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Abstract

Cancer cells generally present a higher demand for iron, which plays crucial roles in tumor 

progression and metastasis. This iron addiction provides opportunities to develop broad-spectrum 

anticancer drugs targeting iron metabolism. In this context, prochelation approaches are 

investigated to release metal-binding compounds under specific conditions, thereby limiting off-

target toxicity. Here, we demonstrate a prochelation strategy inspired by the bioreduction of 

tetrazolium cations widely employed to assess the viability of mammalian cells. We designed 

a series of tetrazolium-based compounds for the intracellular release of metal-binding formazan 

ligands. The combination of reduction potentials appropriate for intracellular reduction and an N-

pyridyl donor on the formazan scaffold led to two effective prochelators. The reduced formazans 

bind as tridentate ligands and stabilize low-spin Fe(II) centers in complexes of 2:1 ligand-to-metal 

stoichiometry. The tetrazolium salts are stable in serum for over 24 h, and antiproliferative 

activities at micromolar levels were recorded in a panel of cancer cell lines. Additional assays 

confirmed the intracellular activation of the prochelators and their ability to affect cell cycle 

progression, induce apoptotic death, and interfere with iron availability. Demonstrating the role 

of iron in their intracellular effects, the prochelators impacted the expression levels of key 

iron regulators (i.e., transferrin receptor 1, ferritin), and iron supplementation mitigated their 

cytotoxicity. Overall, this work introduces the tetrazolium core as a platform to build prochelators 

that can be tuned for activation in the reducing environment of cancer cells and produce 

antiproliferative formazan chelators that interfere with cellular iron homeostasis.
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Introduction

An altered iron metabolism and homeostasis characterizes cancer cells, which exhibit an 

increased dependence on iron when compared to normal cells.1, 2 For instance, malignant 

cells increase iron import through the overexpressed transferrin receptor and limit iron 

release by degrading exporter ferroportin.3 In addition, iron is implicated in the crosstalk 

between neoplastic cells and macrophages,4 cancer stem cells,5 and other components of 

the tumor microenvironment that promote growth, metastasis, and resistance to therapy.6 

Overall, the role of iron in cancer biology is being recognized for its potential prognostic 

value7 and therapeutic relevance.8, 9 The polypharmacological nature of iron-targeting 

approaches, which inherently affect multiple cellular processes, is an advantage in efforts 

to overcome resistance in single-drug interventions or in combination with other anticancer 

drugs.10, 11

Iron-sequestering agents that are employed clinically to treat iron overload,12 such as FDA-

approved chelators deferoxamine (DFO) and deferasirox (DFX, Fig. 1a), were tested in early 

clinical trials for cancer indications.13 More recent clinical studies have included tridentate 

thiosemicarbazones (triapine, DpC, Fig. 1a), which have mechanisms of action that involve 

both iron binding and intracellular redox chemistry.14, 15 Although iron chelating agents 

have shown promising results in clinical trials, and some such studies are still ongoing, to 

date no iron chelator has been approved for cancer chemotherapy.

Multiple current efforts on the development of metal-binding pharmaceuticals involve 

prochelation approaches, in which a metal donor group is typically masked for release 

under specific conditions (Fig. 1b). Prochelation strategies serve to improve membrane 

permeability and/or selectivity of a chelator while avoiding off-target effects due to 

indiscriminate metal sequestration.16-18 For instance, the phenolate donor of DFX and 

its derivatives has been masked with boronate-containing groups (that are activated 
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by hydrogen peroxide)19 or phosphate esters (to be unmasked by phosphatases).20 

Alternatively, several prochelators have been designed for activation by specific enzymes, 

such as γ-glutamyl transferase21 or β-glucosidase.22

For anticancer applications, reductive activation strategies capitalize on the reducing 

intracellular environment that characterizes malignant cells.23, 24 Reactivity in the presence 

of high glutathione (GSH) concentrations intracellularly (i.e., 1-10 mM) has been employed 

to release masked anticancer agents, including ionophores and chelators.16 We have 

developed a prochelation strategy based on the use of disulfide or sulfonate groups 

to mask the tridentate binding unit of thiosemicarbazone (e.g., (TC1-S)2, Fig. 1c) and 

aroylhydrazone chelators.25-29 Upon cellular uptake, the reduction of the disulfide bond 

releases a tridentate thiolate chelator that coordinates iron in mammalian cells. The disulfide 

linkage can also be employed to connect a biomolecule, such as a monosaccharide30, 31 or 

albumin,32 to improve the cancer selectivity of the constructs and enhance their therapeutic 

window.

Herein, we demonstrate a reductive prochelation approach based on the intracellular 

reduction of tetrazolium ions resulting in metal-binding formazans. We introduce a 

family of prochelators inspired by the well-known reagent 5-(4,5-dimethylthiazol-2-yl)-1,3-

diphenyltetrazolium bromide (MTT, Fig. 2a), which is widely used to assess proliferation 

and viability in mammalian cell culture (i.e., MTT assay).33, 34 The intracellular reduction 

of the tetrazolium cation MTT, which is primarily attributed to oxidoreductase enzymes,35 

leads to formazan MTF (Fig. 2a).33 The associated color change from yellow to purple is 

detected colorimetrically in several histology and bioimaging applications.33

Based on this well-established reactivity, we reasoned that the tetrazolium motif could 

serve as an attractive platform for reductively activatable prochelators. Rather than masking 

one metal donor group on the chelator structure, this approach ‘wraps’ the metal-binding 

unit into the cationic tetrazolium core (Fig. 2b). Intracellular reduction is then expected to 

release a formazan compound, namely a member of a well-known class of ligands for metal 

coordination.36 Tetrazolium compounds offer two key advantages as potential prochelators: 

(i) their amphiphilic nature makes them soluble in aqueous solutions and also capable of 

rapidly permeating cell membranes;33 and (ii) their reactivity/activation can likely be tuned 

via synthetic modification of the ring substituents. Although the parent compound MTT is 

prone to react with bioreductants (e.g., ascorbate, GSH) in blood serum,37, 38 we anticipated 

that alterations of the tetrazolium structure could also serve to increase stability in a variety 

of biological settings.

Results and Discussion

Synthesis and Properties of Formazan Chelators

The coordination chemistry of formazanate complexes has showcased the versatility of the 

NNCNN backbone, which can bind metal cations through different coordination modes.36 

Asymmetric formazan ligands featuring a metal-binding N-aryl group, such as the thiazole 

ring in MTF, typically bind as tridentate ligands with five-membered formazanate chelates 

(vide infra).39 To prepare a prototypic series of formazan chelators, we first sought to 
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replace the dimethylthiazole ring with alternative iron-binding moieties (Fig. 3), thus 

maintaining a tridentate coordination common to several effective iron chelators (e.g., DFX, 

Triapine, DpC, Fig. 1a).

The structures of the formazan compounds investigated in this study are shown in Fig. 3 

in the ‘closed’ s-cis conformation. Compound 1a, featuring a benzothiazole ring as Ar5, 

was chosen because Fe(II) coordination of this formazan ligand has been reported.39 We 

then introduced pyridyl (2a) and 2-hydroxyphenyl (3a) rings at the Ar5 position because 

these known iron-binding donors are found in multiple chelators (e.g., DFX, Triapine, DpC, 

Fig. 1a). In structures 4a and 5a, we also added pyridyl and 2-hydroxyphenyl rings at the 

Ar3 position. Lastly, 6a and 7a maintain the pyridyl and 2-hydroxyphenyl donors in Ar3, 

respectively, but lack metal-binding donors at N-Ar5, which is occupied by a phenyl ring.

MTF was obtained in high yield from the reduction of commercially available MTT with 

ascorbic acid (see ESI for experimental details). Conversely, the planned cohort of formazan 

compounds 1a–7a was prepared via the well-established reaction of diazonium salts and 

hydrazone precursors in basic conditions in DMF (Scheme S1 and Table S1).36, 40 In all 

cases, the desired diazonium salt was obtained from treatment of an aromatic amine with 

sodium nitrite in acidic aqueous solution at low temperature and used directly in next step 

(Scheme S1 and Table S1).

The iron-binding ability of the formazan compounds was tested in aqueous mixtures (50 

mM HEPES and DMSO, 7:3, v/v, pH 7.4) in the presence of Fe(II) (1.0 equiv.). The 

solutions of compounds 2a and 4a exhibited a marked color change from yellow/orange 

to red/violet upon iron addition, whereas the changes were less pronounced in other cases 

and absent for 6a and 7a (Fig. S1). For compounds 1a–5a the reaction was complete 

within 16 min, and 4a clearly exhibited the fastest binding kinetics with full complexation 

within 4 min. High-resolution mass spectrometry (Table S2) corroborated the formation of 

iron complexes of 2:1 ligand-to-metal stoichiometry in the case of MTF and formazans 

1a–5a under these conditions. In contrast, complexes of 6a and 7a were not detected by 

mass spectrometry. HPLC-HRMS analysis of the reaction mixtures did not detect any iron 

coordination of 6a and 7a, whereas the 2:1 complexes were the only products observed 

for 2a and 4a (Fig. S2). Collectively, these findings in aqueous solutions indicated that 

a coordinating N-aryl group (i.e., thiazole, pyridyl, hydroxyphenyl) is required for iron 

binding and that the N-pyridyl analogs, particularly 4a, are the most promising chelators in 

this cohort.

The relative Fe(II) binding efficacy of formazans 2a and 4a was assessed in vitro using 

calcein,41 a fluorescent probe that is commonly employed to monitor changes in the 

cytosolic labile iron pool (vide infra).42 Calcein is mostly quenched when bound to Fe(II) 

(1.0 equiv, Kd = 0.14 μM),42 but fluorescence is restored when chelators displace iron from 

the probe. In our aqueous mixture (50 mM HEPES buffer at pH 7.4 and MeOH, 3:1 v/v), 

DFX outcompetes calcein to fully restore its initial fluorescence, whereas formazans 2a and 

4a result in partial restoration (Fig. S3). In contrast, 6a and citric acid, which is a common 

ligand of biological iron,43 fail to displace calcein-bound iron(II). Overall, these data show 
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that 2a and 4a compete successfully with calcein for iron coordination, but their affinity is 

lower than that of iron scavenger DFX.44

As expected for ligands featuring an “all-nitrogen” binding unit, formazans 2a and 4a do not 

coordinate oxophilic cations Ca(II) and Mg(II) (Fig. S4), which are abundant in biological 

settings. Conversely, both chelators bind late transition metals Cu(II) and Zn(II), in line with 

the known coordination chemistry of formazans.36 With picomolar (or lower) intracellular 

concentrations,45 however, these ions do not impact the overall binding of micromolar iron 

by chelators in the cytosol.46

Iron Complexes of Formazan Chelators

Having confirmed the formation of 2:1 complexes in solution, we sought to characterize the 

binding mode of N-pyridyl formazans 2a and 4a. In addition, we isolated the iron complex 

of MTF because this hypothesized species inspired this study but has not been characterized 

crystallographically.

Addition of Fe(BF4)2·6H2O (1.0 equiv.) to solutions of the formazan ligands in THF at 

room temperature led to Fe(II) complexes of 2:1 ligand-to-metal stoichiometry (Fig. 4) 

as confirmed by high-resolution mass spectrometry and elemental analysis. NMR data 

indicated that the two ligands coordinate in the same way and that the complexes are 

diamagnetic, therefore Fe(II) presents a low-spin electronic configuration in all three species 

(see ESI for details).

Single-crystal diffraction analysis revealed distorted octahedral complexes with two 

monoanionic tridentate ligands (Fig. 4, Table S3). The absence of counterions confirms 

the ferrous oxidation state for the iron center. The aromatic nitrogen donor (i.e., thiazole 

in MTF and pyridine in 2a and 4a) forms a five-membered chelate involving the N3 

atom of the formazanate backbone. A second, adjacent five-membered chelate is provided 

by the deprotonated formazanate moiety binding through the N1 donor. This coordination 

mode was previously reported for 1a and other asymmetric formazan ligands featuring a 

metal-binding N-aryl group.39, 47 The presence of the hydroxyphenyl Ar3 substituent in 

formazan 4a does not result in a different coordination mode: instead, in Fe(4a–H)2 the 

hydroxyl group is engaged in a hydrogen-bonding interaction with N4 on the formazan 

scaffold.

The observed Fe–N distances for the formazanate donors (i.e., N1 and N3) range from 

1.864(2) to 1.946(3) Å, similar to those in other low-spin Fe(II) complexes with tridentate 

formazanates (Table S4).39, 47, 48 In all three complexes, the bonds to the heteroaryl N 

donors are slightly longer (up to 2.009(4) Å in Fe(MTF–H)2). The N–N and N–C distances 

along the formazanate backbone (i.e., N1-N2-C7-N3-N4) range narrowly between 1.311(4) 

and 1.371(4)) Å and are consistent with charge delocalization on the conjugated anionic 

ligand.

The isolated complexes are stable with respect to oxidation under aerobic conditions: the 

formazan ligands MTF, 2a and 4a, with a (N, N, N) donor set, stabilize the iron center 

in the ferrous oxidation state. As observed for tridentate thiosemicarbazone chelators, the 
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presence of rather soft nitrogen donors favors Fe(II) complexes whereas harder oxygen 

donors typically lead to Fe(III) species.14 The cyclic voltammograms of the three complexes 

(recorded in DMF, Fig. S5) exhibit a reversible one-electron oxidation at potentials similar 

to that of the ferrocene reference (Fc+/Fc, E1/2 0.70 V vs NHE).49 In fact, coordination 

studies with similar formazan ligands reported the formation of Fe(II) complexes even in the 

presence of a Fe(III) source (i.e., FeCl3) and hypothesized the oxidation of a portion of the 

ligand (i.e., forming the tetrazolium cation) to produce the coordinating Fe(II).39, 47 Because 

the intracellular labile iron pool consists largely of ferrous species, this type of reactivity is 

not a concern for our intended application.

Synthesis and Properties of Tetrazolium Prochelators

The tetrazolium compounds (Fig. 3) were synthesized from the formazans by oxidation 

with N-bromosuccinimide (NBS) (Scheme S2, and Table S5). For structures featuring a 2-

hydroxyphenyl group, the oxidation was carried out on methoxyphenyl precursors (3a-OMe, 

4a-OMe, 5a-OMe, 7a-OMe, Scheme S2) to avoid unwanted oxidative reactivity at the 

phenolic position. A demethylation step in the presence of BBr3 then afforded 3b, 4b, 5b, 

and 7b (Scheme S2 and Table S5). All the tetrazolium compounds were isolated as bromide 

salts.

As expected for compounds featuring a positively charged tetrazolium core, no indication of 

iron binding was observed in buffered aqueous solutions in the presence of Fe(II) (Fig. S6). 

Given the ability of formazans 1a–5a to coordinate Fe(II) in aqueous media, tetrazolium 

cations 1b–5b could therefore serve as prochelators if reductively activated in cells.

The distribution coefficients (log Do/pH7.4, Table 1) of the tetrazolium compounds 

were determined experimentally to assess their lipophilicity at biologically relevant pH. 

The obtained values were generally close to zero, consistent with the amphiphilicity 

of the triaryltetrazolium scaffold.33 In this small cohort of rather similar cations, the 

hydroxyphenyl group rendered compounds more hydrophobic whereas the pyridyl group 

shifted values towards more negative hydrophilic values; however, all compounds were 

found to be well distributed between the organic and aqueous phases.

The reduction potentials (Ered) of all the tetrazolium salts were investigated by cyclic 

voltammetry in phosphate buffered saline solution (PBS, pH 7.4) using potassium 

ferricyanide as a reference (K3FeCN6, E0 0.430 V vs NHE).50 These salts present excellent 

solubility in aqueous media and 2 mM solutions were prepared for electrochemical testing. 

For each compound, the voltammogram shows an irreversible two-electron reduction at 

a potential that varies considerably depending on the identity of the aryl substituents on 

the tetrazolium core. As reported previously for aqueous tetrazolium solutions,51 the peaks 

are rather broad and encompass two one-electron reduction events as well the protonation 

of the resulting formazanate. Furthermore the disproportionation of the tetrazolinyl radical 

is a known component of tetrazolium reductions.52 In general, the recorded potentials 

(Table 1, Fig. S7) indicate that the reduction of tetrazolium cations can be easily tuned 

through synthetic modification and hence serve as an advantageous characteristic for the 

development of reductive prochelation strategies. As expected, electron-withdrawing N-Ar 

groups (e.g., thiazolyl, benzothiazolyl, pyridyl) shift the reduction anodically to more 
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positive potentials. The reduction of prochelators 2b and 4b, leading to the most promising 

chelators 2a and 4a, was also reproduced chemically in the presence of naturally occurring 

reductant ascorbate at pH 7.4 (Fig. S7).

The intracellular reduction of MTT occurs in multiple compartments, including the 

cytoplasm and mitochondria, and relies primarily on NADPH-dependent oxidoreductase 

enzymes; however, the involvement of other redox enzymes, different electron donors, and 

non-enzymatic reactivity is also possible.35 In this context, the recorded peak potentials 

of our tetrazolium compounds (Table 1, Fig. S7) were taken as simple indicators of 

their relative thermodynamic tendency to be reduced under similar conditions. MTT 

and benzothiazole analog 1b are reduced at easily accessible potentials. Conversely, the 

thermodynamically stable compounds 3b (Ep = −328 mV) and 5b (Ep = −380 mV) are 

significantly harder to reduce and, in the middle of our observed range, the reduction 

potentials of compounds 2b, 4b, 6b and 7b make them potentially well suited for release of 

the corresponding formazans in the intracellular environment.

The reduction kinetics of the tetrazolium cations were investigated by HPLC analysis in 

fetal bovine serum (FBS) (Table 1 and Fig. S8), which contains several biological reductants 

and is relevant to the utilization of these compounds as prochelators in mammalian cells. 

Benzothiazole analog 1b (Ep = 207 mV) undergoes the fastest reduction and has a half-life 

(t1/2) of 2 h, with only 2% remaining after 24 h. Thiazole-based MTT (Ep = 94 mV) is 

also reduced in serum, but its t1/2 is longer than 24 h and 58% remained after 24 h. The 

chromatograms (Fig. S50) confirm their reduction (producing 1a and MTF, respectively) 

in FBS as previously reported.37, 38 All the tetrazolium compounds with intermediate 

(2b, 4b, 6b and 7b) or lower (3b and 5b) reduction potentials in our series do not 

undergo reduction in FBS. These results are consistent with the electrochemically measured 

reduction potentials and indicate that compounds 2b-7b are stable in the extracellular milieu.

Antiproliferative Activity of Tetrazolium Prochelators

For our first tests of antiproliferative activities, we chose a panel of cancer cell lines 

of different origin (ovarian A2780, breast MDA-MB-231, colon Caco-2, and lung A549) 

because the importance of iron in cancer progression is well established in these cancer 

types.53-55 As a comparison, normal lung fibroblasts (MRC-5) were included in the panel. 

The optical absorption of all the activated formazans falls broadly in the visible range (400–

800 nm) overlapping with that of many colorimetric probes for viability assays. Therefore, 

we employed the emission-based resazurin assay, which monitors the reduction of the probe 

to brightly fluorescent resorufin. The IC50 values after 72-hour incubations are shown in 

Table 1.

DFX was employed as a control compound known to display antiproliferative activity due 

to iron deprivation.56 In addition, its structure, which features multiple aromatic rings, a 

triazole core, and phenolic metal-binding donors (Fig. 1a), is in part related to those of 

the tetrazolium and formazan compounds we are investigating. In general agreement with 

previous reports in various cell lines,57, 58 the IC50 values for DFX were in the (15–67 μM) 

range in the cancer cells and up to 220 μM in the normal fibroblasts, which are typically less 

susceptible to iron deprivation.
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MTT and 1b, which have limited stability in serum, present moderate antiproliferative 

activities in the tested cancer cells. Conversely, compounds 6b and 7b, which do not bind 

iron in aqueous solutions, show low activity throughout this cell panel. Compounds 3b and 

5b, which have the lowest reduction potentials, are also rather inactive in the tested cell lines 

(with most IC50 values above 200 μM).

Among the tetrazolium salts in our series, 2b and 4b present the most promising 

antiproliferative activities, with IC50 values ranging from 12 to 30 μM in the tested cancer 

cell lines and above 160 μM in normal cells. These amphiphilic compounds are reduced 

at accessible potentials, and the corresponding formazans promptly coordinate Fe(II). 

Interestingly, in spite of their limited solubility in aqueous solutions, formazans 2a and 

4a are antiproliferative at submicromolar levels in the tested cancer cells and below 30 μM 

in normal cells (Table S6). These lipophilic compounds, which do not require intracellular 

activation, possibly attain effective cellular uptake and iron sequestration. Extracellular 

metal binding and ionophore activity may also be involved. Although the mechanism of 

toxicity of formazans remains to be determined, the reduction of tetrazolium prochelators 

provides an effective strategy to deliver antiproliferative compounds to the intracellular 

environment. Optimization of the activation step is likely to produce prochelators of higher 

therapeutic indexes.

Effects on cell cycle, cell death and intracellular iron

The antiproliferative effects of iron chelators are often associated with cell cycle arrest 

and promotion of apoptosis.13 Because iron depletion affects multiple cell cycle regulators, 

including cyclins, cyclin-dependent kinases, and p53, the impact of chelators on cell cycle 

progression is complex but typically results in G1 or S arrest.59. For instance, DFX was 

found to elicit G1 or S arrest depending on cell line60 or concentration.61 In A2780 cells, we 

found that our lead tetrazolium compounds 2b and 4b elicited a significant increase in the 

cell population in the G1 phase after 24-h incubations (Figs. 5a, S9). In the same conditions, 

incubation with DFX caused S-phase arrest.

In tests of apoptosis following 48-h incubations, we observed a slight increase in the fraction 

of cells undergoing early apoptosis and a large increase of cells at the late apoptotic stage 

(Figs. 5b, S10). This effect was more prominent for 4b (i.e., 30% of cells in late apoptosis) 

compared to 2b (15%) and lower than that in the control DFX (42%).

Having confirmed cell cycle arrest at the G1 phase and induction of apoptosis, we sought 

to investigate more directly the ability of 2b and 4b to interfere with intracellular iron 

availability. In these experiments, besides the positive control DFX, the tetrazolium salt 6b 
was added as a negative control. This compound has a comparable reduction potential to 2b 
and 4b; however, its reduction product 6a does not bind Fe(II) in aqueous solutions (Figs. 

S1-S2 Table S2).

Changes of the cytosolic labile iron pool were monitored through the calcein assay, which 

detected iron coordination by 2a and 4a in vitro (Fig. S3). We used the acetoxymethyl 

precursor (calcein-AM) to deliver calcein to the cytosol, where it is partially quenched by 

paramagnetic iron ions.62 After 24-h incubations in A2780 cells, DFX and prochelators 
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2b and 4b liberate a fraction of iron-bound calcein and increase fluorescence by ~54%, 

~37% and ~68%, respectively (Fig. 6a). In contrast, negative control 6b did not elicit a 

fluorescence change. The emission increased with longer incubation times (i.e., 1h, 3h, 

and 24h) for DFX and 2b, but was saturated within 1 h when incubating with 4b. This 

observation suggests a faster cellular uptake and/or activation of this cationic species, which 

has a higher distribution coefficient and more accessible reduction potential relative to the 

2b analog (Table 1). In MRC-5 cells, only DFX led to increased fluorescence (by ~34% at 

24 h, Fig. 6b) whereas prochelators 2b and 4b did not show evidence of iron binding in the 

same conditions, likely indicating a lower extent of activation in the normal fibroblasts.

To confirm directly the formation of the complexes in A2780 cells, we analyzed cell lysates 

through uHPLC-HRMS: following 48-h incubations with prochelators 2b and 4b (40 μM), 

the intact tetrazolium compounds were detected along with formazans 2a and 4a and the 

corresponding iron complexes of 2:1 ligand-to-metal stoichiometry (Fig. S11). Although the 

detection of the intact prochelators indicates only partial activation, we sought to determine 

the effects of the produced formazans on intracellular iron availability.

Probing the ability of tetrazolium prochelators 2b and 4b to impact iron signaling, we 

investigated the expression levels of two critical handlers of biological iron: transferrin 

receptor 1 (TfR1) and ferritin (Fig. 7). TfR1 is the transmembrane protein responsible for 

the uptake of iron-import protein transferrin, whereas ferritin is the primary iron-storage 

protein in the cytosol. We assessed by Western blot analysis the expression of TfR1 and of 

ferritin heavy chain (i.e., ferritin H), one of the subunits of the globular ferritin complex. 

Both proteins are post-transcriptionally regulated by iron regulatory proteins (IRPs), and it 

is well established that intracellular iron deficiency causes an increase of TfR1 expression 

concurrent with the degradation of ferritin.63 This effect was confirmed upon incubation 

with iron chelator DFX; conversely, iron supplementation of the growth media with ferric 

ammonium citrate (FAC) caused a decrease of TfR1 and an increase of ferritin H levels 

as expected in the presence of abundant iron. In the same incubation conditions (40 μM, 

24 h), 2b and 4b led to increased TfR1 expression but decreased ferritin H levels in 

A2780 cancer cells, consistent with a perturbation of intracellular iron availability (Fig. 

7a). In normal MRC-5 cells, however, the effects were weaker: 4b had an impact only on 

ferritin H, whereas 2b did not affect significantly either expression level (Fig. 7b). Notably, 

both controls DFX and FAC maintained similar effects, albeit less pronounced within the 

generally lower expression levels of both TfR1 and ferritin H in the normal fibroblasts. 

Lastly, tetrazolium 6b did not significantly alter the expression of iron handlers when 

compared to the untreated control in both cancer and normal cells.

Overall, the effects of compounds 2b and 4b on intracellular iron in A2780 cancer cells 

(Figs. 6a and 7a) are consistent with a prochelation mechanism involving (i) reduction/

activation of the tetrazolium species and (ii) iron sequestration by the resulting formazan 

chelators. In addition, the intracellular calcein assays and immunoblotting experiments 

indicated that the tetrazolium prochelators are less potent in normal cells (Figs. 6b and 

7b), consistent with less effective activation in the less reducing environment of normal 

fibroblasts.
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We then examined the role of iron availability in the cytotoxicity of the tetrazolium 

prochelators 2b and 4b. Specifically, we employed fixable viability dyes (i.e., LIVE/DEAD 

kit) to determine the fraction of dead cells by flow cytometry after treatment with the test 

compounds (40 μM, 48 h) in the presence or absence of iron supplementation. We found 

that A2780 cells exposed to DFX, 2b and 4b could be rescued by iron supplementation 

through co-incubation with FAC (50 μM) or human holo-transferrin (holo-Tf, 50 μM) (Figs. 

8 and S12). For instance, the percentage of dead cells after incubation with 4b went from 

12% to 2.4% or 6.2% in the presence of FAC or holo-Tf, respectively. The effect was more 

pronounced for DFX, possibly reflecting the fact that this chelator can be inactivated by 

iron binding before cellular uptake whereas the tetrazolium prochelators require intracellular 

reduction prior to iron binding. Even so, an increase of intracellular iron levels was found 

to decrease significantly the percentage of dead cells upon treatment with 2a and 4b. In 

contrast, the negative control 6b did not present cytotoxicity and no changes were observed 

upon iron supplementation. Collectively, these iron-rescue experiments indicate that the 

cytotoxicity of tetrazolium compounds 2b and 4b is associated at least in part to iron 

deprivation and is therefore consistent with the prochelation design strategy.

Conclusions

We have designed a prochelation strategy inspired by the intracellular reduction of 

tetrazolium ions in cellular viability assays. The approach takes advantage of the cellular 

uptake of triaryltetrazolium cations and their intracellular reduction to release formazan 

species, which are well-established ligands for transition metals. Unlike DFX and other 

conventional chelators, the cationic tetrazolium compounds are unable to bind metals prior 

to intracellular activation and are therefore poised to avoid systemic metal chelation and 

related off-target effects in therapeutic applications.

Through the synthesis and characterization of a series of tetrazolium and formazan 

compounds, we identified two tetrazolium-based prochelators (i.e., 2b and 4b) featuring 

a metal-binding N-pyridyl group. The corresponding formazan compounds behave as 

tridentate monoanionic ligands in the formation of low-spin Fe(II) complexes of 2:1 ligand-

to-metal stoichiometry. Prochelators 2b and 4b are stable in serum, but susceptible to 

intracellular reduction. Their antiproliferative activities are in the micromolar range (i.e., 

IC50 12-30 μM, 72 h) in a panel of four cancer cell lines, whereas non-malignant fibroblasts 

are significantly less affected in the same conditions (i.e., IC50 >160 μM, 72 h). In A2780 

ovarian carcinoma cells, we found that 2b and 4b alter cell cycle progression, induce 

apoptosis, and interfere with iron availability, thereby impacting the expression of key 

iron handlers (i.e., TfR1 and ferritin). Consistent with antiproliferative activities due (at 

least in part) to iron deprivation, cells exposed to these prochelators are rescued by iron 

supplementation.

In summary, we have demonstrated a new prochelation approach that relies on the reductive 

activation of tetrazolium cations to form metal-binding formazan species upon cellular 

uptake. Because of the optical absorption of formazans in the near-infrared region (600-800 

nm), this prochelation approach could be combined with metal sensing via photoacoustic 

methods in biological settings.64 This new class of prochelators could be employed in 
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a variety of drug discovery and/or bioimaging efforts targeting the multifaceted role of 

transition metals in human health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Iron binding in medicine: a) Selected iron chelators evaluated as anticancer agents in clinical 

trials; b) General prochelation strategy; and c) Example of disulfide-based prochelator 

activated by intracellular reduction.
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Figure 2. 
A prochelation strategy inspired by the chemistry of tetrazolium cations: a) Bioreduction 

of the MTT reagent employed to assess the viability of eukaryotic cells; b) Schematic of 

the activation of a triaryltetrazolium prochelator to release a formazan ligand carrying a 

metal-binding donor.
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Figure 3. 
Structures of the formazan and tetrazolium scaffolds investigated in this study.
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Figure 4. 
Crystal structures of Fe(MTF–H)2, Fe(2a–H)2, and Fe(4a–H)2 showing a partial atom 

labeling scheme. Thermal ellipsoids are scaled to the 50% probability level. In each 

complex, one of the ligands is shown as capped sticks, and carbon-bound hydrogen atoms 

are omitted for clarity (CCDC, Fe(MTF–H)2 2217720, Fe(2a–H)2 2217721 and Fe(4a–H)2 

2217722).
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Figure 5. 
Effects of prochelators 2b and 4b on cell cycle and cell death as assessed by flow cytometry 

in A2780 ovarian cancer cells. (a) Cell cycle distribution after treatment with the test 

compounds (40 μM) for 24 h; (b) Apoptotic cell death after incubation with the test 

compounds (40 μM) for 48 h. Experiments were conducted in triplicate and the values 

shown are mean ± standard deviation. All T-tests relative to vehicle only (DMSO): ** p < 

0.01, *** p <0.001, **** p < 0.0001.
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Figure 6. 
Relative extent of intracellular iron binding assessed through the calcein assay after 

incubation with the test compounds (40 μM) in A2780 ovarian cancer cells (a) and MRC-5 

normal lung fibroblasts (b). Experiments in triplicate shown as mean ± standard deviation. 

All T-tests relative to vehicle only (DMSO): * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 7. 
Effects of the prochelators on the expression of transferrin receptor 1 (TfR1) and ferritin 

heavy chain (ferritin H): Western blot analysis (n=4) and representative gel images after 

treatment with test compounds for 24 h in A2780 cancer cells (a) and normal MRC-5 cells 

(b). β-Actin was used as a loading control. All T-tests relative to vehicle only (DMSO): * p 

< 0.05, ** p < 0.01.
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Figure 8. 
Effects of iron supplementation on toxicity in A2780 cells. The percentage of dead cells 

was determined using the LIVE/DEAD kit as measured by flow cytometry. Quantification 

of dead cells after treatment with test compounds (40 μM, 48 h) in the presence or absence 

of (a) ferric ammonium citrate (FAC, 50 μM) or (b) holo-transferrin (holo-Tf, 50 μM). 

Experiments in triplicate and values shown as mean ± standard deviation. T-tests relative to 

sample without iron supplementation: ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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