous
MDR-linked genes such as ABC transporters, Bcl2 family genes, glutathione, MT, etc., through the activation of the transcription factor HIF1. (7)
Signal transduction pathways — Cancer cells have altered signal transduction pathways, governed via integrin receptors, growth factor receptors, frizzled
receptors, and smoothened-patched receptors. These altered pathways can lead to the blockage of apoptosis and expression of MDR-linked genes involved
in DNA repair and drug-efflux pumps. Cancer cells often display chromosomal abnormalities that can lead to the overexpression of antiapoptotic genes.
SLC - solute carriers, ABCs — ATP-binding cassette transporters, SMase — sphingomyelinase, GFR — growth factor receptor, Wnt — wingless, FZD
— frizzled, Smo — smoothened, SHH - sonic hedgehog, PTCH - patched, MT — metallothionein, GSTs — glutathione-S-transferases, UGTs UDP —
glucuronosyltransferases, SULTs — sulfotransferases, NATs — arylamine N-acetyltransferases, GCS — glucosylceramide synthase. With kind permission
from Springer Science+Business Media: Multi-Drug Resistance in Cancer, J. Zhou (ed.), Methods in Molecular Biology, vol. 596, 2010, p. 65: Mechanisms
of Multidrug Resistance in Cancer, J. P. Gillet and M. M. Gottesman, Fig. 4.3.%

the ABC transporters clearly related to MDR are Pgp, MRP1 and
homologues (MRP2 to 6) and BCRP. A list of ABC transporters
related to MDR, respective substrates and their localization is
given in Table 2.

An ABC transporter is typically composed of two similar
halves, each consisting of a transmembrane domain (TMD) which
participates in substrate binding and forms the pathway through
which substrate crosses the membrane, and a nucleotide-binding
domain (NBD), which couples the energy of ATP hydrolysis to

transport. The ABC proteins bind ATP and use the energy to drive
the transport of various molecules across the plasma membrane
as well as across intracellular membranes of the endoplasmic
reticulum, peroxisomes, and mitochondria. These transporters are
found in normal cells, where their role includes the transport of
lipids, bile salts, peptides for antigen presentation and clearance
and protection against excessive extracellular and intracellular
concentrations of xenobiotics and toxins. Tumour cells expressing
ABC transporters present a reduced ability to accumulate certain
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Table 2 ABC transporters with known drug substrates

Protein Gene Substrates Localization

Pgp, MDR1 ABC Bl Neutral and cationic organic compounds Intestine, liver, kidney, blood-brain barrier
MRP1 ABC CI Glutathione conjugates, organic anions Widespread

MRP2, cMOAT ABC C2 Glutathione conjugates, organic anions Liver, kidney, intestine

MRP3, MOAT-D ABC C3 Glutathione conjugates, anti-folates, bile acids, etoposide Pancreas, kidney, intestine, liver, adrenal glands
MRP4, MOAT-B ABC C4 Nucleoside analogs, methotrexate Prostate, testes, ovary, intestine, pancreas, lung
MRPS, MOAT-C ABC C5 Nucleoside analogs,cyclic nucleosides, organic anions Widespread

MRP6, MOAT-E ABC C6 Anionic cyclic pentapeptide Liver, kidney

BCRP, MXR ABC G2 Anthracyclines, mitoxantrone Placenta, intestine, breast, liver

cytotoxic agents intracellularly, resulting in ineffective cellular
levels that fail to induce cell death.”

P-glycoprotein (Pgp)

The first ABC transporter gene discovered was ABC BI in 1976.
The transporter, called Pgp, was found to be expressed in Chinese
hamster ovary cells selected for colchicine resistance. Importantly,
the authors found that these cells also displayed resistance to a
variety of structurally and mechanistically unrelated drugs.”

Human Pgp, the product of the MDRI or ABC BI gene, was
subsequently shown to confer MDR on drug-sensitive cells.* This
protein is localized in the plasma membrane, on the apical (or
luminal) surface of polarized epithelial cells. These include the
brush border membrane of intestinal cells, the biliary canalicular
membrane of hepatocytes, and the luminal membrane in proximal
tubules of kidney. It is also present at the pharmacological barriers
of the body, e.g. at the blood-brain barrier and at the choroid
plexus. Based on its localization and ability of transport, it has been
proposed that the physiological function of Pgp is the protection
of the cells and organism against toxic compounds.

Recently, a major breakthrough was achieved with the publica-
tion of the crystal structure of mouse Pgp, a protein that presents
87% sequence identity with the human Pgp (Fig. 3).*!

This crystal structure revealed two ‘portals’ up to 9 A, opening
up into an internal drug binding cavity of ~6000 A®, which is
able to accommodate more than one molecule. The internal cavity
has an arrangement of inward facing residues capable of distinct
spatial intermolecular bonding modes, allowing cross-recognition
of small molecules irrespective of the spatial distribution of non-
covalent bonding partners.® Drug substrate extrusion occurs
via a drug-binding site accessible from the lipid bilayer, and
competition assays with substrates have showed the existence of
multiple distinct drug binding sites, probably spatially separate
but overlapping areas of a large contiguous drug recognition
site.*> By building drug extrusion into the lipid bilayer, Pgp acts
as a membrane vacuum cleaner, intercepting drugs before they
reach high affinity targets within the cell, thereby precluding
their intracellular accumulation.*> A number of models have been
proposed for the mechanistic steps of drug efflux. A plausible
hypothesis is that when ATP binds to an ATP-binding domain,
the two domains are brought together, initiating ATP hydrolysis
and the release of ADP and P;. The hydrolysis of ATP likely
disrupts NBD dimerization and resets the system back to its
inward facing state, reinitiating the transport cycle and enabling
substrate efflux.’

Multidrug resistance-associated proteins (MRPs)

After the discovery of Pgp and the demonstration of its widespread
expression in many human cancers, it was found that some
MDR cancers, such as lung cancers, rarely express Pgp. Using
a multidrug-resistant lung cancer cell line as a model, Decley,
Cole and colleagues cloned another ABC family member, known
as MRP1 (multidrug resistance associated protein 1) and showed
thatit had a broad spectrum of anticancer drug transport activity.**
Initially, the substrate specificity of MRP1 looked similar to
that of Pgp, but vesicular transport experiments established that
MRPI is in fact a versatile glutathione S-conjugate export pump
(GS-X pump). It transports a variety of drugs conjugated to
glutathione, to sulfate or to glucuronate, as well as anionic
drugs and dyes, but also neutral/basic amphipathic drugs, and
even oxyanions.”® MRPI is widely expressed, with high levels
reported in the lung, testes, kidney, skeletal and cardiac muscles,
and the placenta. Notably, MRP1 is barely detectable in adult
human liver, but in proliferating hepatocytes and liver cancer cell
lines, such as HepG2, expression is considerably higher. MRP1
typically localizes predominantly to the plasma membrane and
traffics selectively to the basolateral component in polarized cells.
This contrasts with the apical membrane localization of other
efflux pumps such as Pgp, BCRP, and MRP2 (see the following
paragraphs).

The discovery of MRP1 led to a search for other members of
this family (Table 2), resulting in the discovery of a total of 9 or 10
MRP genes, at least 6 of which have been characterized enough to
indicate that they transport anticancer and antiviral compounds.®
In 1996, the gene cMOAT (now MRP2) was cloned;* MRP3-5
soon followed when 21 potential human ABC transporters were
identified.** Recent work has added four more members to this
MRP family: MRP6, MRP7, and MRP8 and 9. This probably
completes the family, as there are no other putative MRP genes
among the 48 human ABC transporter genes. Many of these
appear to transport drugs that are potentially important for the
treatment of cancer, and their role in conferring drug resistance
on cancer cells is under active investigation.

Breast cancer resistance protein (BCRP)

Although the increased level of Pgp and MRP1 account for the
drug resistance of most cell lines, the resistance of a few cell lines
remained unexplained. These lines were characterized by high
mitoxantrone resistance and lower resistance to anthracyclines
and camptothecins. Resistance was a result of decreased drug
accumulation, suggesting the presence of a new drug transporter.

This journal is © The Royal Society of Chemistry 2011
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Fig. 3 Structure of mouse Pgp. (A) Front and (B) back stereo views of Pgp, representing a nucleotide-free inward-facing conformation arranged as two
“halves” with pseudo two-fold molecular symmetry spanning ~136 A perpendicular to and ~70 A in the plane of the bilayer. The nucleotide-binding
domains (NBDs) are separated by ~30 A. The inward-facing conformation, formed from two bundles of six transmembrane helices (TMs 1 to 3, 6, 10, 11
and TMs 4, 5,7 to 9, 12), results in a large internal cavity open to both the cytoplasm and the inner leaflet. The N- and C-terminal half of the molecule
is colored yellow and blue, respectively. Horizontal bars represent the approximate positioning of the lipid bilayer. The N- and C-termini are labeled in
(A). TM domains and NBDs are also labeled. From S. G. Aller et al., Science, 2009, 323, 1718.3' Reprinted with permission from AAAS.

This transporter was finally identified by Doyle ez al. as the
BCRP:* The range of drugs to which BCRP can confer resistance
is less broad than the one found for Pgp. In addition to
mitoxantrone, topotecan derivatives, and anthracyclines, these
drugs include bisantrene, etoposide, prazosin, and flavopiridol.
Like Pgp, BCRP does not require GSH for the transport of
electroneutral amphipathic drugs.’” As referred in Table 2, BCRP
is present in the plasma membrane of cultured cells, and in
polarized cells it traffics to the apical membrane. ABCG2 RNA is
detectable in many tissues, with the highest levels in the placenta.*®
The role of BCRP in clinical drug resistance is yet to be fully
asserted.

Metal complexes for MDR imaging
General comments

Over the past few years, different radioisotopes of technetium,
gallium and copper (see Table 1) have been used in the design
of SPECT or PET probes for functional imaging of MDR. To
design such probes the quite different coordination chemistry of
these elements must be taken into consideration. Moreover, their
chemistry has to be developed in aqueous solutions.

#“mTc is the workhorse of nuclear medicine due to its ideal
nuclear properties, low-cost and availability from commercial
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PMo/*"Tc generators, being the most used radionuclide in the
development of metalloprobes for nuclear imaging by SPECT. The
preparation of technetium radiopharmaceuticals is done in aque-
ous solution starting from the Tc(vir) permetallate anion (TcO,")
that needs to be reduced, prior to its complexation by adequate
ligands. A variety of oxidation states (from (—1) to (vi1)) are avail-
able for technetium. Until recently, Tc(v) was the most explored
in the design of perfusion or specific radiopharmaceuticals, based
essentially on complexes with the [*™Tc(O)]** core stabilized by
tetradentate chelators. However, the diverse and rich chemistry
of this radiometal allowed the introduction of innovative and
alternative methodologies into the chemistry of other metal cores
and/or oxidation states (Fig. 4). Among the most remarkable are
the nitrido ([*™Tc(N)]**) and the tricarbonyl (fac-[*Tc(CO);]")
cores.®

I _\+
O3 N, § N [NHO SN ||| OEt
Tc
s/ \N o 7 ”\ N—<\ Et
N\—cooH
{oxo) (dioxo) (nitrido)
o
7 \ N-R

Z
o—
?{Z
o
I

(HYNIC)

(tricarbonyl)

Fig. 4 Complexes with different technetium cores explored for radio-
pharmaceutical applications.

In particular, the so-called tricarbonyl approach has gained
considerable attention, following the introduction by Alberto and
co-workers of a convenient and fully aqueous-based kit prepara-
tion of the organometallic precursor fac-[*™Tc(OH,);(CO),]* .4
The easy preparation of fac-[M(CO);(H,O);]* (M = Re, Tc)
directly from [MO,]", the chemical robustness of the fac-[M(CO);]*
fragment and the lability of the three water molecules, which
are exchangeable with a large variety of ligands, offer a great
number of advantages for the design of radiopharmaceuticals. For
biological applications, tridentate chelators are the most suitable,
independent of their charge or type of donor atoms (Fig. 5).44

Gallium is a post-transition element presenting radionuclides
suitable for SPECT (“Ga) or PET (®*Ga) imaging (see Table 1),
and can be envisaged as an alternative to *™Tc.** Gallium-67 is
a cyclotron produced gamma emitter obtained at reasonable cost
and deliverable to different users over relatively large distances.
Gallium-68 is a positron emitter readily accessible from the
#Ge/®Ga generator, offering the possibility to obtain on-site
a PET radionuclide without needing the presence of a nearby
cyclotron. Unlike technetium, the chemistry of gallium in aqueous
media is exclusively limited to the oxidation state +Ii1, which is
unique in the design of radiopharmaceuticals. In aqueous solution,
the Ga(1) ion has a marked tendency to undergo hydrolysis, being
stable only under acidic conditions, in the absence of stabilizing
ligands. Therefore, in the design of radiopharmaceuticals it is
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Fig. 5 Examples of cationic and neutral Tc(l) tricarbonyl complexes
anchored by tridentate chelators.

of particular importance to obtain Ga complexes which are
resistant to hydrolysis. Usually, this requires the saturation of
its coordination sphere. Such saturation is achieved through the
formation of six-coordinated and octahedral complexes, as the less
saturated ones (five- or four-coordinated) easily undergo ligand-
exchange or hydrolysis reactions. For this reason, hexadentate
ligands with hard donor groups (e.g. nitrogen or oxygen) are
among the most used chelators to prepare Ga(ir) complexes as
potentially relevant radiopharmaceuticals (Fig. 6).

COH
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2 ~CO,H N~ TCOH
N 2!
HOLC CO,H
CO,H COH
DTPA
Cy-DTPA Ph-DTA
HOLC. HOLC COoH S\ /T C0MH
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SH HS HN" SH HS™ “NH,
EC GTS

Fig. 6 Selected acyclic and macrocyclic chelators for stabilization of
Ga(11) and/or Cu (11).

Copper presents several non-traditional positron-emitting ra-
dionuclides suitable for PET imaging, “Cu being the most
explored for Nuclear Medicine applications (see Table 1). From the
three accessible oxidation states (1-111)) of copper under aqueous
solution, Cu(1) has been the most studied to synthesize complexes
potentially useful as radiopharmaceuticals.**”*® This is due to the
increased kinetic inertness of Cu(ir) complexes compared with
Cu(1), reflecting the presence of some crystal-field stabilization
in the case of Cu(1r). On the other hand, Cu(m) is relatively
rare and difficult to stabilize in aqueous solution. Like Ga, the

This journal is © The Royal Society of Chemistry 2011
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stabilization of Cu(i) under physiological conditions requires
the use of polydentate ligands, in order to obtain kinetically
inert and thermodynamically stable complexes. Usually, Cu(ir)
forms complexes with coordination numbers ranging from 4 to
6, with approximately square planar, square pyramidal, trigonal
bypiramidal and octahedral coordination geometries. Square-
planar coordination geometries are favored by acyclic tetradentate
N,O,, N,S, or N, chelators, while acyclic and cyclic hexadentate
chelators, such as DTPA-based ligands, and macrocycles (N;O;,
N,O, donor atom set), favor the formation of octahedral com-
plexes (Fig. 6).

Technetium organometalic complexes
Homoleptic Tc(1) isonitrile complexes

Hexakis(2-methoxyisobutylisonitrile)technetium-99m,
[P"Te(MIBI)y)]* (1) (Fig. 7) is a radiopharmaceutical used
clinically to study myocardial perfusion (Cardiolite®),*"*’
and was the first metal complex shown to be a Pgp transport
substrate.”® In this stable cationic and lipophilic complex, the
metal center is six-coordinated by six identical isonitrile ligands,
displaying an octahedral coordination geometry, as confirmed
by the chemical characterization of the complex prepared at
a macroscopic level with ®Tc.* Compound 1 can be routinely
synthesized by its users at any hospital, in a ‘kit-like’ preparation
by reduction of ¥™TcO, in saline with SnCl, in the presence of
[Cu(MIBI),]*, which acts as the source of the isonitrile (MIBI)
ligand.
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Fig. 7 Chemical structure of homoleptic Tc(I) complexes
[P»Tc(MIBI)e)]* (1), [ Tc(EIBI)]* (2) and [*"Tc(TMPI),]* (3).

[®"Tc(MIBI),)]* enters the cell via a passive pathway due to its
lipophilicity and accumulates in the mitochondria in response to
the physiologically negative mitochondrial and plasma membrane
potentials.’™** Due to their elevated number of mitochondria,
the heart, muscles, liver and kidneys present a high uptake
of this radiopharmaceutical. Cancer cells and tumours also
maintain a more negative potential owing to increased metabolic
requirements, and as a result, there is an increased accumulation
of [ Tc(MIBI))]* in malignant tumours.”® This feature permits
the use of this radiotracer in clinical practice for the detection of
various tumours.>*®

Following the synthesis of [*"Tc(MIBI)]*, other homolep-
tic Tc(l) complexes anchored by aliphatic and aromatic
isonitriles were synthesized and biologically evaluated. From
these complexes, hexakis(2-ethoxy-2-methyl-1-isocyanopropane)-

technetium [*"Tc(EIBI);]* (2) and hexakis(3,4,5-trimethoxy-
phenylisonitrile)technetium [*™Tc(TMPI),]* (3) were shown to be
the most promising, but none exceeded [*™Tc(MIBI)]* in their
Pgp-targeting properties.?"5%

Piwnica-Worms was the pioneer of the evaluation of
[*"Tc(MIBI)]* as a Pgp substrate, encouraged by its cationic
charge and modest hydrophobicity, features common to many
chemotherapeutic agents used for the MDR phenotype.”® Using
lung fibroblasts and derivative cell lines expressing modestly low,
intermediate, and very high levels of Pgp, an enhanced extrusion
of the imaging agent by Pgp-enriched cells was observed.'

Further studies in a large variety of cellular models con-
firmed that in Pgp-expressing multidrug-resistant tumour cells,
net cellular accumulation levels of [ Tc(MIBI)s]* are inversely
proportional to the level of Pgp expression.®%* Furthermore,
reversal of the Pgp-mediated exclusion of [ Tc(MIBI)]* has been
observed after treatment with a broad range of classic, second and
third generation Pgp modulators, 866573

Different studies have also been performed to evaluate whether
[*"Tc(MIBI)¢]* is an MRP1 substrate. Comparing MDR negative
cell lines with MRP1-/Pgp+ or MRP1+/Pgp- it was reported that
[®"Tc(MIBI)]* uptake was significantly lower in cells expressing
MRPI1 as well as Pgp, compared to MDR negative cells.”*”
Depletion of GSH resulted in an increase of [*™Tc(MIBI)]*
uptake in multidrug resistant cells overexpressing MRP1 but not
expressing Pgp.”® Further studies performed in the presence of
various inhibitors of Pgp and/or MRP1 confirmed that the radio-
tracer was a substrate of both transporters,” a result which reduces
its specificity for Pgp; however, it shows that [*™Tc(MIBI),]* can be
a general probe for functional imaging of the two multidrug resis-
tance pumps. Recently, Gomes et al. showed that [*™Tc(MIBI),]*
can detect Pgp and MRP1-mediated drug resistance, but MRP1
seems to be more effective than Pgp on outward transport of the
radiotracer. The authors postulate that this finding can be useful
to distinguish between the two resistance mechanisms.”™

In vivo studies, using nude mouse xenograft models, have also
demonstrated the usefulness of [*"Tc(MIBI)]* for the functional
imaging of Pgp, by differentiating drug-sensitive and drug-
resistant tumours,'® as well as the effect of Pgp modulators.57-8
In knockout MDR mice the uptake of " Tc(MIBI)]* increased
in liver, lung and spleen, in comparison to wild-type mice.®"
More recently, [ Tc(MIBI)]* was shown to be a sensitive
probe to monitor Pgp inhibition by WKX34 (a third generation
modulator) and MDRI antisense nucleotides.”?? However, it has
been described that in certain tumour xenografts, which lack
a high number of mitochondria, [ Tc(MIBI)s]* cannot detect
either resistant nor sensitive tumours in vivo.®

Following these promising results, clinical studies were under-
taken to establish correlations between in vivo uptake/efflux rates
of [*"Tc(MIBI)]* and Pgp expression levels and, more impor-
tantly, on prediction of chemotherapy outcome.’>% Many of the
clinical studies have been performed on breast cancer patients, a
type of cancer with frequent chemotherapeutic failure associated
with Pgp.** Del Vecchio and others demonstrated a higher efflux
rate from breast carcinomas with high Pgp expression compared
with tumours with low Pgp expression,* and several other studies
showed that [*"Tc(MIBI),]* uptake is reduced in tumours where
there is Pgp expression.?* A correlation between the tumour-to-
background ratio and Pgp expression was established, and such
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a ratio could be used to predict response to therapy.” Positive
and negative predictive values of 81.0%, 96.0%, and a diagnostic
accuracy of 89.1% were found. Other studies with breast cancer
patients confirmed [ Tc(MIBI)]* prognostic value.*"*>

A similar trend was found for patients with small cell lung
carcinoma (SCLC) or squamous cell lung carcinoma.®**** Zhou
et al. also found that the uptake was significantly higher and
the washout rate lower in the Pgp negative patients compared
with the Pgp+ group, and that such correlations were not
observed for the expression of MRP or lung resistant protein
(LRP), suggesting that [*"Tc(MIBI),]* may be useful for the
noninvasive detection of Pgp, but not MRP and LRP, in lung
cancer patients.”® In groups of patients with SCLC and non-small
cell lung cancer (NSCLC) statistically significant differences in
tumour-to-normal lung ratios were seen between responders and
non-responders to chemotherapy.®”” Recently, a meta-analysis
showed that [*™Tc(MIBI),]* could play a significant role in the
management of lung cancer as it can predict which patients
will respond to chemotherapy with 94% of sensitivity, 90%
of specificity and an accuracy of 92%. Such pre-selection for
chemotherapy has significant cost savings in the health care system
without a significant loss of life expectancy for patients.*®

Analogous studies have been performed for other types of
cancer.>® For brain cancer, however, the results are not conclusive:
some studies suggest that [*"Tc(MIBI)s]* imaging results might
correlate with the presence of functional Pgp in neural crest
tumours without MYCN amplification,” while others suggest
that there is no clear relationship between Pgp expression and
imaging results.'® It has also been reported that [*™Tc(MIBI)]*
cannot be used for predicting response to chemotherapy in
gliomas." In malignant lymphomas it was demonstrated that
their is correlation between good chemotherapeutic response with
positive [*"Tc(MIBI),]* scintigraphy and negative Pgp or MRP1
expression.' '™ The usefulness of [*™Tc(MIBI)]* in predicting
the presence of Pgp in patients with hepatocellular carcinoma
has also been reported.'® In osteosarcoma patients, both the
expression of MRP1 and Pgp, and response to chemotherapy, were
correlated with the washout rate of [*"Tc(MIBI)]*.' Although
in vitro and clinical studies have suggested that [*™Tc(MIBI)]*
is transported by MRP1 (see above), several other clinical studies
demonstrated that [*"Tc(MIBI)]* scintigraphy may not be used to
evaluate the MDR phenotype associated with MRP1 expression
in lung carcinoma,”>** breast carcinoma,'”’ or gastric cancers.!®

Tc(1) tricarbonyl complexes

Using the tricarbonyl core several research groups have prepared
cationic and lipophilic complexes to be evaluated as myocardial
imaging probes.'®''* Most probably based on their favourable
biological profile and heart uptake, the usefulness of some of
these complexes for functional assessment of MDR was also
evaluated. Piwnica-Worms et al. prepared the tri-substituted
complex [*"Tc(CO);(MIBI);]* (4) (Scheme 1) by reacting fac-
[*™Tc(OH,);(CO),]* with [Cu(MIBI),]BF,."*!"* Compound 4 was
obtained in ca. 90% yield, characterized by comparing its high per-
formance liquid chromatography (HPLC) chromatogram with the
one of the corresponding Re complex, and its potential usefulness
as a reporter of Pgp transport activity was studied.'” A sixty-fold
higher accumulation in human epidermal carcinoma KB 3-1 drug
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Scheme 1  Synthesis of Tc(1) tricarbonyl complexes [*™Tc(CO);(MIBI);]*
4), [ Tc(CO);(DMEOP)]* (5) and [ Tc(CO);(TMEOP)]* (6).

sensitive cells compared to KB 8-5 drug resistant cells was found
for 4, but its transport by MRP1 was modest. In vivo studies with
MDRIa/1b knockout mice revealed a delayed liver clearance and
enhanced brain uptake compared to wild-type mice. The authors
suggest that, as the uptake profile is inversely proportional to Pgp
expression, 4 is recognized as a transport substrate.®

More recently, Santos et al. explored pyrazole-based tripods in
the design of cationic tricarbonyl complexes for heart imaging.
Starting with the tris(pyrazolyl)methane tricarbonyl complex fac-
[P Te(CO),(k*-HC(pz);]* as a lead structure, a family of complexes
was prepared by functionalization of the tris(pyrazolyl)methane
chelator with different ether groups.'*'* Two of the resulting
complexes [*"Tc(CO);(DMEOP)]* (DMEOP: di-methoxy-tris-
pyrazolylmethane) (5) and [*"Tc(CO);(TMEOP)]* (TMEOP: tri-
methoxy-tris-pyrazolylmethane) (6) (Scheme 1) showed excellent
pre-clinical results as myocardial imaging agents, exhibiting a
high initial and persistent heart uptake associated with rapid
blood and liver clearance. Remarkably, [*"Tc(CO);(TMEOP)]*
reached a heart/liver ratio of 1 in about half the time of the
compounds in clinical use, allowing a much better heart image.''®
Complexes 5 and 6 were obtained under aqueous conditions, in
an almost quantitative yield, by reaction of the sodium salts of the
respective substituted tris(pyrazolyl)methanes, [Na(DMEOP),]I
and [Na(TMEOP),]1, with fac-[*Tc(OH,);(CO);]* (Scheme 1).

Taking into consideration the characteristics of these new
complexes, and in particular of [*"Tc(CO);(TMEOP)]*, their
usefulness for the functional assessment of MDR has been
studied (Fig. 8). The uptake kinetics of 6 are comparable with
[®"Tc(MIBI),)]*, being significantly reduced in the cells overex-
pressing Pgp (e.g. in MCF7 breast cancer cells with no expression
of Pgp versus MCF7 Pgp cells, which overexpress Pgp). In a differ-
ent type of cancer line, small cell lung carcinoma cell line (H69) and
the derivative drug-resistant lines H69 Lx4 (Pgp overexpression),
the uptake of [*™Tc(CO);(TMEOP)]* is significantly lower in the
drug resistant line, similar to [*™"Tc(MIBI),)]*. Interestingly, in
the derivative line overexpressing MRP1, H69AR, the uptake
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Fig. 8 In vitro uptake studies of [*™Tc(CO);(TMEOP)]* (6). A: Uptake
kinetics of [*™Tc(CO);(TMEOP)]* in MCF7 breast cancer cells (with
no expression of Pgp) and MCF7 Pgp cells (which overexpress Pgp); B:
Uptake kinetics of [*"Tc(CO);(TMEOP)]* by human small cell lung cancer
H69 (with no expression of Pgp) and derivative drug-resistant lines H69
LX4 (known to express Pgp) and H69 AR (which overexpresses MRP1).

of [*"Tc(CO);(TMEOP)]* (6) is also reduced compared with the
parental H69. This seems to suggest that this complex functions
as a substrate of both Pgp and MRP1. Moreover, an enhanced
intracellular concentration of the complex is observed following
inhibition of Pgp by verapamil, confirming that low uptake in
the resistant cell lines was due to the overexpression of ABC
transporters.''” In vivo, [*"Tc(CO);(TMEOP)]* (6) presents rapid
liver clearance.™ To elucidate the relationship of this behaviour
with MDR function, the effect of cyclosporin A on the biodis-
tribution profile of [*™Tc(CO);(TMEOP)]* in rats was assessed.
The obtained biodistribution data indicate that cyclosporin A
treatment induces a significant decrease in the washout rate of
[*Tc(CO);(TMEOP)]* from the liver, kidneys and lungs, organs
with a high expression of Pgp. These results suggest that the
excretion of [ Tc(CO);(TMEOP)]* from these organs is mediated
by Pgp and may indicate that this complex is efficiently recognized
in vivo by the MDR efflux pumps.'*®

Preliminary results in nude mice bearing MDR-negative and
MDR -positive tumour xenografts showed that the biodistribution
of [*"Tc(CO);(TMEOP)]* is similar in noncancerous tissues.
However, the tumour uptake is almost 2 times higher in the MCF7

xenografts compared with the MCF7 Pgp tumours. The in vivo
MDR phenotype of the tumours was confirmed by detection
of protein expression levels by Western blot."® Altogether, the
results in human cancer cell lines and animal models indicate
that [ Tc(CO);(TMEOP)]* is a promising candidate for tumour
imaging and functional assessment of MDR mediated drug
resistance.

Te(1r) complexes

Several monocationic Tc(111) complexes stabilized by different
Schiff-bases and hydrophobic phosphines have been synthesized,
characterized and evaluated as myocardial perfusion imaging
agents. Both the ®™Tc and *Tc complexes are obtained by a two-
step synthesis which involves the formation of a Tc(v) intermediate
that is further reduced to Tc(111) by the incoming phosphine ligand
in a substitution/reduction reaction.'® X-Ray structural analysis
of the trans-[Tc{(acac),en}(PPh;),]* confirmed the octahedral
coordination sphere of this type of complex, containing an
equatorial tetradentate Schiff base ligand and two monodentate
phosphine ligands trans to each other.”® The lead complex of
this family was Q12 — trans((1,2-bis(dihydro-2,2,5,5-tetramethyl-
3(2H)furanone-4-methyleneimino)ethane)bis(tris(3-methoxy-
I-propyl) phosphine))Tc(i1), known as *™Tc-Furifosmin (7)
(Fig. 9).112! From *™Tc-Q12, a series of 38 structurally variable
complexes were prepared, using Schiff bases and phosphines with
different substituent groups.
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Fig. 9 Chemical structure of *™Tc-Q12 (7), *"Tc-Q58 (8), ™ Tc-Q63 (9).

In vitro, the accumulation of *™Tc-Q12 (*™Tc-Furifosmin) in
a rat breast cancer cell line, MatB/WT, and its doxorubicin-
selected resistant variant, MatB/AdrR, were compared to those
of [P Tc(MIBI)s]* (1) and [*™Tc(tetrofosmin),0,]* (10). Drug-
sensitive cells accumulate much more *Tc-Q12 (7) than drug-
resistant cells, and the addition of PSC833, a Pgp modulator,
increased the accumulation only in the resistant line. In vivo,
and over the course of 30 min, *Tc-Furifosmin washed out
of the MatB/AdrR tumours more rapidly than it did from
MatB/WT tumours. However, washout of [*"Tc(MIBI))]* from
MatB/WT tumours was slower than that of *™Tc-Furifosmin.
The authors concluded that *™Tc-Furifosmin was suitable for
functional imaging of MDR.

From the series prepared, and through functional in vitro
screening, two compounds, *™Tc-Q58 trans-(2,2’-(1,2-ethane-
diyldiimino)bis(1,5-methoxy-5-methyl-4-oxo-hexenyl))bis[me-
thylbis(3-methoxy-l-propyl)phosphine]Tc(i1) (8) and *™Tc-Q63
trans-[5,5’-(1,2- ethanediyldiimino)bis(2-ethoxy-2-methyl-3-oxo-
4-pentenyl)]bis[dimethyl(3-methoxy-1-propyl)phosphine]] Te(11r)
(9) were selected for further studies (Fig. 9).'**'% In human
drug-sensitive KB 3-1 cells and multidrug-resistant KB 8-5 and
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8-5-11 derivative cell lines, expressing none, low, and high levels of
P-glycoprotein, respectively, accumulation of *™Tc-Q58 and *™Tc-
Q63 was inverse to expression of the transporter. The uptake of
“mTc-Q58 and *™Tc-Q63 was enhanced up to 60-fold in MDR
cells by known modulators of MDRI P-glycoprotein. In vitro
these Q complexes have properties that mimic [ Tc(MIBI)]*
and are superior to *"Tc-Furifosmin in terms of difference of
accumulation in sensitive and resistant cells, and in response to
Pgp modulation. Despite these promising results, no new studies
with the Q complexes have been published hitherto.

Te(Vv) oxocomplexes

The cationic and lipophilic trans-dioxo-bis(diphosphine)-
technetium(v) complex [*™Tc(tetrofosmin),0,]* (10) (Fig. 10)
is currently used as a myocardial perfusion imaging agent
(Myoview®)."*'* Complex 10 offers advantages over [*™Tc-
(MIBI)]*, such as a room temperature synthesis from a lyophilized
kit containing the diphosphine ligand, SnCl, to reduce *™TcO,"
and sodium gluconate as a labile co-ligand. The crystal structure
of the complex synthesized with the long-lived *Tc shows a
linear trans-oxo core, with the four phosphorus atoms of the
two bidentate diphosphine ligands equatorial, forming an exactly
planar array. The main deviation from an idealized octahedral
geometry arises from the steric requirements of the five-membered
ring formed by the diphosphine ligand.'

(10)

Fig. 10 Chemical structure of [*™Tc(tetrofosmin),0,]* (10).

Because the in vivo behavior of [*™Te(tetrofosmin),0,]" demon-
strates similarities with [*"Tc(MIBI)]* it was initially suggested
that the mechanism determining cellular distribution was also
similar. The first studies indicated that the uptake is through a
metabolism-dependent process, most likely by potential-driven
transport of the lipophilic cation.’?*'?” However, subsequently
it was shown that inhibition of the Na*/K* ATPase, partly
inhibited the uptake of Myoview®), indicating that lipophilicity
is not the only factor involved in the cellular uptake. Moreover,
[®™Te(tetrofosmin),0,]* (10) appears to be more associated with
the cytosol than with mitochondria, contrary to [ Tc(MIBI)]*
(1) which accumulates in mitochondria.'®!* Nevertheless, it is
consensual that [*™Tc(tetrofosmin),0,]* uptake depends on both
cell membrane and mitochondrial potentials. In addition to
accumulating in myocardial cells, complex 10 has been shown to
accumulate in a variety of tumours and has found particular utility
for imaging cancers of the breast, lung, brain and parathyroid
adenomas. 33! [¥mTc(tetrofosmin),0,]" was also evaluated as a
substrate for Pgp, both in vitro and in vivo. Ballinger et al. stud-
ied [*™Tc(tetrofosmin),0,]* uptake in wild-type (sensitive) and
doxorubicin-resistant variants of rat and human breast tumour
cell lines, and found that [*"Tc(tetrofosmin),0,]* accumulated

extensively in the sensitive cell lines. In contrast, multidrug
resistant cell lines accumulated very little of either tracer, but the
accumulation was increased by the addition of Pgp modulatorsina
dose dependent manner." Similar results were obtained in studies
with other resistant cells lines,"®*!** suggesting that the sensitivity
of [ Tc(tetrofosmin),0,]" is similar to that of [ Tc(MIBI),]* for
the detection of functional Pgp.

Further studies focused on the characterization of
[®"Te(tetrofosmin),0,]* as a substrate of other ABC transporters.
Chen et al. found that [®™Tc(tetrofosmin),0,]* is a substrate
of MRP1, although the differences in the net uptake produced
by MRPI1 expression were significantly less than the ones due
to Pgp. [P Tc(MIBI)]* and [*™Tc(tetrofosmin),0,]* do not
seem to act as substrates for the BCRP/MXR/ABCP half-
transporter.”®* In several MRP1+/Pgp— carcinoma cell lines,
[®"Tc(tetrofosmin),O,]* accumulation was increased and efflux
decreased after addition of MRPI inhibitors. '35

In pre-clinical studies with knockout MDR mice
[®"Tc(tetrofosmin),0,]* showed greater brain uptake and
retention compared with wild-type mice, with no net change in
blood pharmacokinetics, consistent with transport in vivo by
Pgp expressed at the capillary blood-brain barrier.* In severe
combined immunodeficient mouse models with human breast-
cancer xenografts, the washout rates of [*™Tc(tetrofosmin),O,]*
in drug-resistant tumours were significantly greater than those in
drug-sensitive tumours, being superior to [ Tc(MIBI),]*.” After
treatment with a modulator, there was a greater increase in the
accumulation of [*™Tc(tetrofosmin),0,]* versus [*"Tc(MIBI)]*.
The authors concluded that [*™Tc(tetrofosmin),O,]* may be
at least comparable with [*™Tc(MIBI),)]* in recognizing Pgp
expression and modulation in vivo."’

The ability of [*™Tc(tetrofosmin),0,]* to functionally assess
MDR was also evaluated in several clinical studies. Kao and col-
leagues extensively studied [*™Tc(tetrofosmin),0,]* scintigraphy
correlation with Pgp or MRP1 expression in patients with small
cell lung cancer,'**"** non-small cell lung cancer,'* lymphoma, "2
parathyroid adenomas,'**'** and breast cancer.’** Altogether the
results showed that [*™Tc(tetrofosmin),O,]" retention was higher
in tumours that did not express Pgp or MRP1, and that higher
retention was correlated with a favourable response to chemother-
apy. Therefore it can be concluded that [*™Tc(tetrofosmin),0,]*
is useful for predicting the response to chemotherapy, and a
reduced retention can be considered a bad prognosis factor.
Other groups have also demonstrated a correlation between
[®™Te(tetrofosmin),0,]* retention and therapeutic resistance in
patients with lung cancer.™ In musculoskeletal tumours, Soder-
lund found a wide variability in tumour/background ratios
that were attributed in part to differing expression of Pgp,'*’
while Yapar et al. reported that Pgp overexpression was not
related with [*"Tc(tetrofosmin),0,]* uptake but with washout
rate.'® [*"Tc(tetrofosmin),0,]* has similar but not identical
properties to those of [*"Tc(MIBI)]*, therefore clinical studies
involving functional imaging of MDR and in vivo modula-
tion of MDR could be performed with [*™Tc(tetrofosmin),0,]*
or [*"Tc(MIBI)]*, but the two should probably not be used
interchangeably.'®

Other Tc(v) complexes that have been explored and evaluated
for MDR imaging are mixed ligand oxocomplexes of the type
“3+1”. From all the complexes studied by Bergman ez a/., the most
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promising was [*™Tc(O)(SSS)(SR)] (11) (Fig. 11), where SSS =
(3-thiapentane-1,5-dithiolato) and SR = [[N-(3-phenylpropyl)-N-
2(3-quinazoline-2,4-dionyl)ethyllaminoethylthiolato]. The corre-
sponding *Tc complex presents effective inhibition of efflux of
[P"Te(MIBI)]* (1) and [*"Tc(tetrofosmin),0,]* (10) from rat
brain RBE4 endothelial cells expressing Pgp.'* The effects of
#Tc-11 on the in vivo distribution of 1 and *F-FDG in rats were
comparable with the effects of verapamil. The authors concluded
that 11 is a transport substrate and a potential inhibitor of Pgp and
can serve as a template for the development of nonradioactive Re
analogues as Pgp inhibitors. However, further studies are necessary
to fully evaluate the potential of 11 as a radiopharmaceutical for
monitoring the function of Pgp in vivo.

(1)

Fig. 11 Chemical structure of Tc(v) complex (11).

Tc(v)-nitrido complexes

Duatti er al. have introduced the metal fragment [M(N)(P-
N-P)P* (M = Re, Tc) that exhibits a selective reactiv-
ity toward nucleophilic bidentate ligands (X-Y) having m-
donors as coordinating atoms.”® Based on this metal frag-
ment, and using monoanionic co-ligands of the dithio-
carbamate or 2-mercaptopyridine oxide types, the mono-
cationic Tc(v) nitrido complexes [*™Tc(N)(DBODC)(PNPS)]*
(DBODC: bis-(N-ethoxyethyl)dithiocarbamato; PNP5:  bis-
(dimethoxypropylphosphinoethyl) ethoxyethylamine) (12) and
[*"Tc-N(mpo)(PNP35)]* (Hmpo: 2-mercaptopyridine N-oxide)
(13) were obtained and evaluated as metalloprobes for SPECT
imaging of MDR (Fig. 12).5"% Complexes 12 and 13 were
synthesized by reacting *™Tc-nitrido precursors with a mixture
of the tridentate phosphine ligand and respective bidentate co-
ligand. The precursors were obtained by reduction of *™TcO,
with tin chloride in the presence of succinic dihydrazide (SDH)
and an appropriate polyaminocarboxylic acid.
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Fig. 12 Chemical structure of [*™Tc (N)(DBODC)(PNP5)]* (12) and
[ Te-N(mpo)(PNP35)]* (13).

Complex 12 is the lead compound of a series of monocationic
#“mTc(N)-based potential myocardial imaging agents that exhibit
a high and persistent myocardial accumulation, with an uptake

mechanism and a kinetic behaviour identical to those of the
commercially available myocardial imaging agents.’'s* Interest-
ingly, [*"Tc (N)(DBODC)(PNP5)]* (12) presents a rapid efflux
from lungs and liver and an enhanced intracellular concentration
following inhibition of the Pgp function by cyclosporin A.'!
Preliminary results show that the uptake of 12 was reduced in
MDR tumour cell lines versus drug-sensitive lines, and that an
enhancement of this uptake could be observed after blocking of
Pgp.'** Altogether, these results led the authors to propose that this
class of “™Tc(N)-tracers (12 and analogues) might be recognized
more specifically by Pgp than the *™Tc-complexes in clinical use.

The other nitride complex [*™Tc-N(mpo)(PNP3)]* (13) is also
promising for myocardial perfusion imaging,'s* as it presents a
faster liver clearance with significantly higher heart/liver ratios
at early times (<30 min p.i.) than [*™Tc(MIBI),)]* (1). To
elucidate the relationship between the MDR transport function of
hepatocytes with the fast liver clearance of [*™Tc-N(mpo)(PNP3)]*
(13), the authors used a pre-treatment with cyclosporin A that
resulted in a significant increase in the kidney and liver uptakes.
The authors suggest that the complex [*"Tc-N(mpo)(PNP3)]*
(13) might be more efficiently recognized by the MDR Pgp
and MRPs.'S Further studies on the potential of complex
[ Te-N(mpo)(PNP5)]* as a radiotracer to monitor the MDR
transport function in different tumour-bearing animal models are
warranted.

Gallium complexes

Several lipophilic and monocationic Ga(ill) complexes an-
chored by N,O,-hexadentate Schiff-bases, derived from the linear
tetraamine N,N’-bis(3-aminopropyl)-N,N’-ethylenediamine, have
been synthesized and characterized (Fig. 13). The backbone of
this tetraamine is very versatile, allowing the synthesis of different
final chelators, since it can be condensed with aromatic aldehydes
bearing different substituents at different positions of the phenyl
rings. Moreover, different alkyl groups can be introduced at the
propylenic chains of the chelator and/or at the central nitrogen
atoms. Such versatility has been explored to modulate the physic-
ochemical properties of the corresponding Ga(iil) complexes,
namely their size, topology and lipophilicity. Initially, these N,O,
Schiff-base Ga(iir) complexes were evaluated as SPECT (Ga) or
PET (®*Ga) radiopharmaceuticals for myocardial imaging.'*5#
However, studies at the macroscopic level indicated that this class
of compounds has a pharmacological profile consistent with their
recognition as Pgp substrates,'*® which prompted their evaluation
as radioactive probes for imaging of MDR.

Fig. 13 shows the structures of the gallium complexes (14-20)
that have been pre-clinically evaluated as metalloprobes for func-
tional imaging of MDR. In these complexes the N,O,-hexadentate
Schiff-bases were obtained by condensation of a tetraamine back-
bone with 2-hydroxysalicylaldehyde or 2-hydroxynaphthaldeyde
derivatives.

At a macroscopic or at a carrier-free level (YGa/®Ga), the
complexes were obtained by ligand-exchange reactions with
Ga(mm) acetylacetonate in ethanol, or by reacting “GaCl; in
aqueous solution containing 5% ethanol, with the corresponding
ligand. 160163

X-Ray crystallography of some complexes (14 and 19) has
confirmed that the metal is symmetrically coordinated by the N,O,

5388 | Dalton Trans., 2011, 40, 5377-5393

This journal is © The Royal Society of Chemistry 2011



R +
Rz j *
R o]
Rs o i WY ,NQL
N7 I N ,Ga‘
R LGa, R4 N7 T “N=<
1 NT | "N 0.

O

Rz

Y

R; = Me, R; = OEt (14)
R; = H, R, = OMe (16)

R = OEt (15); Br (18)

_|+
R B

R o oy
N ‘NQ \N..G‘a_ N
v Ga N” T N

N7 | N o}
[e]
i [
e
R
R = OMe (17) R = OEt (19); OMe (20)

Fig. 13 Chemical structure of Ga(iir) complexes (14-20).

donor-atom set of the ligands, displaying a pseudo-octahedral
coordination environment with a trans-arrangement of the phe-
noxy oxygens."*"'*1% Such a coordination environment is retained
in solution, as shown by the '"H NMR data. At the no carrier
added level (YGa/®Ga), the majority of the complexes were
characterized uniquely by thin layer chromatography (TLC).'¢%-162
However, the fully characterized Ga complexes 19 and 20 have
been applied as surrogates in the chemical identification of the
¢Ga congeners by HPLC.'$*

From all the complexes shown in Fig. 13, complex 14 has been
the most explored for SPECT (“Ga)/PET (¥ Ga) functional imag-
ing of MDR.'16! This metabolically stable compound, was evalu-
ated in vitro using sensitive and resistant cell lines and in vivo using a
nude mouse xenograft tumour model and MDRIa/ 1b(—/-) mice.
The “Ga-complex showed high accumulation in drug-sensitive
KB3-1 cells, and a low accumulation in MDR KBS8-5 cells, that
could be enhanced in the presence of different Pgp inhibitors.
Moreover, using a variety of cells expressing Pgp, MRP1-MRP6
and BCRP, it has been demonstrated that the complex is readily
transported by Pgp and, to a much lesser extent by MRP1, but not
by MRP2-MRP6 or BCRP. In vivo this “Ga complex produced
a readily detected 3-fold difference between Pgp-expressing and
drug-sensitive tumours in a nude mouse xenograft tumour model.
In MDRIa/1b(-/-) gene—deleted mice, both the Ga- and ®*Ga-
complexes showed an enhanced brain uptake and retention com-
pared with wild-type mice, which is consistent with their transport
in vivo by Pgp at the capillary blood-brain barrier. Altogether,
these findings point out that the /**Ga-14 complexes are sensitive
and rather selective probes for monitoring PgP activity in vivo
by SPECT or PET, respectively.'*'®" The cellular uptake of the
congener ¥Ga-15 (Fig. 13), containing the ethoxy group at the
5-position of the aromatic ring, has been measured using the same
drug-sensitive and resistant cell lines. Complex “Ga-15 showed a
less pronounced increase of uptake in the drug-sensitive cell line
compared with “Ga-14, indicating a less efficient Pgp-mediated
extrusion. The same trend was observed for complexes “Ga-16
and “Ga-17, anchored by N,O,-hexadentate Schiff-base ligands

without methyl substituents at the propylenic chains of the N,N’-
bis(3-aminopropyl)-N,N’-ethylenediamine backbone, and having
one or two methoxy groups at the aromatic rings. According
to the authors, these results highlighted that the unique Pgp
transport properties of 14 most likely reflect the spatial orientation
of the peripheral constituents of the complex instead of the inner
coordination sphere. Consistently, it has been shown more recently
that ®Ga-18, having bromide substituents instead of alkoxide
substituents at the phenyl rings of the anchor ligand, is also a
substrate of Pgp. This complex was used to measure functional
differences in the activity of Pgp in tumour-bearing mice, due to
variations in the pH of the tumour.'®* This study demonstrated
that an acidic extracellular environment activates Pgp, with
enhancement of the drug efflux, which is possibly one of the factors
responsible for the reduced chemosensitivity of hypoxic tumours.
Finally, the pre-clinical evaluation of the complexes ’Ga-19 and
Ga-20, containing hexadentate Schiff-base ligands derived from
2-hydroxynaphthaldeyde, has been recently reported.'®® Similarly
to Ga-14, complexes “Ga-19 and “Ga-20 have a cellular uptake
inversely proportional to Pgp-expression in different human
tumour cell lines. In MDR1a/ 1b(—/—)mice, biodistribution studies
of “Ga-20 showed an 8-fold increase in the brain uptake and
retention compared to the wild-type control.

Copper complexes

A small number of Cu(1) and Cu(11) complexes have been evaluated
as “Cu-based radiopharmaceuticals for functional imaging of
MDR.

As shown in Fig. 14 a family of monocationic diphosphine
copper(l) complexes (21-25) were readily obtained in a high
radiochemical yield by a one step synthesis that involved the
reduction of *CuCl, with the phosphorus donor ligands.'**'* The
same synthetic approach was successfully applied in the synthesis
of the non-radioactive congeners, which were fully characterized as
tetrahedral Cu(1) complexes and used as surrogates in the identifi-
cation of the *Cu congeners by instant thin layer chromatography
(ITLC).'**'¢" The cell uptake of the “Cu complexes was studied
in CH1 human ovarian carcinoma cells, which do not express
detectable levels of Pgp, as well as in hooded rat sarcoma (HSN)
cells which express Pgp. Besides complex 24, which is anchored by
1,2-dimethylphosphinoethane (DMPE), all the other complexes
are lipophilic and were avidly taken up by CH1 cells. Treatment of
CHI cells with doxorubicin induced an increase in Pgp expression
and reduced significantly the uptake of the complexes. It has also
been shown that the uptake of complexes 22, 23 and 25 in HSN
cells is increased by the presence of the Pgp modulator cyclosporin
A. Taken together, these findings suggested that these lipophilic
diphosphine Cu(1) complexes are substrates of Pgp.'s®

#Cu(11) complexes, anchored by tetradentate diiminedioxime
ligands, were also investigated as PET probes for myocardial
imaging and for functional imaging of MDR.'¥% As shown
in Fig. 15, three different *Cu complexes (26-28) with diimine-
dioxime chelators bearing methyl and/or n-propyl substituents
were synthesized and biologically evaluated. These compounds
present a pseudomacrocyclic structure that results from the
formation of a strong hydrogen bond between the remaining oxime
hydrogen atom and the two oxime oxygen atoms, as confirmed
by X-ray diffraction analysis in the case of 26 (synthesized with
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Fig. 15 Chemical structures of copper(ir) complexes (26-28).

cold copper).'” Complexes 26 and 27 were initially investigated as
potential radiopharmaceuticals for myocardial perfusion imaging.
However, biodistribution studies in mice have shown a low heart
uptake, as a consequence of their high hydrophilicity (log P values:
—-1.96 (26); —1.60 (27))."**

The use of a diiminedioxime chelator containing two n-propyl
substituents led to a more lipophilic Cu(ir) complex (28: log P =
0.9), which was evaluated for functional imaging of MDR. In
vitro cell uptake studies, using resistant and non-resistant MES-
SA human uterine sarcoma cells, in the presence or absence of
cyclosporin A were performed. The complex #Cu-28 showed a
much reduced cell accumulation in the resistant cell line, strongly
enhanced by the presence of the Pgp modulator. According
to the authors, these findings suggest that lipophilic Cu(ir)
complexes anchored by diiminedioxime chelators are suitable
platforms to design *“Cu metalloprobes for PET imaging of
MDR.'® Using the same cell line, it has been shown that the
overexpression of Pgp also diminishes the retention of *Cu-
PTSM (29) (PTSM: pyruvaldehyde-bis(N-4-methylthiosemicar-
bazone) and *Cu-ATSM (30) (ATSM: diacetyl-bis(N-4-methyl-
thiosemicarbazone) (Fig. 16), which are neutral and lipophilic
bis(thiosemicarbazone) Cu(i) complexes with potential as PET
perfusion tracers or as hypoxia-specific PET tracers, respectively.'”

-, '
S R

(29) (30)

Fig. 16 Chemical structure of Cu(i1) complexes (29) and (30).

S. Liu et al. have explored a quite different approach for
finding potential radiotracers for PET imaging of MDR. From

a relatively large family of macrocyclic Cu(i) complexes,
containing different linkers and different lipophilic cations
of the triphenylphosphonium or triphenylarsonium type,'»'7
compound 31 has been identified as the most promising
for tumour detection. The *“Cu-31 complex is anchored by
a bifunctional DOTA-like chelator functionalized with a 2-
(diphenylphosphoryl)ethyldiphenylphosphonium (TPEP) group
(Fig. 17). The TPEP group acts as a “mitochondrion-targeting”
moiety that carries the complex into tumour cells with a much
higher mitochondrial transmembrane potential than normal cells.

o
OE O

P

(31

Fig. 17 Chemical structure of Cu(Il) complex (31).

Complex *“Cu-31 has been further evaluated in several
xenografted tumour models, expressing different multidrug resis-
tance proteins (Pgp, MRP2 and MRP4). The results of this study
prompted the authors to propose that this compound might be
a more efficient probe for functional imaging of MDR compared
to [P Tc(MIBI)]*, since 31 has shown a greater tumour uptake
difference between tumours overexpressing MDR transporters
and those not overexpressing the same transporters.'™

Conclusion and perspectives

In the last decade, due to the high worldwide incidence of can-
cer, radiopharmaceutical research has been significantly focused
on target-specific radiopharmaceuticals for early detection and
targeted radionuclide therapy of cancer. Some advances and
successes have been achieved in this multidisciplinary area fuelled
by the convergence of biology, chemistry, physics and engineering.
However, despite a satisfactory progress in diagnosis and therapy,
the overall success rate of targeted approaches still remains low,
due to the different aggressiveness and responsiveness displayed by
each particular malignancy to therapy. Thus, chemotherapy is still
one of the major therapeutic options in many malignant tumours,
but the intrinsic or acquired resistance to chemotherapeutic agents
(MDR) constitutes a major drawback to its success. A key point
would be the in vivo functional monitoring of tumour MDR,
to assist on the selection of patients and treatment planning,
saving lives or increasing life expectancy. The cationic and
lipophilic complexes [*"Tc(MIBI),]* and [*™Tc(tetrofosmin),0,]*,
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initially developed for nuclear cardiology, are in clinical use for
non-invasive assessment of tumour MDR, despite their limited
diagnostic and prognostic value. Searching for better radioprobes,
several attempts have been made to find other *™Tc, /**Ga or #Cu
complexes with improved biological properties. These complexes,
in general cationic and lipophilic, despite being biologically
promising, did not prove to be more sensitive and specific than the
ones in clinical use. Cytotoxic drugs and MDR modulators and/or
substrates have also been labelled with "C and “F. Although
they showed some promising biological behaviour, these organic
molecules were obtained in low radiochemical yield, metabolize
easily and their preparation needed a cyclotron nearby.

An interesting alternative for designing better SPECT or PET
MDR probes could be to explore the bifunctional approach. This
approach, intensively explored in radiopharmaceutical sciences,
consists of the synthesis of metal fragments bearing small organic
molecules recognized by target proteins. Examples of possible
organic molecules that can be labelled with PET or SPECT
radioprobes are the conventional cytotoxic compounds and MDR
modulators and/or substrates. This bifunctional approach would
probably allow the introduction of more specific and easily
available radioprobes for functional monitoring of MDR.

In accordance with current knowledge, from the ABC trans-
porters clearly related to MDR (Pgp, MRP’s, BCRP), Pgp
contributes to MDR in about half of human cancers. However,
controversy remains as to how and why this protein recognizes
such a broad variety of drugs sharing little or no structural or
functional similarities. A better understanding of these problems
would certainly help in producing a rational probe design. After
several attempts, the X-ray crystal structure of mouse Pgp, which
presents 87% sequence identity with human Pgp, was recently
reported. Such an achievement may be a significant breakthrough
and will likely help develop a better understanding of Pgp-drug
interactions, opening new avenues for probe design. There is no
doubt that for a rational drug design chemists and radiochemists
need a significant input from biology on the mechanisms of MDR,
role of related ABC transporters, and types of interactions of
these proteins with drugs. We believe that the scarcity of such
information is one of the likely reasons for the reduced number of
strategies explored for the design of probes for MDR functional
assessment. Nevertheless, as a final comment, we would like to
stress that, although extensive research efforts have focused on
the characterization of the mechanisms of multidrug resistance
in cancer, the translation of this knowledge to the clinic still
represents a major challenge, as evidenced by the failure of trials
to modulate Pgp expression.
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