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I n cancer therapy, there is an acute need to supersede the
widely used platinum drugs because of the severe side effects
and resistance phenomena which limit their clinical useful-
ness. Moreover, platinum compounds are not active against
all types of cancer cells. Their target, DNA, is ubiquitously
present is all type of cells, including healthy ones, which result
in a systemic toxicity. To circumvent these drawbacks,
exploration of novel metal complexes that target mitochon-
dria with pharmacokinetic and pharmacodynamic properties
has been considered.'” Among these, metal/N-heterocyclic
carbene (NHC) complexes (especially gold) have recently
shown very promising results. The benefits of using Au-NHCs
(and other transition metals) as metallodrugs reside in the
ability of the ligand to stabilize the metal (especially Au' from
disproportionation), in the strong metal-carbon bond (com-
pared to metal phosphines such as auranofin), in the large
diversity of structures easily accessible by (quite) simple
synthetic pathways and hence, in the wide range of biological
targets they can potentially affect.'™! Therefore, the design
of metal-NHCs targeting mitochondria (Figure1) is an
emerging area and might provide new alternatives for
therapeutic treatments of cancer.”

The central place of mitochondria as regulators of
apoptosis (the programmed cell death) is now well recognized
and thus, it is not surprising that a lot of effort has been
focused on targeting them to develop new approaches to
cancer chemotherapy. Indeed, numerous proapoptotic signals
converge on this organelle to induce mitochondrial outer
membrane permeabilization (MOMP), which is lethal be-
cause of the caspase cascade activation and/or the release of
caspase-independent death effectors such as apoptosis induc-
ing factor (AIF). Skulachev cations,* also called delocalized
lipophilic cations (DLCs), penetrate into the mitochondria
because of their strong negative membrane potential (Aypm).
At first triphenylalkylphosphonium cations were used as
“electric locomotives” to drive the entry of an attached
pharmacophore (antioxidant) into mitochondria.”™ The con-
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Figure 1. Targets of metal-NHCs: mitochondria and proteins.

cept of DLCs has been extended to the anticancer field by
utilizing the cationic phosphine/gold(I) complexes [Au-
(dppe),]Cl or [Au(d2pypp),]Cl, and more recently homolep-
tic Au-NHC complexes. It was shown that Au-NHCs
increase reactive oxygenated species (ROS) production in-
side the mitochondria, thus ultimately leading to cell death. In
these cases, the carbene ligand is the lipophilic auxiliary,
which can be fine-tuned, and the metal is considered the
reactive center interacting with proteins, namely those con-
taining cysteine and selenocysteine. Berners-Price and co-
workers demonstrated that a series of Au-NHCs (1;
Scheme 1) induce mitochondrial swelling as a function of
their lipophilicity and inhibit the selenoenzyme thioredoxin
reductase (TrxR), an enzyme overexpressed in numerous
human cancers.*" Importantly, TrxR plays a major role in the
regulation of the cellular redox state and its inhibition causes
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Scheme 1. Gold-NHCs targeting mitochondria and inhibiting TrxR.
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the over-production of ROS. Both actions occur by MOMP
and end up with the release of cytochrome ¢ inducing the
caspase cascade, and ultimately DNA fragmentation. Selec-
tivity for TrxR in living cells is demonstrated by its predom-
inant inhibition over glutathione reductase (GR), a closely
related enzyme which does not contain selenocysteine.
Regarding the compounds 2, the effective uptake of gold
into mitochondria was evaluated on MCF-7 cells and shows
an increase in the level of gold with the order 2a <2b <2c¢,
which reflects their charge and lipophilicity.><!

The proof of the localization in mitochondria was recently
obtained by Che and co-workers by taking advantage of the
proluminescence of the DLC gold(II) complex 3. The
strong emission of the 2,6-bis(benzimidazol-2-yl)pyridine
(H,BPB) ligand is quenched by the presence of the Au™
center but is switched on by the release of the free H,BPB
upon the reduction into Au' by glutathione (GSH). Therefore,
blue fluorescence localized within the mitochondria was
detected after only few minutes of exposure to HeLa cells.
This process is reminiscent of what is reported for the Pt"
prodrugs for which a two-electron reduction by GSH occurs
to release the active drugs. Once reduction occurs, inhibition
of TrxR in HeLa cells occurs with further activation of
apoptotic caspases 3, 7, 9, and PARP (which indicate a direct
or indirect DNA strand break). The occurrence of antimito-
chondrial effects is not only linked to cationic Au"™-NHCs.
An impressive 300-fold increased cytotoxicity (versus Cispla-
tin) on Hela cells is observed for the photoluminescent
cationic Pt"-NHC 4, which colocalizes with mitotracker
(Scheme 2).1 This strong activity is ascribed to the survivin
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Scheme 2. Metal-NHCs reacting on Survivin, TrxR, and AlIF.

protein inhibition, an inhibitor of apoptosis, highly expressed
in most cancers and associated with chemotherapy resistance.
Recent results indicate that the action of metal-NHCs does
not depend solely on the presence of a net positive charge.
Indeed, it has been shown that heteroleptic Ag'-NHCs
possesses strong cytotoxic potential’®! and it has been
demonstrated that proapoptotic Ag'-NHCs (5), localizing at
the mitochondrion, provoke their membrane potential depo-
larization and a high ROS production.™ Interestingly, silver
induces the death of cancer cells independent of the classical
caspase cascade by translocation of AIF and caspase 12. Here,
the exact cellular targets (proteins) remain to be determined,
but a report indicates that Ag'-NHCs display a more pro-
nounced inhibition of TrxR than gold.” Neutral the Aul
NHC 2a also provokes cell death by targeting mitochondria
with ROS production and inhibition of TrxR as well as the
neutral complex 6, which is an effective and selective inhibitor
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of TrxR1 and 2 (TrxR1 > TrxR 2), which are localized in the
cytosol and the mitochondria, respectively.”

Thus, recent reports indicate that the anticancer activity of
metal-NHC is not limited to cationic structures.

The efficiency of some metal-NHCs has been proven by
in vivo tests. Although fragmentary, these important reports
give a preliminary evaluation of their potential in cancer
therapy. The Au'-NHC 3 tested in nude mice
(10 mgkg~' week ™), bearing hepatocellular carcinoma tumor
(PLC), induces a significant 47 % suppression of the tumor
growth.P! A silver complex showed no toxic effect to major
organs at high doses (>300mgkg™"), and cancerous-cell
death was observed with OVCAR-3 xenografted mice.’!
Injected at 3 mgkg ! in nude mice, the Pt"-NHC 4 (R =Bu)
significantly inhibits the non-small cells lung carcinoma (NCI-
H460) tumor growth by 55% with no observed toxic side
effects on healthy tissues."!

These recent investigations show that metal-NHCs affect
mitochondria by inhibiting TrxT and other proteins. The
possibility of using novel azolium precursors and various
metals should offer interesting perspectives for the rapid and
selective construction of libraries of high molecular diversity
and complexity, and could be achieved by pre-" or post-
functionalization'®*! synthetic paths or by using the auto
functionalization of Cu'-NHCs bearing azides,"? thus provid-
ing a basis for the design and development of metal-based
drugs associated with unprecedented biological targets.
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