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Cytotoxicity, Hydrophobicity, Uptake, and Distribution of Osmium(II) Anticancer Complexes

in Ovarian Cancer Cells
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The cytotoxicity, hydrophobicity (log P), cellular uptake, aqueous reactivity, and extent of DNA adduct
formation in the A2780 ovarian carcinoma cells for four osmium(II) arene complexes [(17°-arene)Os-
(4-methyl-picolinate)Cl] that differ only in their arene ligands as benzene (1), p-cymene (2), biphenyl (3),
or tetrahydroanthracene (4) are reported. There is a correlation between hydrophobicity (log P), cellular
uptake, nucleus uptake, and cytotoxicity of the complexes, following the order 3 ~ 4 >2>1, suggesting
that the arene plays an important role in the biological activity of these types of compounds. Cell
distribution studies using fractionation showed that all four compounds distribute similarly within cells.
DNA binding of osmium did not correlate with cytotoxicity, indicating that the nature of the DNA
lesion may also be crucial to activity. TEM images of ovarian cells treated with 3 revealed morphological
changes associated with apoptosis with possible involvement of mitochondria.

Introduction

Anticancer agents usually exert their therapeutic effect by
their interaction with intracellular targets. However, the
limited penetration of cytotoxic drugs into tumors is believed
to be a major contributing factor to the frequent failure of
chemotherapy to completely eradicate tumors in the clinic.!
For example, in mice, the anticancer drug doxorubicin
only diffuses 40—100 um from blood vessels and shows
limited penetration into the solid tumors.> The metal-based
chemotherapeutic cisplatin is taken up into cells via active
transport involving the copper transporter CTR1.>* Unfor-
tunately, cisplatin is also exported out of the cell via active
transport involving multidrug-resistant proteins (MRP2 and
possibly MRP3), as well as the copper transporters (ATP7B
and possibly ATP7A).>® Reduced uptake resulting from
either increased efflux or reduced influx contributes toward
acquired resistance of tumors with cisplatin.”~? An effective
anticancer drug must reach all of the viable cells in a tumor
and be retained in sufficient concentrations and on a relevant
time scale to inhibit its intracellular target and initiate cell
death.

Anticancer drugs based on other transition metals may
address the problems associated with the platinum cytotoxics
currently used in the clinic. A number of metal-based com-
pounds with promising antiproliferative activity toward a
wide range of tumors with novel mechanisms of action have
recently been described.'®”'® The anticancer potential of the
third-row transition metal osmium has only recently been
explored. Osmium complexes have a reputation for being
either toxic (OsQy) or substitution-inert (many Os" and Os""
complexes), perhaps explaining why their therapeutic poten-
tial has been little investigated. Encouragingly, certain classes
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of organometallic Os" arene complexes appear to have pro-
mising in vitro cancer cell activity and their aqueous reactivity
appears to be tunable.!” % In addition, some of these osmium
complexes are non-cross-resistant with cisplatin toward can-
cer cells,’®?? suggesting that they have a different mechanism
of action and show potential for addressing the problem of
intrinsic or acquired resistance in chemotherapy.

Here we have studied four osmium(II) arene complexes
[(n%-arene)Os(4-methyl-picolinate)Cl] that differ only in
their #7°-coordinated arene ligand: benzene (1), p-cymene (2),
biphenyl (3), and tetrahydroanthracene (4) (Figure 1). We
have sought to correlate their differences in aqueous reactivity
and hydrophobicity with their cytotoxicity, cellular uptake,
DNA binding, and osmium distribution in cell fractions. In
addition, a TEM“ imaging study on complex 3 allowed
observation of the distribution of osmium in ovarian cancer
cells and provided insight into potential intracellular targets.
This report is the first detailed study of cell uptake of anti-
cancer Os' arene complexes and reveals the importance of
mitochondria as possible targets.

Results

Synthesis and Characterization. Osmium arene com-
pounds 1—4 were prepared via their respective Cl-bridged
dimers, [(nG-arene)OsClz]z, where arene = benzene (bz),
p-cymene (p-cym), biphenyl (bip), and tetrahydroanthracene
(THA), using previously reported methods.?*** The com-
pounds were purified by crystallization from methanol and
characterized by "H NMR spectroscopy, ESI-MS, and ele-
mental analysis (see Supporting Information for details).

“Abbreviations: TEM, transmission electron microscopy; ESI-MS,
electrospray ionization mass spectrometry; 1Csg, half-maximum inhibi-
tory concentration; ICP-MS, inductively coupled plasma mass spectro-
metry.

© 2009 American Chemical Society
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Figure 1. Chemical structures of the organometallic osmium(II)
arene complexes studied in this work.

Table 1. In Vitro Growth Inhibition of A2780 Cells for Compounds
1—4 and Cisplatin (CDDP) as Control

compd ICs (uM)*
1 327+0.8
2 7.6 £0.3

3 3.20

4 4.54+0.1
CDDP 2.240.1

“ Drug-treatment period was 24 h. Each value represents the mean +
SD for three independent experiments. ” From ref 20.

In Vitro Growth Inhibition. All four complexes 1,2, 3, and 4
(Figure 1) exhibit activity in the A2780 ovarian cancer cell
line with ICs, values of 3—33 uM (Table 1). The ICs, value
for complex 3 is from our recent report (ICso=3.2 uM, under
the same conditions).?® Potency follows the order 4 ~ 3 >
2> 1. The least active is the benzene complex. The extended
arene derivatives have ICs, values of 3—7 uM, compar-
able to that of drug carboplatin using a similar protocol
(IC50= 6 uM).

Hydrophobicity (log P). To assess a possible correlation
between the biological activity and hydrophobicity of the
osmium arene complexes, the partition coefficients (log P)
in an octanol—water system were determined (Figure 2).
Doubly distilled water containing 300 mM sodium chloride
was used in order to suppress hydrolysis of the compounds,
ensuring the determination of the log P of the chlorido
complexes. The log P values increase in the order 1 <2<
4 < 3with —0.51 £0.12 for 1,0.22 £ 0.04 for 2,0.71 £ 0.22
for 4, and 0.86 4+ 0.02 for 3. These log P values are as
expected; hydrophobicity increases with increasing size of
the arene ligand. However, the two-ring system, bip, showed
a slightly higher log P value than the three-ring system, with
THA as the arene ligand. Only complex 1, containing the
benzene arene ligand, has a negative log P value (partitions
preferentially into water, Figure 2).

Aqueous Reactivity. One possible route for in vivo activa-
tion of complexes of the type [(7°-arene)M(XY)CI], where
M is Os" or Ru', and XY is a chelating ligand, in-
volves aquation (replacement of Cl by H,0), since Os—OH,
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Figure 2. Thelog P values for complexes 1—4. Results are the mean
of six independent experiments and are expressed as mean £ SD.

Table 2. Hydrolysis Data for Compounds 1—4

compd K, hte ti, h
1 1.63 +0.14 0.42 4 0.04
2 1.80 +0.16 0.39 & 0.04
3 0.71 £0.01° 0.98 + 0.02°
4 1.36 £0.17 0.51 +0.07

“k’ is the pseudo-first-order rate constant determined for hydrolysis
of 0.8 mM 1—4 in deionized water at 288 K by "H NMR.  From ref 20.

bonds are often more reactive than Os—Cl bonds. This may
be the rate-limiting step in reactions with targets such as
DNA.*

To investigate the aqueous reactivity of these complexes,
the rates of hydrolysis of compounds 1, 2, and 4 in a 5%
MeOD-d4/95% D,O were monitored by 'H NMR at 288 K
by the observation of new peaks over time due to aqua
adduct formation. The half-life of compound 3 has recently
been reported to be 7, = 0.98 & 0.02 h under the same
conditions.?® The percentage of aqua peak formation for 1,
2, and 4 was plotted against time and was fitted to pseudo-
first-order kinetics (Figure S1), and their half-lives were
calculated (Table 2). Compounds 1, 2, and 4 hydrolyzed
with half-lives ranging from 0.39 to 0.51 h. The extent of
hydrolysis at equilibrium was 100% for 1, 80% for 2, and
60% for 4 (Figure S1) and was previously reported to be 96%
for 3.%° The hydrolysis rate determined for compound 1 is a
true pseudo-first-order rate since complete hydrolysis was
observed, while for the other compounds the rate represents
the pseudo-first-order rate for the approach to equilibrium
since hydrolysis was incomplete.

The effects of chloride concentrations typical of those of
blood plasma (100 mM), cell cytoplasm (22.7 mM), and cell
nucleus (4 mM) on the aqueous equilibrium of compounds 1,
2, and 4 were investigated. '"H NMR spectra of the com-
pounds (I mM) were recorded after enough time had been
left for equilibration (at least four times their respective
half-lives). These same experiments have previously been
reported for compound 3.7

Compound 1 was present 100% as its aqua species at 4
mM and 22.7 mM NacCl concentrations; at 100 mM NaCl,
47% was present as the aqua adduct. For compounds 2, 3,
and 4, at the low NaCl concentration of 4 mM, 56% (2), 81%
(3), and 67% (4) were hydrolyzed, at 22.7 mM NaCl,
44% (2), 53% (3), and 50% (4) were hydrolyzed, and at
100 mM NacCl, 2% (2), 20% (3), and 0% (4) were hydrolyzed
(Table 3); i.e., hydrolysis is likely to be almost completely
suppressed for complexes 2, 3, and 4 in extracellular media.
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Table 3. Percentage of Aqua Adduct Formation in an Equilibrated
Solution of 1 mM 1—4 in D,0O at Chloride Levels Typical of Blood
Plasma (100 mM), Cell Cytoplasm (22.7 mM), and Cell Nucleus (4 mM)

% aqua adduct

compd 4 mM NacCl 22.7mM NacCl 100 mM NacCl
1 100 100 47

2 56 44 2

3 81¢ 53¢ 20¢

4 67 50 0

“From ref 20.

Table 4. Cellular and DNA Osmium Concentrations in A2780 Ovarian
Cells?

cellular uptake DNA binding
(pmol Os/10° cells) (pmol Os/10° cells)
Os complex mean SD mean SD
1 26.2 33 0.9 0.2
2 59.2 13.4 0.6 0.3
3 94.1 8.2 1.3 0.3
4 99.1 9.3 49 0.9

“Drug-treatment period was 24 h with 5 uM Os arene complexes.
Each value represents the mean & SD for six independent experiments.
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Figure 3. Osmium concentrations determined in A2780 cells after
24 h of exposure to 5 uM complexes 1—4 in (A) whole cells and (B)
isolated DNA. Results are the mean of six independent samples and
are expressed as mean + SD.

Uptake into A2780 Cells. The uptake of compounds 1—4
by the A2780 ovarian cancer cell line was studied to investi-
gate a possible relationship between the cellular uptake,
hydrophobicity, and in vitro cytotoxicity of the complexes.
Both cellular and DNA osmium concentrations were deter-
mined after 24 h of exposure to the complexes at 5 uM, which
isan average of the ICs values of complexes 2—4. The results
are summarized in Table 4 and Figure 3A. The highest
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Figure 4. Cellular osmium concentrations determined in A2780
cells after exposure to 5 uM complex 3 for 24 h followed by 24 h
in drug-free medium. Results are the mean of three independent
experiments and are expressed as mean + SD.

intracellular levels of osmium were observed after exposure
to complexes 4 (99 + 9 pmol Os/10° cells) and 3 (94 + 8 pmol
0s/10° cells), followed by complexes 2 and 1, with levels of
59 + 13 pmol Os/10° cells and 26 & 3 pmol Os/10° cells,
respectively.

For complex 3, the cellular uptake after 24 h of exposure
followed by a 24 h recovery period in drug-free medium was
determined (Figure 4). At the end of the 24 h drug exposure,
the cellular uptake was consistent with previous experiments.
One day after the drug removal, the amount of osmium taken
up by the cells had decreased by about 55% (from 90 £ 7
pmol Os/10° cells to 40 + 4 pmol Os/10° cells, Figure 4).

The cellular uptake in A2780 cells for complex 3 as a
function of time (r = 1, 2, 4, 8, 12, 24, and 48 h) was
investigated (Figure 5). The maximum cell uptake was
reached after 12 h of exposure (97 & 5 pmol Os/10° cells).
After 24 and 48 h of exposure to 3, the amount of osmium
decreased to 86 + 12 pmol Os/10° cells and 71 + 10 pmol Os/
10° cells, respectively (Figure 5A). For the first 8 h of
exposure to 3, the cell count was still increasing. However,
after 12 and 24 h of exposure, the cell count decreased and
after 48 h about 80% fewer cells were counted compared to
those present after 12 h of exposure (Figure 5B).

DNA Adduct Formation. As for chemotherapeutic cis-
platin, DNA is believed to be the main target for this type
of osmium arene complexes.”® For this reason, DNA from
A2780 cells was isolated and the levels of osmium on DNA
were determined. The concentrations of osmium on the
DNA follow a trend different from that observed for cellular
uptake. Compound 4 shows the highest level of osmium on
DNA (4.9 + 0.9 pmol Os/10° cells) followed by compounds
3,1,and 2 (1.3 £ 0.3,0.9 £ 0.2, and 0.6 + 0.3 pmol Os/lO6
cells, respectively) (Figure 3B). These values correspond
to 1.0—4.9% of osmium—DNA adduct formation compared
to the total amount of osmium that was taken up by the
whole cell (i.e., 4.9% for 4, 1.4% for 3, 3.4% for 1, and 1.0%
for 2).

Distribution of Osmium in Cell Fractions. The osmium
content in nuclei, cytosol, and membrane fractions isolated
from A2780 cells after 24 h of exposure to complexes 1—4
was determined, and the results are shown in Table 5 and
Figure 6. The total amounts of osmium in the nuclear and
cytosolic cell fractions follow the same trend as was observed
for whole-cell uptake; the total amount of osmium in the
fractions decreases in the order 3 ~4 > 2 > 1. For all four
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Figure 5. (A) Cellular osmium concentrations determined in
A2780 cells after 1, 2, 4, 8, 12, 24, and 48 h exposure to 5 uM
complex 3 and (B) cell counts for the different time points. Results
are the mean of three independent samples and are expressed as
mean £ SD.

Table 5. Nucleus, Cytosol, and Membrane/Cytoskeleton Osmium
Concentrations in A2780 Ovarian Cells?

uptake (pmol Os/10° cells)

membrane and

cytosol nucleus cytoskeleton retention
Oscomplex mean SD  mean SD mean SD
1 12.6 2.3 2.3 0.4 1.8 0.1
2 31.1 6.6 4.7 0.9 7.5 0.9
3 38.6 3.8 10.5 0.9 11.3 0.7
4 46.9 5.1 8.4 1.0 4.4 0.9

“Drug-treatment period was 24 h with 5 uM Os arene complexes.
Each value represents the mean 4 SD for six independent experiments.
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Figure 6. Osmium concentration in nucleus, cytosol, and mem-
brane fractions (pmol Os/10° cells) in A2780 ovarian cells after 24 h
of exposure to 5 uM 1—4. Results are the mean of six independent
experiments and are expressed as mean + SD.
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Figure 7. TEM images of A2780 cells exposed to complex 3,
showing the different stages of cell apoptosis: (A) cell contraction;
(B) membrane blebbing; (C) DNA fragmentation; (D) the forma-
tion of apoptotic bodies.

complexes, the amount of osmium detected accounted for
about 58—66% of the total osmium taken up by the cells
(Table 5). This can be attributed to the loss of osmium dur-
ing the fraction-separation procedures. The distribution of
osmium observed for the Os'" compounds in the nuclear and
cytosolic fractions is very similar for all four complexes; with
14% (1), 11% (2), 17% (3) and 14% (4) of the total amount
of osmium in the fractions localizing in the cell nucleus and
with 76% (1), 72% (2), 64% (3), and 79% (4) of osmium
found in the cytosolic fractions.

Osmium was also found in the cell membrane/cytoskele-
ton fractions, with especially high values for complexes 2 and
3 0f 7.5 4 0.9 pmol Os/10° cells (17%) for 2, and 11.3 £ 0.9
pmol Os/10° cells (19%) for 3, respectively (Table 5,
Figure 6).

Distribution of Osmium Using Transmission Electron Mi-
croscopy (TEM). The high electron density of osmium is
frequently exploited for staining biological samples in var-
ious forms of electron microscopy. In particular, OsQOy is a
widely used staining agent in TEM and provides contrast to
the image. It seemed likely that we would observe osmium-
derived contrast in sections of cancer cells treated with the
complexes studied here if their deposition is sufficiently
localized in cell organelles.

A2780 cells were exposed to 5 or 20 uM biphenyl complex
3 for 12 h, and the treated and control cells were fixed and
embedded in Epon resin. Ultrathin sections were observed
under the TEM (Figures 7—10 and Figures S2—S4). The
control cells and the treated cells were stained only with 2%
uranyl acetate. Any additional contrast observed between
the control cells and the treated cells is due to cell uptake of
complex 3.

In the cells exposed to complex 3, morphological changes
associated with cell apoptosis were identified: cell contrac-
tion (Figure 7A, Figure S2A,B), cell membrane blebbing
(Figure 7B, Figure S2C,D), DNA fragmentation (Figure 7C,
Figure S2E,F), and the formation of apoptotic bodies
(Figure 7D, Figure S3).

In the control cells, the nucleus and mitochondria can be
observed with relatively little contrast. The control cells do
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Control cells

(B) Control cells

Figure 8. (A—D) TEM images of A2780 untreated control cells
where (B) and (D) are magnifications of (A) and (B), respectively.

(A) Cells treated with 5‘|,|M 3 (B) Cells treated with 5 uM (3

3)

Figure 9. (A—D) TEM images of A2780 cells after 12 h of exposure
to 5 uM complex 3. Osmium complex 3 accumulates mainly in the
mitochondria, nucleolus, and nuclear membrane. The insets in (A)
and (C) show magnifications.

notappear to be distressed, and the cell membranes are intact
(Figure 8 and Figure S4).

Sections of cells treated with 5 uM complex 3 show more
contrast in comparison to those from control cells, in parti-
cular in the mitochondria, nucleolus, and the nuclear mem-
brane (Figure 9, Figure S5). Several cells displayed the
morphological changes associated with apoptosis. Some cell
sections appear nonstressed and just display more contrast
compared to the control cells (Figure 9A,B). Other cells
appear distressed showing nuclear and cellular membranes
with abnormal appearances (Figure 9C,D and Figure S9).

Cells treated with 20 uM complex 3 appear much more
distressed than the cells treated with 5 uM 3, as demonstrated
by abnormal-looking cell and nuclear membranes for all cells
(Figure 10A—D and Figure S6A—C). Many of the cells
appear to be undergoing apoptosis. Also, these cells display
even more contrast compared to the control cells and the cells
treated with 5 uM 3. In particular, the osmium complex
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(B) Cells treated with 20 pM (3)

5

Figure 10. (A—F) TEM images of A2780 cells after 12 h of ex-
posure to 20 uM complex 3. Osmium complex 3 accumulates mainly
in the mitochondria, nucleolus, and nuclear membrane. Also,
swelling and different morphology of the mitochondria are ob-
served (D, inset, E, and F). The insets in (A), (C), and (D) show
magnifications.

appears to accumulate in the mitochondria, and swelling of
the mitochondria seems to occur. In addition, some mito-
chondria show different morphology with circular cristae
instead of the lamella-like structures observed in some of the
other mitochondria (Figure 10D—F and Figure S6D—F).

Discussion

In this work we have investigated possible relationships
between the hydrophobicity, cellular uptake, and cytotoxicity
in the A2780 ovarian cancer cell line of four organometallic
osmium(IT) complexes [(7°-arene)Os(4-methyl-picolinate)Cl]
which have different arene ligands, ranging from a single
benzene ring (1), p-cymene (2), to the two phenyl rings of
biphenyl (3) and three fused rings of tetrahydroanthracene
(4). In addition, time-dependent cell uptake, the distribution of
osmium in cell fractions, DNA binding, and TEM imaging of
cell sections were studied to gain insight into the mechanism
of action of these osmium arene complexes.

Hydrophobicity, Cancer Cell Activity, and Cell Uptake.
The log P value is a measure for hydrophobicity and has been
investigated as a factor relevant to anticancer activity of
metal-based drugs for many years. For several classes
of metalloanticancer complexes a correlation between in-
creased hydrophobicity and increased cytotoxic activity has
been reported.”?’~ % Several studies report on Pt'" and Pt'Y
compounds, relating hydrophobicity with cell uptake.?*~*?

In this study, the hydrophobicity, cancer cell activity, and
cell uptake correlated significantly, following the order 4 ~ 3
>2>1. Compound 1 was the least hydrophobic, the least
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cytotoxic, and the least taken up by the cells, whereas
compounds 4 and 3 displayed the highest hydrophobicity,
were the most cytotoxic, and were the most taken up by the
cells. These data suggest that in the ovarian A2780 cancer cell
line, the log P value can be used to predict the cytotoxicity for
this class of osmium compound. These data also show that
using more extended coordinated arenes such as biphenyl
and tetrahydroanthracene results in increased hydrophobi-
city leading to higher cellular uptake and higher cytotoxicity.
In addition, it is likely that the coordinated arenes are also
involved in interactions with potential biological targets. The
significantly lower cytotoxicity of the unsubstituted arene
(benzene) compound 1 compared to the substituted arene
complexes 2—4 indicates that the substituents on the arene in
these complexes do play a part in the mechanism of their
cytotoxicity. This could be rationalized in part, for example,
by the intercalation of the extended arenes in 3 and 4 between
DNA bases when the complexes bind to the major groove of
DNA, as is also observed for the analogous ruthenium(II)
complexes.®>* In the case of complex 2, the arene (p-
cymene) may perturb DNA structure in the major groove
via steric interactions (i.e., upon binding of 2 to a nucleobase,
the methyl and isopropyl substituents on the arene ring may
cause additional distortions to the structure of DNA).

Time-dependent cell uptake experiments with complex 3
showed that the maximum cell uptake is reached after 12 h,
after which time a decrease in osmium concentration and cell
number is observed (Figure 5). This shows that the optimum
time for induction of the death of A2780 ovarian cancer cells
is between 12 and 48 h. A decrease in osmium concentration
of about 55% after measuring the osmium content 24 h after
the end of a 24 h exposure to 3 indicates that osmium efflux
from the cells can occur.

Aqueous Reactivity. Improved understanding of the aqu-
eous chemistry of organometallic complexes under biologi-
cally relevant conditions should aid the rational design of
metal anticancer complexes.

The hydrolysis rates for compounds 1, 2, and 4 were
measured by "H NMR at 288 K. All complexes hydrolyzed
relatively rapidly with half-lives (#;,) between 0.39 and 0.98
h. There appears to be no link between the hydrolysis rates of
these arene compounds and their biological activity. Further-
more, increasing the temperature to the biologically relevant
temperature of 310K would increase the rate by about 8-
fold."® This suggests that at 310 K, all four complexes would
hydrolyze within a few minutes to form the reactive cationic
aqua species in low-chloride intracellular compartments.
However, at the higher chloride concentration of 100 mM
(typical of blood plasma), compounds 2—4 are 80—100%
present at equilibrium as the intact chloro (“prodrug”)
species. At a lower chloride concentration resembling that
in the cell cytoplasm (22.7 mM), 44—53% of complexes 2—4
is present as the active hydrolyzed form, and at the lowest
chloride concentration of 4 mM, close to that of the cell
nucleus, complexes 2—4 are 56—81% present as the reactive
aqua species (Table 3). These data indicate that in the cell
nucleus, complexes 2—4 might be selectively activated
through hydrolysis as a mode of activation toward DNA
binding, while outside the cell and in particular in blood
plasma, complexes 2—4 are predominately present as their
less reactive intact chlorido species. From this it can be
concluded that the complexes are taken up by cells predomi-
nately in their neutral chlorido forms, their cell uptake
dominated by the hydrophobicity of the coordinated arenes,
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while in the cytoplasm, the complexes exist as equilibrium
mixtures of their chlorido and aqua forms. The aqua species
may react with proteins and organelles in the cytoplasm and,
being positively charged and lipophilic, may target mito-
chondria. On the other hand, the chlorido species, being
relatively unreactive, are able to cross the nuclear membrane
and then hydrolyze and react with the negatively charged
DNA.

Compound 1 exhibits a different behavior: at chloride
concentrations of 4 and 22.7 mM, 1 is completely hydro-
lyzed, and at high NaCl concentrations of 100 mM about
50% is present in its chlorido “prodrug” form. The presence
of the reactive aqua species of 1 at relatively high NaCl
concentrations may partly explain the reduced cell uptake
and more moderate cytotoxicity of this complex compared to
2,3, and 4. The reactive aqua adduct of 1 may be deactivated
by biomolecules on its way to its target either in blood
plasma or in the cytoplasm.

Distribution of the Osmium Complexes in Cell Fractions.
The uptake of the four complexes into the different cell
fractions follows the same trend as was observed for whole
cell uptake (i.e., the total amount of osmium in the frac-
tions follows the order 3 ~ 4>2>1). Importantly, there is a
correlation between the nucleus uptake and cytotoxicity of
the complexes, both of which follow the order 3>4>2>1,
suggesting that penetrating the nucleus and binding to
nuclear DNA might make a major contribution to the
mechanism of cytotoxicity. The distribution of the osmium
over the several isolated cell fractions is very similar for all
four osmium compounds; with 11—17% of the total
of the osmium in the different fractions reaching the cell
nucleus, 64—79% was found in the cytosolic fractions and
also significant amounts of osmium were found in the outer
cell membrane and cytoskeleton fractions, in particular
for compounds 2 and 3 (Table 5, Figure 6). This indicates
that once in the cell, the osmium complexes distribute
over the cell independent of the nature of the arene or
their hydrophobicity. Significant amounts of osmium reach
the cell nucleus for all four compounds. In particular, 13%
of the overall osmium uptake for compound 1 reaches
the nucleus, displaying a similar distribution as com-
plexes 2—4. This is surprising because its aqueous che-
mistry is significantly different from that of 2—4; the reactive
aqua species forms even at relatively high chloride concen-
trations.

DNA Adduct Formation. Osmium(II) arene complexes are
believed to interact with DNA in a similar manner as their
ruthenium analogues, i.e., binding to N7 of guanine in
combination with H-bonding (if there is a neighboring NH
on an Os ligand) and noncovalent arene intercalation into
DNA.%® With the present data it is possible to examine
whether there is a relationship between the extent of DNA
binding and the cytotoxicity of the complexes.

The amount of osmium found on the DNA of A2780 cells
follows the order;4>3 > 1 > 2 and does not correlate with
cytotoxic potency or hydrophobicity (log P) or cellular
uptake (Table 5, Figure 3). The extent of osmium binding
of 1—4 to DNA, which amounts to 1.0—4.9% of the total
osmium taken up by the cells, appears to be low. However,
this is a similar level to that reported for cellular platination
of DNA by cisplatin (~1%).%> %" Therefore, it is reasonable
to assume that DNA is a potential target for these cytotoxic
osmium complexes. Although complex 4 exhibits the highest
level of DNA binding, it is not the most potent complex
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(Table 1). These data suggest not only that it is important for
osmium to reach the DNA but also that the nature of the
lesion on DNA (including structural distortions) is an im-
portant factor in determining cytotoxic activity. However,
we cannot rule out the possibility that nuclear DNA may not
be the only target for these complexes.

Distribution of Osmium Using TEM. TEM images of
ovarian cells exposed to complex 3 for 12 h show morpho-
logical changes to the cells that are commonly associated
with cell apoptosis.®® These include cell contraction
(Figure 7A, Figure S2A,B), dynamic membrane blebbing
(Figure 7B, Figure S2C,D), and DNA fragmentation
(Figure 7C, Figure S2E,F). Also, the formation of apoptotic
bodies was observed in several images, marking the final
stage of cell apoptosis (Figure 7D, Figure S3). We can
therefore conclude that osmium complex 3 and probably
the other structurally similar osmium complexes induce cell
death via apoptotic pathways rather than necrosis.

The micrographs from cells exposed to 5 uM complex 3
illustrate that 3 accumulates mainly in the mitochondria,
nucleolus, and nuclear membrane (Figure 9 and Figure S5).
Several images show apoptotic cells and some cells appear
distressed, as evidenced by the abnormal looking nucleus
and cellular membranes (Figure 9C,D and Figure S5). All
cells exposed to 20 uM complex 3 (6.25 times its ICsq value)
appeared distressed and/or apoptotic. Also, in these cells the
accumulation of 3 in the mitochondria, nucleolus, and
nuclear membrane becomes even more clearly visible
(Figure 10A—D and Figure S6A—D). In particular the
mitochondria are heavily stained and the internal structures
of the mitochondria become clearly visible. In addition, the
morphology of some of the mitochondria is very different
from that observed for control cells and cells exposed to
5uM 3; condensed cristae and swelling are observed
(Figure 10D—F and Figure S6D—F). The intensely dark-
colored mitochondria suggest that osmium complex 3 accu-
mulates inside the cristae as well as in the inner and outer
membranes of the mitochondria. This suggests that mito-
chondria may be a target for these osmium arene complexes
or that the swelling and morphological changes of the
mitochondria arise as a consequence of apoptosis. Although
little is known about the relationship between alterations in
mitochondrial morphology and activation of the mitochon-
drial apoptotic pathway, a few studies have associated
changes in mitochondrial morphology with apoptosis in-
duced in cultured cells by different apoptotic stimuli. These
changes have mainly been described as disorganization,
condensation, or swelling.**~#3

From the cell fractionation studies it was shown that about
three-quarter to one-third of the osmium that is taken up by
cells is present in the cytosolic fraction after 24 h of exposure
to compounds 1—4, indicating that the complexes may be
interacting with organelles and biomolecules present in
the cytosol. In addition, the osmium complexes appear to
have affinity for the cellular membranes. This is demonstrated
by the dark-colored nuclear membrane in the TEM images
and by the cell fractionation studies, in which large amounts
of osmium were detected in the membrane/cytoskeleton frac-
tions, especially for complexes 2 and 3. Mitochondria may
represent potential targets, and the abundance of osmium in
mitochondrial membranes may explain why so much osmium
remains in the cytosol.

Other metal-based anticancer complexes known to
target mitochondria include several gold(I) and gold(III)
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complexes that irreversibly inhibit mitochondrial human
glutathione reductase (hGR) and thioredoxin reductase
(hTrxR).!%* Another example is the structurally related
Ru'" phosphine compound [Ru(#%-p-cymene)Cly(pta)]. Its
cytotoxicity is thought to be mediated by mitochondrial and
JNK-p53 pathways.*

In previous work we have shown that osmium arene
complexes related to those studied here can bind to several
nucleobases, with a high affinity for guanine. We have shown
that these complexes bind to calf thymus DNA and cause
DNA unwinding (instead of DNA bending seen for ruthe-
nium arene complexes).'82%24647 OQur results support the
possibility that permeation of these osmium complexes into
mitochondria and the cell nucleus may be followed by their
binding to and distortion of the mitochondrial or nuclear
DNA, leading to cell apoptosis which causes the morphol-
ogical changes observed in the TEM images of cell sections.
Although it cannot be confirmed whether binding of osmium
to mitochondrial or nuclear DNA is the major pathway to
apoptosis, the images of cell sections provide the first evi-
dence that mitochondria may be involved for these and
related osmium arene complexes.

Conclusions

This study shows that the hydrophobicity (log P), cancer
cell activity, and cell uptake for four osmium arene complexes
are significantly correlated. This suggests that log P values
may be useful indicators of A2780 cancer cell cytotoxicity for
this class of Os" arene complexes. Furthermore, this work
shows that the arene ligand plays an important part in the
cytotoxicity; the presence of substituted arenes not only
resulted in higher hydrophobicity and increased uptake by
the cell but also seemed to play an important part in the
mechanism of cytotoxicity of the complexes.

From the TEM images and from the cell fractionation
studies it appears that the osmium compounds accumulate
in cellular, mitochondrial, and nuclear membranes in signi-
ficant amounts. The TEM images of cell sections also re-
vealed morphological changes associated with apoptosis
in A2780 cells exposed to [(5°-biphenyl)Os(4-methyl-
picolinate)Cl] (3) excluding necrosis as possible cause for cell
death for this complex and likely for structurally similar
osmium complexes.

There is a correlation between nucleus uptake and cyto-
toxicity of the compounds, suggesting that nucleus uptake and
binding to nuclear DNA may be the major pathway for
cytotoxicity. However, the levels of osmium binding to
DNA were relatively low and do not correlate with cytotoxic
potency. This in combination with the mitochondrial swelling
and morphology changes observed by TEM imaging suggests
that the nature of the DNA lesion may be of importance and
also raises the possibility that mitochondrial apoptotic path-
ways are involved.

Experimental Section

Materials. 1,4-Dihydrobiphenyl and the dimers [(°-p-cym)-
0sCllo, [(17°-bip)OsCly)s, [(7°-b2)OsCly), and [(7°-THA)Os-
Cl,], were prepared using previously reported procedures.?>*
OsCls-nH>O was purchased from Alfa Aesar. All deuterated
solvents and cisplatin were obtained from Sigma Aldrich.
Methanol was distilled over magnesium/iodine prior to use.
Complexes 1—4 were synthesized from the dimeric precur-
sors [(17%-p-cym)OsCls)», [(7°-bip)OsClss, [(7°-b2)OsCl,)», and
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[(7°-THA)OsCl,], using procedures similar to those reported
previously for other half-sandwich Os"' arene complexes.***
The 4-methylpicolinic acid ligand and complex 3, [(°-bip)Os-
(4-methyl-picolinate)Cl], were synthesized and characterized as
previously described.>® The purities of compounds 1, 2, and 4
were all determined to be >95% by elemental analysis and are
reported in the Supporting Information. In addition, '"H NMR
and ESI-MS data for compounds 1, 2, and 4 can also be found in
the Supporting Information.

Preparation of the Complexes. E(qﬁ-Benzene)Os(4-methyl-
picolinate)Cl] (1). A solution of [(#"-bz)OsCly], (75 mg, 0.11
mmol) in dry and degassed MeOH (10 mL) was refluxed under
argon for 1 h before adding a solution of sodium methoxide (2.2
mol equiv, 13 mg) and 4-methyl-picolinic acid (2.2 mol equiv,
39 mg) in 5 mL of dry and degassed MeOH. The resulting
mixture was left to reflux mildly for 16 h, at which time a
crystalline brown precipitate had formed. The brown powder
was recovered by filtration and was air-dried to give a final yield
of 30.7 mg (32%).

[(7°-p-Cymene)Os(4-methyl-picolinate)CI] (2). A solution of
[(7%-p-cym)OsCl,]> (70 mg, 0.103 mmol) in dry and degassed
MeOH (10 mL) was refluxed under argon for 1 h before adding a
solution of sodium methoxide (2.6 mol equiv, 14.5 mg) and
4-methyl-picolinic acid (2.6 mol equiv, 36.7 mg) in 5 mL of dry
and degassed MeOH. The resulting mixture was left to reflux
mildly for 3 h and was filtered, and the solvent was reduced on a
rotary evaporator until a precipitate began to form and was left
standing at 278 K. The yellow powder was recovered by filtra-
tion and was air-dried to give a final yield of 46.8 mg (46%).

[(n®-Tetrahydroanthracene)Os(4-methyl-picolinate)Cl] (4).
Synthesis was as for 2 using [(#*-THA)OsCl,], (67 mg, 0.076
mmol), sodium methoxide (2.6 mol equiv, 29 mg), and
4-methyl-picolinic acid (2.6 mol equiv, 10 mg). Yield: 25.6 mg
(31%).

Instrumentation and Methods. Nuclear Magnetic Resonance
(NMR) Spectroscopy. 'H NMR spectra were acquired in 5 mm
NMR tubes at 298 K (unless stated otherwise) on a Bruker
DMX 500 ("H=500.13 MHz) spectrometer. '"H NMR chemical
shifts were internally referenced to (CHD,)(CD3)SO (2.50 ppm)
for DMSO-d; and to CHD,OD (3.34 ppm) for methanol-d.

Elemental Analysis. Carbon, hydrogen, and nitrogen (CHN)
elemental analyses were carried out on a CE-440 elemental
analyzer by Exeter Analytical (UK) Ltd.

ICP-MS Instrumentation and Calibration. All ICP-MS ana-
lyses were carried out on an Agilent Technologies 7500 series
ICP-MS instrument. The settings for ICP-MS are listed in Table
S1. The water used for ICP-MS analysis was doubly deionized
(DDW) using a USF Elga UHQ water deionizer. The osmium
Specpure plasma standard (Alfa Aesar, 1000 ppm in 5% HCI)
was diluted with DDW to 20 ppm. The standards for calibration
were freshly prepared by diluting this stock solution with 3%
HNO;in DDW. The concentrations used were 100, 60, 20, 10, 5,
4,2,1,0.4,and 0.1 ppb. With the instrumentation settings listed
in Table S1, the detection limit was tygically 9 ppt (for 10
standards), and sensitivity was 270 900 '*°Os ion counts for 100
ppb of Os standard in no gas mode.

ESI-MS. Electrospray ionization mass spectra were obtained
either on a Bruker Esquire 2000 spectrometer or a Bruker
MicroTOF spectrometer. Samples were prepared in either water
or a methanol/water mixture, and the cone voltage and source
temperature varied depending on the sample. Data were pro-
cessed using DataAnalysis 3.3 (Bruker Daltonics).

Aqueous Reactivity. The kinetics of hydrolysis for complexes
1—4 were followed by 'H NMR at different temperatures. For
this, solutions of the complexes with a final concentration of 0.8
mM in 5% MeOD-d4/95% D,0O (v/v) were prepared by dissolu-
tion of the complexes in MeOD-d, followed by rapid dilution
using D,O with a pH* (pH meter reading without correction
for effects of D on glass electrode) of ~2 (acidified with
HNOs) so that the aqua ligand was not deprotonated. 'H
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NMR spectra were taken after various intervals using the
presaturation method for water surpression. The rate of hydro-
lysis was determined by fitting plots of concentrations
(determined from 'H NMR peak integrals) versus time to a
pseudo-first-order equation using ORIGIN, version 7.5
(Microcal Software Ltd.).

The effects of varying concentrations of chloride on the extent
of hydrolysis of the complexes at equilibrium were investi-
gated by preparing aqueous solutions of 1—4 (1 mM) in 100,
22.7, and 4 mM NaCl in D,0, recording spectra after enough
time was left for equilibration (at least 4 times their respective
half-lives).

Cell Culture. The A2780 ovarian cell line was obtained from
the ECACC (European Collection of Animal Cell Culture,
Salisbury, U.K.). The cells were maintained in RPMI 1640
media which was supplemented with 10% fetal calf serum, 1%
L-glutamine, and 1% penicillin/streptomycin. All cells were
grown at 310 K in a humidified atmosphere containing 5% CO,.

In Vitro Growth Inhibition Assay. After plating, human
ovarian A2780 cancer cells were treated with Os' complexes
on day 3 at concentrations ranging from 0.1 to 100 uM.
Solutions of the Os™ complexes were made up in 0.125% (v/v)
DMSO to assist dissolution (0.03% final concentration of
DMSO per well in the 96-well plate). Cells were exposed to the
complexes for 24 h, washed, supplied with fresh medium, and
allowed to grow for 3 doubling times (72 h), and then the protein
content was measured (proportional to cell survival) using the
sulforhodamine B (SRB) assay.>

Drug Uptake, DNA Adduct Formation, and Cell Fractiona-
tion. A2780 cells were plated at a density of 5 x 10 cells/100 mm
Petri dish in 12 mL of culture medium on day 1 (three dishes
were prepared per compound tested and three untreated control
dishes in two independent separate experiments). On day 2 cells
were exposed to the Os™ arene complexes. Stock solutions (0.5 mM)
of osmium compounds were made up fresh in 5% DMSO and
saline before being diluted in media to give a final concentration
of 5 uM. After 24 h of drug exposure, the drug-containing
medium was removed. The cells were washed with PBS and
trypsinized, and the cell suspension was counted. One-third of
the cells were centrifuged, washed with PBS, and stored at 253 K.
Another third of the samples was used for DNA extraction
using the Nucleon genomic DNA extraction kit (GE healthcare,
Amersham, U.K.) (BACC-1 protocol) and the last third for
cytosol, nucleus, membrane/cytoskeleton fractionation using
a cell fractionation kit (Biovision, Mountain View, CA)
(fractionPREP). All samples were stored at 253 K until ICP-
MS analysis for osmium content.

For the time-dependent cell uptake experiments, A2780 cells
were plated at a density of 5 x 10° cells/100 mm Petri dish in
12 mL of culture medium on day 1 (three dishes were prepared
per time point and three untreated control dishes). On day 2,
cells were exposed to complex 3 at 5 uM (prepared as stated
previously) at 1, 2, 4, 8, 12, and 24 h time intervals. After the
indicated exposure times, cells were trypsinized and the cell
suspension was counted. The cells were centrifuged, washed
with PBS, and stored at 253 K until ICP-MS analysis for
osmium content.

To establish the osmium uptake after a 24 h exposure and 24 h
after the end of the exposure to complex 3, A2780 cells were
plated at a density of 5 x 10° cells/100 mm Petri dish in 12 mL of
culture medium on day 1 (three dishes were prepared for the 24 h
exposure, three dishes for 24 h of exposure and 24 h of recovery
in drug-free media, and three untreated control dishes). On day 2,
cells were exposed to complex 3 at 5 uM, prepared as stated
previously. After 24 h of exposure to 3, cells were trypsinised and
the cell suspension was counted. The cells were centrifuged,
washed with PBS, and stored at 253 K until ICP-MS analysis for
osmium content. For three dishes, the drug containing medium
was removed, cells were washed with PBS, and fresh medium
was supplied. After a 24 h recovery period, the medium was
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removed, cells were washed with PBS and trypsinized, and the
cell suspension was counted. The cells were centrifuged, washed
with PBS, and stored at 253 K until ICP-MS analysis for
osmium content.

ICP-MS Analysis. The whole cell pellets, DNA samples, and
cytosol/nucleus/membrane fractionation samples were digested
as described below. To the cell pellets 0.8 mL and to the extracts
0.4 mL of freshly distilled 72% HNO; were added, and the
samples were transferred into Wheaton V-Vials (Sigma
Aldrich). The vials were heated in an oven at 373 K for 16 h to
fully digest the samples and allowed to cool, and then each
sample was transferred to a Falcon tube. The vials were washed
with doubly deionized water (DDW) and the samples diluted 10
times with DDW to obtain 7.2% HNOj; sample solutions.

Determination of Partition Coefficient, log P. Octanol-satu-
rated water (OSW) and water-saturated octanol (WSO) were
prepared using analytical grade octanol (Sigma) and 0.3 M
aqueous NaCl solution. Aliquots of stock solutions of osmium
complexes in OSW were added to equal volumes of WSO and
shaken in an IKA Vibrax VXC basic shaker for 4 h at 500 g/min
after partition. The aqueous and octanol layers were carefully
separated into test tubes for osmium analysis. Aqueous samples
before and after partitioning were diluted with 3% HNOj to the
appropriate range for analysis by ICP-MS calibrated with
aqueous standards (Os, 1—100 ppb). These procedures were
carried out at ambient temperature (~298 K). Partition coeffi-
cients of Os'" arene complexes were calculated using the equa-
tion log Poci = 10g([Os]oct/[Os]ag)-

TEM Sample Preparations. A2780 cells were plated at a
density of 5 x 10° cells/100 mm Petri dish in 12 mL of culture
medium (two dishes were prepared for exposure to compound 3
and two dishes for untreated control plates). After 24 h,
untreated cells received fresh media while treated cells were
exposed to complex 3 at 20 and 5 uM. Stock solutions (0.5 mM)
of osmium compounds were made up fresh in 5% DMSO and
saline before being diluted in media to give final concentrations
of 20 and 5 uM. After 12 h of drug exposure, the medium was
removed and the cells were washed with PBS. The cells were
fixed with 2% gluteraldehyde (Agar Scientific, Cambridge, U.K.)
in cacodylate buffer at pH 7.6 (Agar Scientific, Cambridge, U.K.)
for 1 h at ambient temperature (agitating on a shaker). The
plates were rinsed for 10 min with cacodylate buffer, and this
was repeated five times. The cells were scraped with a cell
scraper and transferred in 0.5 mL of buffer into a 0.5 mL
Eppendorf tube. The samples were stained with 2% uranyl
acetate in maleate buffer (Agar Scientific, Cambridge, U.K.)
for 1 h at ambient temperature. Cells were then dehydrated in
graded series of ethanol with a final change of 100% ethanol
overnight. Prior to embedding, the cells were infiltrated with
100% propylene oxide for 1 h followed by a 1:1 mixture of
propylene oxide and Embed 812 resin (Agar Scientific, Cam-
bridge, U.K.) for 6 h. This was then replaced with several
changes of 100% resin over an 18 h period before curing for
24 h at 333 K. Blocks were trimmed and sectioned on a Leica
Ultracut E ultramicrotome (Leica Microsystems, Milton
Keynes, U.K.), and 70—80 nm sections were collected on 400-
mesh copper grids and stained with uranyl acetate. The
sections were imaged on a JEOL 1200EXII TEM with a 1K
Gatan camera.
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