GDCh
=

Metals in Medicine

Oral Anticancer Heterobimetallic P

Vivo Activity and Low Toxicity

Research Articles

fv_

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2023, 62, €202217233
International Edition: ~ doi.org/10.1002/anie.202217233

German Edition: doi.org/10.1002/ange.202217233

Au' Complexes Show High In
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Abstract: Au'-carbene and Pt"™—Au'-carbene prodrugs display low to sub-uM activity against several cancer cell lines and\
overcome cisplatin (cisPt) resistance. Linking a cisPt-derived P
dene complex 2, yielded the most potent prodrug. While in vivo tests against Lewis Lung Carcinoma showed that the
prodrug Pt"(phenylbutyrate)-Au'-carbene (7) and the 1:1:1 co-administration of cisPt: phenylbutyrate:2 efficiently
inhibited tumor growth (&95 %), much better than 2 (75 %) or cisPt (84 %), 7 exhibited only 5% body weight loss
compared to 14 % for 2, 20% for cisPt and >30% for the co-administration. 7 was much more efficient than 2 at
inhibiting TrxR activity in the isolated enzyme, in cells and in the tumor, even though it was much less efficient than 2 at
binding to selenocysteine peptides modeling the active site of TrxR. Organ distribution and laser-ablation (LA)-ICP-

\TOFMS imaging suggest that 7 arrives intact at the tumor and is activated there. )

t"(phenylbutyrate) complex to a Au'-phenylimidazolyli-

Introduction

Although chemotherapeutic agents are effective, they are
often accompanied by severe side effects that are dose-
limiting and hampered by developing drug resistance.’
Therefore, clinicians treat patients with combinations of
several drugs that differ from each other in their mode of
action, cellular targets, and side effects.”! Pt drugs are
among the most widely used anticancer compounds (46 % of
patients receive a Pt drug),”! but not as single agents.”
Different approaches can be applied to deliver several drugs
to the tumor; the traditional way, where each drug is
administered independently, encapsulating several drugs
into a single carrier that unloads them in the tumor, or a
single multi-action prodrug that upon cellular activation

releases several drugs inside the cancer cell. Each approach
has its pros and cons.”

The multi-action agent approach is dominant in the field of
Pt anticancer agents primarily because inert octahedral Pt"
complexes are exceptionally well suited to act as multi-purpose
prodrugs that are activated by reduction inside the cancer cells,
simultaneously releasing FDA-approved square planar Pt"
drugs [cisPt and oxaliplatin (oxaliPt)—Figure 1A and 1B] and
up to two additional (bioactive) moieties in the axial positions
(Figure 1C).1) Pt" complexes have been used worldwide for
more than 50 years to treat cancer, mostly in combination with
other anticancer drugs."’ Their mechanism of action is based
on the formation of intra-strand crosslinks preferentially
between N7 of guanine DNA bases resulting in the induction
of apoptosis.®! They suffer from inherent or acquired resistance
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Figure 1. A) The FDA-approved Pt"-based drugs, cisPt and B) oxaliPt, C) Pt" prodrugs that following cellular activation release cisPt and two axial
ligands, D) Auranofin, E) General structure for Au—NHC complexes (L=thiols, phosphine, NHC etc.), F) Pt"~Au' conjugate linked by phosphines,
G) Pt"-Au' conjugate that cannot form bifunctional lesions to DNA, H) EDA-MBA—Au—Belm 1 and 1) EDA-MBA-Au—Phim 2.

as well as their dose-limiting side effects, such as nephrotox-
icity, neurotoxicity, and ototoxicity. Their high reactivity
towards extracellular nucleophiles results in low bioavailability
and contributes to the side effects.” To overcome these
shortcomings, multi-action Pt" prodrugs were studied with
various bioactive axial ligands, primarily organic molecules.

The bioactive axial moieties can also be non-platinum
metal complexes, forming heterobimetallic prodrugs.'” Partic-
ularly interesting are Au complexes derived from Auranofin
(Figure 1D), an approved drug for the treatment of rheuma-
toid arthritis,""! that is currently in clinical trial phase 1/2 for
chronic lymphocytic leukemia (Identifier: NCT01419691)!"
and phase 1 trial for the treatment of recurrent epithelial
ovarian, primary peritoneal,'” and fallopian tube cancers
(Identifier: NCT01747798).l*) Au' complexes with N-hetero-
cyclic carbene (NHCs) ligands (Figure 1E) are interesting
anticancer agents as the NHC ligands stabilize the Au center
and allow for a wide range of structural modifications and
modulations at their backbone and wingtip positions.'! Au
complexes preferentially target thiol- or selenol-containing
biomolecules and one of their most investigated and estab-
lished cellular targets is the thioredoxin reductase (TrxR), a
seleno-protein that is involved in the maintenance of the redox
homeostasis and apoptosis.'”

Combining a DNA-damaging Pt moiety and a TrxR-
inhibiting Au-NHC scaffold can enhance anti-neoplastic
activity, reduce side effects and overcome cisPt resistance.
Heterobimetallic Pt"~Au' conjugates were previously reported
but they are not true dual-targeting prodrugs that can

Angew. Chem. Int. Ed. 2023, 62, €202217233 (2 of 11)

simultaneously attack the DNA and TrxR. In one case, the Pt"
and Au' were irreversibly bridged by phosphine linkers that
prevent the detachment and separation of the metals (Fig-
ure 1F)!"! or the Pt" moiety is unlikely to bind bifunctionally
to DNA (Figure 1G).'"” In both cases, Pt binding to DNA was
not reported. Heterobimetallic complexes of Au' or Pt" with
Fe, Cu, Ru and Ti were recently reviewed.'¥ PtV hetero-
bimetallic complexes were also described,™ but to the best of
our knowledge, there are no reports on heterobimetallic
prodrugs that combine Pt" and Au".

Here, we combined in a single prodrug, the Pt" precursors
of cisPt and oxaliPt with antiproliferative Au-NHC scaffolds
bearing variations in the backbone position (Figure 1H and I)
that were conjugated to the Pt" via an ethylenediamine-
derivatized mercaptobenzoic (EDA-MBA) spacer.

Results and Discussion
Synthesis

Five heterobimetallic prodrugs and two novel Au-NHC
complexes were prepared in this work (Figure2). The
synthesis is depicted in Scheme 1. These prodrugs were
designed to attack two major cellular targets; nuclear DNA
by cisPt/oxaliPt and TrxR by the Au—NHC and in com-
plexes 4, 5, and 7 to also inhibit histone deacetylase
(HDAC) and pyruvate dehydrogenase kinase (PDK) by
phenylbutyrate (PhB). Based on previous work,” we chose
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Scheme 1. Synthetic route for conjugating the Au'~NHC to the Pt" via a carbamate linker.

the Au'-NHC moiety as the TrxR inhibitor and MBA-EDA
as the linker between the Au' and the Pt"". Reduction of Pt"¥
complexes with carbamate linkers results in rapid decarbox-
ylation of the released axial ligands yielding molecules with
a protonated primary amine, compounds 1 and 2.

The synthesis, purification, and characterization details
are described in the SI. All the final compounds were
purified by HPLC, characterized by ""Pt, 'H, and "C NMR
and ESI-MS and HPLC, and elemental analysis verified the
purity. To our knowledge, this is the first report of a
heterobimetallic Pt"™"—Au' complex.

Stability in Cell Culture Medium and Rates of Reduction

Pt" complexes are hypothesized to be stable outside the cell
and reduced by biological reducing agents like ascorbic acid
(Asc) and glutathione (GSH).”!! To verify this hypothesis,
we monitored the stability of the compounds in cell culture
medium and measured their rates of reduction in the
presence of a tenfold excess Asc or GSH.

The half-lives in cell culture medium (RPMI1640/37°C)
and in excess Asc or GSH were measured by HPLC and are
listed in Table 1. Prodrugs 4, 5, and 7 were very stable in cell
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Table 1: The half-lives of the compounds in RPMI11640 medium and in
the presence of ascorbic acid or GSH.

Complex

2 3 4 5 6 7
t, RPMI1640 (h) 121 15.8 162 825 19 165
t1,2 10 equiv Asc (h) - 1.2 109 70 09 112
t2 10 equiv GSH (h) - 7.6 n.d nd 89 83
t,, 20 equiv GSH (h) - 72 nd nd 84 78

n.d—not determined

culture medium with half-lives of 162, 825 and 165h
respectively. Prodrugs 3 and 6 were significantly less stable,
with half-lives of 15.8 and 19 h, respectively. The differences in
stability between the compounds can stem from the easier
reduction of the former and/or from a protective steric effect
of the PhB. The ¢, of 2 in 1 % DMSO and RPMI1640 medium
was 121 h. The complexes with accessible equatorial chloridos
and an axial hydroxido group (3 and 6) are more prone to
reduction via a faster electron transfer from the Asc to the Pt
via an inner sphere mechanism. 5, with the oxaliPt core, has
only amine and carboxylate ligands and therefore, its reduction
proceeds primarily by the slower outer sphere mechanism.”?
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This is evident in Table 1, where the half-lives for
reduction of 3 and 6 by Asc are 1.4 and 0.9 h, respectively,
significantly shorter than those for 4 and 7 with half-lives of
10.9 and 11.2 h, respectively. Carboxylation of the axial OH
hinders the formation of an inner sphere bridge with the
axial OH, and reduces the accessibility of the reducing agent
to the equatorial chloridos due to the steric effect. 5 has the
longest half-life (70 h). Asc, a two-electron reducing agent,
reduces Pt to Pt" more efficiently than GSH, a one-
electron donating agent,™! even when the GSH concentra-
tion is double that of Asc (20 equiv. GSH vs. 10 equiv. Asc).

Characterization of the Reduction Products

We monitored the reduction of 4 in the presence of 10 equiv.
of Asc at 37°C in pH 7 by HPLC and confirmed the identity
of the released ligands both by HPLC and MS analysis
(Figure 3). 4 has a retention time of 5.80 min, while the free
PhB ligand elutes at 4.99 min and 1 at 4.83 min. After 12 h
of reaction with Asc (~1,, of 4), two new peaks appeared in
the HPLC chromatogram with the same retention times as
the free ligands. These assignments were confirmed by MS
(Figure 3), indicating that decarboxylation of the carbamate
occurred following the reduction, while the amide bond
between EDA and MBA remains intact.

JLN“/__Ny—@—s —Au

HJN\ /
Time 0 — Pt(IV)-Au(l) H:,N— e
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Antiproliferative Effects in Cancer and Non-Tumorigenic Cells

The antiproliferative effects of 3-6 were determined in a
panel of cancer cell lines and non-tumorigenic kidney cells
and compared to Auranofin, cisPt, and oxaliPt. After 72 h of
incubation, all tested complexes showed ICs, values in the
low or sub-uM range towards the entire panel of cancer
cells. The cytotoxicity of the Au' compounds 1 and 2 is also
reported (Table 2).

Both 1 and 2 have ICs, values in the low to sub-uM range.
2 is significantly more potent than 1 in all cancer cell lines
having an average ICy, value against all six cancer cell lines of
1.3 uM vs 9 uM for 1 and 7.2 uM for cisPt. Both compounds
overcome acquired resistance to cisPt in the ovarian cancer
cell lines with RF values (RF=ICsy7s0cis/ICso(a27s0)) of 1.38
and 2.00 for 1 and 2, respectively, compared to 11.40 for cisPt.
Notably, the ICy, values for 2 against these two cell lines are
0.28 and 0.56 uM (4.4 and 25.2-fold more potent than cisPt),
while those for 1 are significantly higher 7.03 and 9.73 uM. 2
has a cytotoxicity profile that is significantly better than both 1
and cisPt which are quite similar.

Conjugating the Belm—Au' scaffold via a carbamate to
cisPt(OH), or cisPt(PhB)(OH) to yield 3 and 4, respectively,
significantly enhances the potency compared to both 1 or cisPt,
particularly in the ovarian cancer cell lines. 3 and 4 have
average 1Cs, values of 2.57 and 0.8 uM compared to 9 pM for 1
and 6.28 uM for cisPt. 4 is 3-10-fold more potent than 1 against
the non-ovarian cancer cell lines and 17-20 fold more potent
against the ovarian cancer cells. Interestingly, 4 is 1.3-3 fold
more potent than 3 against all cancer cell lines. The difference
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Figure 3. The HPLC chromatograms of 4 and the expected reduction products 1 and PhB together with their corresponding MS analyses (top 3
chromatograms) and a chromatogram of the reaction mixture following 12 h of incubation with 10 equiv of Asc (lower chromatogram).
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Table 2: |Cy, values [pM] after 72 h incubation (tested in triplicate).
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Compound A549 HT-29 MCEF-7

lung colon breast
cisPt 3.3940.04 5.36+0.19 11.27+2.68
oxaliPt 1.00+0.23 1.26+0.18 0.76+0.04
1 3.33+£0.18 11.524+0.64 16.021+4.36
2 0.57+0.02 2.33+£0.17 2.87+0.16
T/cisPt 1:1 3.194+0.06 6.531+0.08 12.01+0.04
2/cisPt 1:1 0.38+0.02 2.10+£0.11 2.54+0.89
3 1.74+0.97 4.30+1.81 5.99+0.89
4 0.41+£0.11 1.37+£0.11 1.63+£0.02
5 1.24+0.30 3.44£0.15 3.00+0.97
6 0.85+0.01 2.29+0.23 2.34+0.19
7 0.25+0.01 0.97+£0.04 1.434+0.29
Auranofin 3.844+0.37 2.174+0.45 1.39+£0.33

MDA-MB-231 A2780 A2780cis VERO E6
breast ovarian ovarian healthy kidney
7.60+0.40 1.24+0.02 14.14+0.12 8.58 £0.84
3.494+0.45 0.34+0.14 1.01£0.17 0.79+0.07
6.35+1.79 7.03+0.05 9.734+1.03 31.90+2.12
1.39+0.33 0.28 +0.05 0.56+0.16 22.89+2.48
5.14+1.24 1.07+0.17 7.07+£0.001 9.58+0.75
1.58 +0.47 0.15+0.01 1.41+0.01 17.85+2.21
2.27+0.58 0.52+0.13 0.65+0.03 8.29+1.00
0.73+0.18 0.41+0.21 0.49+0.17 9.20+1.26
1.77+0.62 1.50+0.36 3.114+0.59 5.244+0.33
1.844+0.34 0.16+0.04 1.304+0.03 8.73£0.16
0.99+0.16 0.08 +0.001 0.154+0.01 7.21+0.40
0.86+0.08 - - 2.96+0.93

in activities between 3 and 4 might be attributed to the axial
ligand of 4 (PhB) that increases lipophilicity and can inhibit
HDAC activity.” Both 3 and 4 are more potent than cisPt
and the 1:1 mixture of 1 and cisPt. The bimetallic Pt"—Au'-
complexes 3 and 4 are more active than the Au precursor or/
and cisPt, and the Au scaffold is probably responsible for the
ability to overcome cisPt resistance in ovarian cancer cells.
Replacing the cisPt core of 4 with oxaliPt 5 resulted in a 2-fold
to 6-fold reduction of activity.

The Phlm-containing Pt"™—Au' complex 6 had similar
activity to 2 and the 1:1 mixture of 2 and cisPt (ICs, 0.16—
2.34 uM for cancer cells and 8.73 uM for the VERO E6
cells), but was 2.3-10.9 times more active than cisPt alone.
Again, the activity was enhanced by attaching the PhB
ligand (7) resulting in an average 1Cy, of 0.65 uM for cancer
cells and 7.21 uM for the non-cancerous cells.

To evaluate possible correlations between cytotoxicity
and cellular uptake, we measured the Au and Pt content of
A549 cells exposed to cisPt and to 1, 2, 4, 6 and 7.
Compound 2 is 5.8-fold more potent than 1 (Table 2) and
the uptake of the two Au compounds is quite similar and
cannot explain the difference in potency (Figure S50). 7 and
4 display equal cellular accumulation and the former is 1.3-
fold more potent. The 2.3-fold higher potency of 7 compared
to 6 is greater than the difference in accumulation. Uptake is
determined primarily by lipophilicity.

The selectivity indices (SI=ICs, Vero E6/ICs, cancer
cells) for 1 are 4.5 and 3.3 for A2780 and A2780cis,
respectively. Interestingly, 2 is more selective towards the
ovarian cancer cells compared to 1, (SI=81.8 and 40.9).
Conjugating 1 to oxoplatin to yield 3, significantly improved
the selectivity indices (15.9 and 12.8). The PhB containing
prodrugs exhibit selectivity indices of 54.6 and 6.7 for 6 and
90.1 and 48.0 for 7. The selectivity indices values for the
PhIm-based complexes are quite striking compared to the
selectivity indices of cisPt, (6.9 and 0.6). The selectivity
indices for 7 (A549) is ~30, while the cellular accumulation
in A549 is only 25 % higher than in Vero E6 (Figure S51)
meaning accumulation plays a minor role in selectivity.

Angew. Chem. Int. Ed. 2023, 62, €202217233 (5 of 11)

Extracellular and Intracellular Inhibition of Thioredoxin
Reductase Activity

The inhibition assay of TrxR was performed with the
isolated enzyme in a 5,5'-dithiobis-(2-nitrobenzoic acid
(DTNB)-based assay, and the ICs, values were calculated
after incubation for 75 min at 37°C.

As controls, we used cisPt and oxaliPt, which were
inactive (ICs,>50 uM), as well as Auranofin (ICs, 93 nM).
The Au complexes 1 and 2 have 1Cy, values in the low uM
range (IC5y 2-3 uM), whereas all the heterobimetallic
Pt"™—Au' conjugates have lower 1Cs, values (0.15-0.76 uM).
3, 4, and § were 6, 14 and 10-fold more potent compared to
1, while 6 and 7 were 11 and 4-fold more potent than 2.
None of the test compounds outperformed Auranofin.

Interestingly, the inhibitory activity of 6 and 7 decreased
when the complexes were pre-incubated for 24 h with an
excess of Asc in phosphate buffer at 37°C (Table 3),
probably due to reduction of the complexes and release of 2,
which is significantly less potent than 6 or 7.

We evaluated the ability of 7, 2, cisPt, and a 1:1 mixture
of 2 and cisPt to inhibit TrxR activity in A549 cells, which

Table 3: Inhibition of the isolated TrxR at 37°C for 75 min (solvent of
stock solutions in brackets, if not further described DMF was used).

Compound ICsq isolated TrxR  1Cs, TrxR in A549
[MM] cells [uM]

cisPt (H,0) >50 31.4+2.6

oxaliPt (H,0) >50 n.d.

1 2.088+0.131 n.d.

2 3.027+0.128 19.2+0.1

3 0.373+0.010 n.d.

4 0.151+0.009 n.d.

5 0.202+0.005 n.d.

6 0.283 £0.048 n.d.

7 0.755+0.029 5.5+0.6

61410 equiv ascorbic acid ~ 0.75140.077 n.d.

7%4+10 equiv ascorbic acid  1.668 +-0.064 n.d.

2 (DMF) + cisPt (1:1) 3.270+0.048 28.44+1.9

Auranofin 0.093 4+0.009 0.30+0.05

[a] preincubation for 24 h before adding TrxR, n.d.=not determined.
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highly express TrxR.”' Using a modified reported
method,”! we performed an end-point insulin reduction
assay, where the number of thiol groups was determined
spectrophotometrically using DTNB. To eliminate the
effects of other cellular reductases, we used two sets of
experimental conditions for each concentration of the test
compounds; one having recombinant TrxR as the substrate
and the other without it. The activity of the TrxR itself was
obtained from the difference in the absorbance values
between the two sets of experimental conditions, allowing us
to obtain the specific cellular TrxR activity following 24 h of
exposure to the compounds.

7 inhibits the enzyme at an ICs, of 5.5 uM, while 2 has ICs,
values near 20 uM and cisPt 31.4 pM. Co-incubation of cisPt
and 2 did not show any synergistic effects (ICs, 28.5 uM).
Importantly, this order of activity (7>2>cisPt) agrees with
the results obtained against purified TrxR (Table 3).

7 is about 3.5-fold more efficient than 2 at inhibiting
TrxR in A549 cells. While it is tempting to ascribe this to the
somewhat higher accumulation of 7 (Figure S49), the
inhibition studies against the isolated enzyme indicated that
all the Pt—Au compounds 3-7 are superior TrxR inhibitors
compared to 1 and 2, implying that the higher effect of 7 is
not due primarily to accumulation.

Comparing the ICs, values for cellular TrxR inhibition
with those for cytotoxicity (Table 2) indicates that TrxR
inhibition occurs at much higher concentrations than
cytotoxicity. However, different assay conditions must be
considered. For example, cytotoxicity is determined after
72h of rapid cell proliferation, whereas TrxR activity is
evaluated after 24 h of exposure to an almost confluent (not
strongly proliferating) cell layer.

Reactivity of the Compounds Towards Cysteine- and
Selenocysteine-Containing Peptides

A potential target for Au' complexes is the TrxR family,
that plays a significant role in the intracellular redox
homeostasis. Seleno-enzymes (containing the rare 21%
encoded amino acid selenocysteine (Sec, U) are possible
targets for the development of new anticancer agents.””? A
strong inhibition of TrxR activity can lead to a change in the
mitochondrial membrane potential which eventually may
lead to apoptosis via the intrinsic pathway.”! Au' complexes,
like Auranofin (Figure 1D), are potent and selective inhib-
itors of TrxR, due to interactions between the Au' core and
the selenium or sulfur. Messori et al. investigated their
mechanism of inhibition by monitoring their binding to
peptides that contain Sec and Cys by ESI-MS studies.”

We designed Pt"Y"—Au' prodrugs assuming that following
reduction, the cationic EDA-MBA—-Au-NHC moiety will
efficiently inhibit TrxR. Surprisingly, the Pt—Au compounds
3-7 were significantly better TrxR inhibitors than the Au
compounds 2 and 1, both against isolated TrxR and against
TrxR in cellulo (Table 3). We prepared 4 model peptides
that contain either Sec, Cys, both or none (Figure 4A) and
studied their interactions with 4, 1 and 2.

Angew. Chem. Int. Ed. 2023, 62, €202217233 (6 of 11)
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The model peptides (Figure 4A) were synthesized
through SPPS procedure (SI). As shown in Figure 4A, the
Sec-containing peptides (A and B) were isolated in the
oxidized state. Thus, we tested the interactions of the
peptides with the complexes in both the oxidized and
reduced states. There was no significant reaction between
compounds 1, 2, 4 or 7 with the oxidized peptides A and B,
nor with peptide D that lacks Cys or Sec or with C that has a
reduced Cys.

The reduced peptides were obtained by adding 5 equiv.
of dithiothreitol (DTT) at RT for 5min and were then
reacted with 1 equiv of the complexes for 30 min at 37°C.
We confirmed that 1, 2, 4 and 7 were stable in the presence
of DTT. Reactions were monitored by HPLC and the new
peaks that formed were collected and characterized by MS.
In all cases, either Au—NHC or just Au moieties were bound
to the Sec residue suggesting that the Se displaced the
thiolate (rather than the NHC) from the Au (Figure 4B).
Both the m/z values and the isotopic patterns confirmed the
identity of the conjugates (example in Figure 4C/D). This
agrees with a previous report on the interaction of
Au-NHGCs, with seleno-peptides.”™

While the reactions of peptide A with both 1 and 2 were
completed after 30 min, only 15-20 % conversion was observed
for the reactions with 4 and 7 (Figure 4B, S49). Yet, the same
products were obtained, direct binding of the Au—NHC to the
Sec residue. This is perplexing because 4 and 7 are much better
TrxR inhibitors than compounds 1 and 2.

As B contains both Sec and Cys, the reduction of the
peptide exposed the two soft nucleophiles (Sec and Cys)
capable of reacting with heavy metals. Both Au' derivatives
1 and 2 were allowed to react for 30 min with the reduced
peptide at 37°C. As with A, complete conversion occurred
within 30 min, yielding two main peaks corresponding to
either peptide B—Au—NHC or peptide B—Au conjugates
(Figure 4B). Once again, after 30 min of reaction between B
and 4 or 7, only 15-20% conversion was observed with a
single product (peptide B—Au—NHC).

Peptide B was designed to include an Arg residue before
the Sec, and a Lys residue between the Sec and the Cys,
making it contusive to trypsin digestion. The trypsin digest
of the modified peptide B should give three fragments, one
containing the Sec and another containing the Cys, allowing
us, in principle, to establish the binding site of the Au. We
performed trypsin digestion on an isolated peptide B—Au
conjugate in a 1:30 ratio for 30 min at 37°C. We isolated
two products with m/z values that match the cleaved
sequence of Ser—Glu—Phe—Gly—Arg and also
His—Trp—Cys—Tyr—Lys; neither had Au bound to it. Un-
fortunately, we could not observe a product with m/z that
contains Sec with or without Au (Figure S48). Nonetheless,
based on the observation that the cysteine thiol in peptide C
did not react with the Au compounds, we presume that the
Au is bound solely to the Se in peptide B.
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Figure 4. A) The peptides used in this study; B) Summary of the reactions between 1 and 4 with A and B; C) a more detailed description of the
reaction between 4 and A; D) experimental (top) and simulated (bottom) ESI-MS for the reaction between 4 and A.

In Vivo Efficacy and Toxicity

We performed preliminary in vivo anticancer studies
comparing cisPt, 2 and 7 against the murine Lewis Lung
Carcinoma (LLC) solid tumor model. Cytotoxicity of the
compounds was first assessed in LLC cells (Table S1). LLC
is a highly aggressive and metastatic syngeneic carcinoma
characterized by high reproducibility, and as allograft, it is
performed in immune-competent mice. Using an immuno-

Angew. Chem. Int. Ed. 2023, 62, €202217233 (7 of 11)

competent animal model is crucial to understanding the
great contribution of immunity/inflammation to cancer
initiation and progression."

Seven days after tumor inoculation, the tumor-bearing
mice were randomized into vehicle control and treatment
groups. Control mice received the vehicle [1 % DMSO (v/v)
and 99 % of a saline solution (v/v)], whereas treated animals
received every 2 days (days 8, 10, 12 and 14): oral gavage of
12 mgkg ™ of 7 or i.p. injections of 4 mgkg ' of 2, 4 mgkg ™
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of cisPt, 4 mgkg ' of PhB and a combination of 4 mgkg "
each of cisPt, 2 and PhB. On day 15, animals were sacrificed
and the tumor weight was evaluated; the results are
summarized in Table 4.

PhB did not inhibit tumor growth, while 2 induced a
75% reduction of tumor mass, slightly lower than cisPt
(84 %). The efficacy of 7 was significantly higher than that
of cisPt or 2 (=94 % tumor reduction). Interestingly, the
combined administration of cisPt, 2 and PhB resulted in
96 % tumor inhibition, similar to 7 (94 %).

While both 7 and the combination therapy were effective
at inhibiting tumor growth, there is a huge difference
between them in acute toxicity as manifested by body weight
loss (Figure 5). Animal body weights were monitored at day
0 and from day 7 onward every 2 days as a sign of systemic
toxicity (Figure 5). The time course of body weight changes
shows that treatment with 7 resulted in only a few percent
weight loss. In contrast, treatment with cisPt or 2 resulted in
a ~20% and 15% loss, respectively. The combination of
cisPt, 2, and PhB induced a weight loss of nearly 30 %.

The preliminary in vivo efficacy results clearly demon-
strate the advantage of using a Pt""—Au' prodrug compared
to the combination treatment, particularly regarding re-
duced systemic toxicity.

We assessed the inhibition of TrxR activity in the tumors
of the treated animals. Tumors of control or treated animals
were collected on day 15, weighed and homogenized. TrxR
activity was assessed by the DTNB assay. Results reported
in Figure 5 clearly confirm that PhB does not affect TrxR
activity. CisPt induced only a minimal reduction of TrxR

Table 4: In vivo tumor inhibition studies.

Compounds Daily dose Average tumor weight Inhibition of tumor
[mgkg™] (meanZ£SD, gr) growth [%]

control - 0.551+0.10 -

cisPt 4 0.086 +0.04% 84.4

PhB 4 0.52540.06 4.7

2 4 0.1384+0.02¢ 74.9
cisPt+2+PhB 4+4+4  0.02140.02% 96.2

7 12 0.035£0.010" 93.7

[a] p<0.05 (respect to control); [b] p<0.1 (respect to 2).

In-Vivo General Toxicity
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activity, whereas 2 induced a 30 % reduction of enzyme
activity. Interestingly, both 7 and the combination treatment
with cisPt, PhB and 2 reduced TrxR activity by 45 %. As in
the TrxR inhibition studies against the isolated enzyme and
the inhibition of the cellular activity of TrxR, 7 outperforms
2 as a TrxR inhibitor in vivo. This confirms that Pt""—Au'
prodrugs target TrxR in vivo.

We evaluated and compared the biodistribution and
toxicity profiles for treatment with 7 and a combination of 2,
cisPt and PhB. Tumor homogenates employed for TrxR
analysis as well as kidney, intestine, lung, and liver of treated
animals were subsequently mineralized and the Au and Pt
content of each sample was measured by ICP-MS (Figure 6).
As expected, in the combination treatment there are large
differences in the biodistribution of the Pt and Au. The Pt
accumulates primarily in the kidney, while the Au accumu-
lates preferentially in the liver. Interestingly, similar levels
of Pt and Au accumulated in the tumor when treated with 7
or with the combination treatment, suggesting that effective
tumor inhibition requires both the Pt and the Au. Notably,
in the case of 7, the Pt and Au levels in all the organs and in
the tumor were very similar, suggesting that the prodrug is
sufficiently stable for targeting the tumor site.

To gain a deeper understanding of the intratumoral
distribution of 7 compared to the single treatment combin-
ing 2 and cisPt, multi-elemental analysis via laser-ablation
(LA)-ICP-TOFMS was performed. Tumor-bearing mice
were dosed once with cisPt+2 (4 mgkg™ each, i.p.) or 7
(12mgkg™!, oral gavage). After 5h, the tumors were
harvested, embedded in optimal cutting temperature com-
pound (OCT), and cryo-sections were prepared. They were
analyzed for the Pt, Au, and endogenous element distribu-
tion at the microscale using LA-ICP-TOFMS imaging (Fig-
ure 7A). Consecutive slices were stained with hematoxylin
and eosin (H/E) (for visualization of the general tissue
morphology) and the von Willebrand factor (for localization
of micro blood vessels).’” In general, slightly higher Pt and
Au levels were observed in the combination-treated animals,
which is not surprising as the i.p. route of drug admin-
istration results in 100 % bioavailability in contrast to p.o.
administration. There were distinct differences in the intra-
tumoral drug distribution patterns of the two treatments.
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Figure 5. Body weight changes (left) and in vivo TrxR inhibition (right). A. Error bars indicate the S.D. **P <0.01; *P < 0.05.
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of prodrug 7 or (C) the single drug combination of 2 and cisPt. In (B) the correlations in the 7-treated section of Au with either Pt or Fe are
depicted (red arrows).

While a rather even Pt and Au distribution over the tumor  samples of 7, several Pt and Au hotspots were visible in the
tissue was observed for the drug combination (Figure 7C),in  tissue. Noteworthy, some of these hotspots (indicated by
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arrows) showed a strong correlation between the Pt and Au
signals, indicating that at these spots, the compound arrived
intact at the tumor (Figure 7B). In several areas, Au co-
localized with Fe hotspots. Histological examinations
showed that these areas are high in blood vessel density
thus, close to the entrance into the malignant tissue.

The colocalization of the Au and the Fe, in conjunction
with the more even distribution of the Pt, suggests that the
compound arrives intact at the tumor site, possibly carried
by albumin, where the Pt" is reduced and the released cisPt
diffuses deeper into the tissue, while the released Au binds
to albumin.

Nephrotoxicity is the most common dose-limiting toxicity
of Pt-based drugs, and is one of the major causes of
discontinuing therapy.™ Irreversible kidney damage occurs in
about one-third of cisPt-treated patients. While, liver injury is
a major setback induced by FDA-approved Au' drugs.!

The potential nephrotoxic and hepatotoxic effects induced
by treatment with 7, 2, cisPt, PhB or the combination cisPt:
PhB:2 were also evaluated by measuring some specific
biomarkers. For kidney injury, the urines of control and
treated mice were analyzed for urinary total protein (uTP) and
N-acetyl-B-D-glucosaminidase (NAG) (Figure 8A). CisPt in-
duced a significant increase of uTP excretion and NAG,
whereas PhB did not alter either of those biomarkers.
Although 7 elicited an increase in NAG activity, it was
significantly lower compared with cisPt and the combination
treatment.

The specific biomarkers alanine transaminase (ALT)
and aspartate aminotransferase (AST) for liver injury as
well as TrxR levels were measured in serum samples of
control and untreated mice (Figure 8B and C). 2, 7, PhB and
cisPt did not adversely affect liver function, whereas the
combination treatment partially altered the serum levels of
these biomarkers (Figure 8B). However, none were as toxic
as CCl,, a standard reference that dramatically increased
biomarkers’ levels. TrxR serum levels were not significantly
altered by treatment with all tested compounds (Figure 8C).

These organ-specific toxicity results clearly demonstrate
the advantages of 7 compared to the combination treatment
in terms of significantly reduced nephro- and hepato
toxicities, suggesting that even prodrugs containing two
heavy metals can be safe and effective.
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Conclusion

The two Au' compounds 1 and 2 are quite potent cytotoxic
agents with ICy, values in the low uM range with high
selectivity to cancer cells. Potency depends on the nature of
the NHC ligand. The PhIm complex 2 was significantly
more potent than the BeIm complex 1 or cisPt in all cancer
cell lines tested. The most potent Pt"™"—Au' prodrugs 4 and 7
had an axial PhB ligand, that enhanced accumulation. The
hypothesis was that the released Au-NHC moiety will
effectively inhibit TrxR. Surprisingly, all the intact Pt""—Au'
prodrugs were significantly more potent inhibitors of TrxR
compared to the Au compounds. Interestingly, this trend of
activity (7> 2> cisPt) was also observed in TrxR inhibition
in cancer cells and in mice with LLC tumors. We studied the
interactions of the most potent inhibitor 4 of isolated TrxR
and the two Au' compounds with peptides that model the
TrxR-binding site for Au'. Contrary to expectations, the
weaker TrxR inhibitors 1 and 2 reacted significantly more
efficiently with the Sec peptides than the much more potent
inhibitor 4. In aggregate, this suggests that inhibition of
TrxR by the Pt"—Au' compounds might involve other
factors besides the direct binding of the Au' to the
selenocysteine.

We confirmed that the prodrug targets TrxR in vivo at the
tumor site and hampers its activity, thereby contributing to the
efficient inhibition of tumor growth. Moreover, in vivo studies
clearly demonstrate the differences between the two pharma-
cological approaches: multi-targeting (one drug) and multiple
targeting (several drugs). In particular, efficacy and toxicity
studies allow us to highlight the toxicological advantages of
utilizing a single small molecule that modulates multiple targets
compared to combinations of multiple drugs.

Heavy metals such as Pt and Au are expected to have
severe toxicities. Yet, the Pt""—Au' multi-targeting prodrug
is as efficacious as the combination treatment in vivo but,
importantly, is significantly less toxic than either cisPt or the
combination treatment, demonstrating the advantages of the
multi-targeting strategy to pursue smart medicines for
anticancer chemotherapy further.

TrxR Serum

mm ALT
AST *x

Serum level (U/L)

N
o

Figure 8. In vivo nephrotoxicity (A) and hepatotoxicity (B) profiles as well as serum TrxR levels (C). Urines (A) and sera (B+ C) of control and
treated mice were subjected to biomarkers detection by ELISA assays. Error bars indicate the S.D. **P <0.01; *P<0.05.
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