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A series of six osmium(ll) complexes of the type [(n®-p-
cymene)Os(CAN)X] (X = chlorido or acetato) containing
benzimidazole CAN ligands with an ester group as a handle for
further functionalization have been synthesized. They exhibit ICs
values in the low micromolar range in a panel of cisplatin
(CDDP)-resistant cancer cells (approximately 10x more cytotoxic
than CDDP in MCF-7), decrease levels of intracellular ROS and
reduce NAD* coenzyme, and inhibit tubulin polymerization. This
discovery could open the door to a new large family of osmium(ll)-
based bioconjugates with diverse modes of action.

Mechanistically, CDDP and carboplatin exert their
anticancer activity through formation of platinum-DNA
adducts, interfering with transcription, DNA replication and
mitosis and thus leading to cell death.! However, due to issues
of resistance and toxicity the development of new cancer
treatments is crucial. In this way, an impressive amount of
metal complexes has been explored as chemotherapeutic
agents.? Thus the ruthenium(lll) complex NKP-1339
undergoing clinical trials for cancer treatment,3? and Ru'(n®-
arene) complexes, which have been investigated for their
tunability and novel modes of action.?®* However, the 5d
metal ion Os(ll), the heavier congener of Ru(ll), has received
comparatively less attention as a chemotherapeutic agent,*
and its clinical applicability for cancer treatment remains to be
determined. The mechanism of action of osmium(ll)-based
anticancer agents in vitro often involves cell-cycle progression
blockage and the induction of apoptosis through the
generation of reactive oxygen species (ROS).°> Interestingly,
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organometallic compounds can exhibit a distinctive ability to
modulate the level of intracellular ROS, which are key
signalling molecules within cancer cells associated with tight
redox regulation and tumor progression.® While several
metallodrugs have been described as ROS-generating agents
that cause oxidative stress,>’ some examples of reduction of
ROS have also been reported.®1° In fact, abrogating ROS
signalling has been established as an effective strategy to
inhibit cancer cell proliferation.'!

We recently reported a series of half-sandwich “piano-
stool” C,N-cyclometalated ruthenium(ll) anticancer complexes
bearing the benzimidazole pharmacophore with promising
biologically activity,’> and an octahedral benzimidazole
iridium(lll) conjugate to tumor-targeting vectors based on
octreotide peptide.’> Accordingly, in continued efforts of
developing novel, better metallodrugs, here we disclose a
series of organometallic osmium(ll) complexes of the type [(n®-
p-cymene)Os(CAN)X] (Fig. 1A) containing a 2-arylbenzimidazole
CAN ligand which incorporates an ester group for further
functionalization. They were synthesized using the generalized
procedure shown in Fig. 1A. The corresponding benzimidazole
ligand was treated with p-cymene osmium(ll) dimer [(p-
cymene)OsCl;], and sodium acetate to obtain the
corresponding osmium complex (1-6) in moderate to good
yield (47-68%), isolated as chlorido or acetato derivatives
depending, probably, on the solubility of the monomer. The
structures of the 1-6 were confirmed by 'H and 3C NMR, IR
(Fig. S1-S15 in the ESIT) and ESI-MS spectrometry, elemental
analysis and X-ray crystallography (for 1 and 6).

In the 'H NMR spectra of 1-6 the disappearance of one
aromatic proton of the 2-arylbenzimidazole ligand was
observed, and the arene protons of p-cymene exhibited four
non-equivalent doublets. The presence for 5 and 6 of a singlet
at 1.60 ppm was assigned to the methyl group of the acetato
ligand. The positive ion ESI-MS spectra displayed the [M - CI]*
(for 1-4) or [M - OAc]* (for 5 and 6) peaks in methanolic
solution with the expected isotopic distribution pattern.

The molecular structures of 1 and 6 are shown in Fig. 1B.
Crystallographic data are listed in Table S4 for 1 and Table S5
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Table 1 ICso (uM) for 1-6 and CDDP after 48 h.? Resistance Factors are given in parentheses.

Complex A2780 A2780cisR (RF) MCF7 518A2 HCT116™t HCT116!/- EA.hy926 BGM
1 3.6£0.7 3.4+0.1(0.9) 44101 6.1+04 45+0.1 5.5+0.6 57402 14.2£0.5
2 2.0+£02 1.8+0.1(0.9) 3701 48%03 3.810.4 3603 49106 9.8+0.7
3 1.9+0.1 1.89+0.09 (1.0) 42+0.1 4.8+0.7 3.8+0.2 4.6+0.6 4.9+0.2 11+1
4 2505 3.0+0.5(1.2) 49+01 41%05 49+0.2 38101 3.610.2 76102
5 2.0£0.1 3.7£0.2(1.9) 3.1£0.2 6.9%2.3 8.8£0.8 6.910.8 9.0£1.0 7.6£0.2
6 0.98 + 0.03 1.0£0.1(1.0) 0.76:0.03 31406 23402 29401 31401 17+01

CDDP 1.5+0.2 44 + 4 (30.6) 47+3 27402 10.3£0.2 18.0+1.8 5740.2 9.8+0.4

2 Cell viability was determined by the MTT assay after 48 h treatment and ICso values were calculated as described in the Experimental Section. Each

value represents the mean+SD of three independent experiments. Resistance factors are given in parentheses.
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Fig. 1 Synthesis of complexes 1-6 (A). Molecular structures (B) with atom numbering
schemes for 1 and 6 are shown with thermal ellipsoids at 50% probability level.

for 6 (ESIT). The osmium centers in 1 and 6 adopt a half-sandwich
“three-leg piano-stool” geometry. The selected bond lengths and
angles of 1 and 6 are listed in Table S6 for 1 and Table S7 for 6
(ESIT). The Os—chlorido bond length for 1 was found to be 2.4164
(9) A, a typical value for organometallic Os complexes.’ The Os—
arene distance for 1 was larger than in 6 (1.714(1) and 1.680(1) A,
respectively). C---H and H--H close intermolecular contacts were the
most important non-covalent intermolecular interactions for the
packing of these complexes (see Fig. S32-534, and Table S8 in the
ESIt). There are no significant 1+ 1 interactions.’ Hydrolysis of the
Os-X bond (X= Cl or OAc) is relatively rapid in MeOD-d4/D,0
mixtures as observed by 'H NMR (Fig. S16 and S17). Partial
reversibility of the hydrolysis of 4 was observed when NaCl (4 mM)
was added to the MeOD-d4/D,0 solution (Fig. S16D). The HPLC
chromatogram (Fig. S18) of 2 in RPMI culture medium (which
contains a high concentration of salts) remains unaltered after 24 h,
the ESI-MS spectrum displaying the [M - CI]* peaks.

The antiproliferative activities of the six
compounds containing a butyl group attached to the
benzimidazole CAN ligand and a handle for functionalization
were evaluated in a panel of human cancer cell lines, including
cells of the epithelial ovarian carcinoma A2780, CDDP-resistant

osmium
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ovarian cancer A2780cisR, breast cancer MCF7, 518A2
melanoma, colon carcinoma HCCT116"' (wildtype), colon
carcinoma HCCT1167- (p53 knock-out mutant), and also in the
non-tumorigenic human endothelial hybrid cells EA.hy926 and
the Buffalo green monkey cells BGM. For comparison, CDDP
cytotoxicity was also evaluated. All Os compounds exhibited
high antiproliferative activities against the studied cancer cell
lines with ICso values in the low micromolar range (see Table 1)
and they were able to overcome the acquired resistance to
CDDP in the A2780cisR cell line (Table 1). Their resistance
factors (RFs) were much lower than that of CDDP (values
below 2 vs 30),° suggesting that their mode of action is
different from that of CDDP. On the other hand, a slight
reduction of the anticancer activity towards the multidrug
resistant MCF-7, the highly metastatic 518A2 and HCT116"t in
respect to A2780 was observed. It is worth noting that 1-6
proved markedly more cytotoxic than CDDP (>40 uM) in MCF-7
(10-60-fold) which is inherently resistant to CDDP. Likewise, of
interest are the similar ICso values obtained in both wildtype
HCCT116"t and p53 knock-out HCT1167 colon carcinoma cells,
which suggests that molecular mechanisms underlying cell
death induction by the Os complexes might be
p53-independent. In addition to this, the in Vvitro
antiproliferative activity was evaluated against the non-
tumorigenic EA.hy926 and BGM cell lines to determine the
differential selectivity for tumor cells. The toxicity of the
complexes was found to be comparable to that of CDDP with a
slightly higher cytotoxicity against cancer cells. Overall, 2 and 3
were the most potent agents with the higher selectivity factor
(SF) values in all tested cancer cell lines (Tables S1 and S2 in
the ESIT). Cellular concentrations of metals in A2780 cells
having been exposed to 2, 3 or CDDP for 24 h were
determined by ICP-MS in order to investigate the relationship
between cellular uptake and cytotoxicity. The results (Fig. S28)
indicate that cellular uptake of both 2 and 3 is similar and
10-fold higher than that of Pt. In addition, the amount of
osmium bound to DNA in A2780 cells (as measured by ICP-MS)
was below 1 pg Os/ug DNA, suggesting that DNA is not likely to
be the main target of the present complexes (Table S3 in
ESIT).1® The ability of 2 and 3 to induce apoptosis in A2780 cells
was also evaluated. As shown in Fig. 2A, complexes 2 and 3
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considerably increased the percentage of early apoptotic cells
(Annexin V*/PI) following 48 h treatment with respect to
controls whereas the necrotic population (Annexin V-/PI)
shows no significant increase. In contrast, the most cytotoxic
complex 6 (Fig. S22 in ESIT) contributed to necrotic cell death
rather than apoptosis induction, which could explain its lack of
selectivity for cancer cells.

Then we explored the ability of the osmium complexes to
intervene in reduction of  nicotinamide adenine
nucleotide (NAD*) to NADH as this redox pair is involved in
relevant redox signalling pathways within cells.’> The catalytic
formation of NADH was monitored by UV-Vis measuring the
UV absorption of NADH at 339 nm (Fig. S19-S21 in ESIt). For
both complexes 2 and 3 an increase in intensity of the NADH
absorption was observed. The turnover frequency reached a
maximum of 9 and 10 at 4 h for 2 and 3, respectively.

Next, we investigated the intracellular ROS levels after
treatment of A2780 cells with Os complexes, detected using
2'7’-dichlorodihydrofluorescein diacetate (DCFH-DA) staining.
DCFH-DA is converted to the fluorescent product
2’,7’-dichlorofluorescein (DCF) by ROS. As shown in Fig. 2B, the
DCF fluorescence intensity underwent a dose-dependent
decrease upon treatment with 2 and 3 when compared to
CDDP at 24 h. In addition to this, levels of ROS were monitored
by a DCFH-DA assay corroborating the antioxidant properties
of 2, which induced a reduction of ROS of up to 20% in 2 h (Fig.
S25 and S26 in ESIT). ROS are not by-products of cellular
metabolism but rather key signalling molecules intervening in
cancer  proliferation  pathways.''  Although  several
organometallic compounds have been described as generators
of ROS,>” other complexes are known to induce cell death by
reductive stress.®1%17 In this study, we showed that the
addition of 2 or 3 caused a decrease of the ROS level below the
threshold that cancer cells require for survival probably due to
disruption of multiple intracellular redox reactions. On the
other hand, mitochondrial membrane potential (MMP)
disruption is involved in the mode of action of numerous
organometallic anticancer compounds.’®!81° The treatment of
A2780 cells with 2 or 3 did not lead to a significant reduction of
fluorescence of the MMP integrity indicator, Rhodamine-123
dye, compared to untreated controls (Fig. S23 and S24 in ESIT).
To further characterize the cytotoxic effect of our Os
complexes, A2780 cells were treated with 2, 3 or CDDP for 24
h and analyzed by flow cytometry using propidium iodide
staining. CDDP induces cell cycle arrests at S and G, phases
according to previous reports.”? However, the modulation of
the cell cycle of A2780 cells upon treatment with 2 or 3
differed from that of cells treated with CDDP (Fig. 2C). In fact,
2 and 3 caused a dose-dependent Go/G; arrest with minor
effects on S or G,/M phases. These results indicate an
activation of cell cycle blockage in response to cellular
oxidative status imbalance as G; arrest has been associated
with low ROS levels.?°

The lack of MMP disturbance and the induced decrease in
ROS levels upon cell treatment ruled out ROS-mediated
mitochondrial dysfunction as a trigger for cell death. However,
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Fig. 2 Apoptosis inducing effects of 2 and 3 after 48 h treatment of A2780 cells at final
equitoxic concentrations determined by flow cytometry (A). ROS levels induced by 2
and 3 after 24 h (B). Cell cycle analysis of A2780 cells treated with 2, 3 or CDDP for 24 h
(C). Experiments were performed in triplicate, *p < 0.05, **p <0.01, two-tailed
Student's t-test.

flow cytometry experiments confirmed apoptosis and cell cycle
arrest as the mechanism of cell death induction. Rather, the
ability of 2 and 3 to effectively participate in reduction of NAD*
to NADH together with the depletion of intracellular ROS levels
indicated a shift in the intracellular redox balance toward a
reductive where several metabolic
reactions could be impaired, thus causing a selective arrest in
progression from Go/G; to S phase which probably triggered
the apoptotic program. Moreover, 2 and 3 inhibited the in
vitro tubulin polymerization (Fig. 3). Both tested compounds
reduced the polymerization rate of the tubulin as well as the

stress environment

maximum OD340 after 90 minutes of incubation in comparison
to the control with the solvent, though none of the complexes
were able to reach the activity of colchicine at this
concentration.

In conclusion, a series of C,N-cyclometalated osmium arene
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Fig. 3 Effects on the in vitro tubulin polymerization by 10 uM of 2, 3 and colchicine as
control, determined by OD measurement at 340 nm over 90 minutes at 37 °C.

complexes [(n®-p-cymene)Os(CAN)X] (X = chlorido or acetato)
containing benzimidazole CAN ligands with an ester group as a
handle for further functionalization has been prepared with
high antiproliferative activities against various cancer cell lines
including CDDP-resistant cancer cells. Further biological
studies showed that complexes 2 and 3 exhibited antioxidative
properties by decreasing levels of intracellular ROS and
reducing NAD* coenzyme, and that they disturbed the cell
cycle progression at the Go/G; phase and caused apoptotic
cell death in a p53-independent mode of action. These
preliminary results could open the door to a new large family
of Os(ll)-based bioconjugates with diverse and simultaneous
functions through an amide (or ester) bond formation with the
uncoordinated carboxyl group easily obtainable by hydrolysis.
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