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Antiproliferative effects, mechanism of action and
tumor reduction studies in a lung cancer
xenograft mouse model of an organometallic
gold(i) alkynyl complext

Uttara Basu, @ *2® Anna Wilsmann,? Sebastian Turck,? Henrik Hoffmeister,?
Matthias Schiedel, @2 Gilles Gasser @ ¢ and Ingo Ott @®*2

Organometallic complexes offer a wide range of properties like structural variety, reaction kinetics, tunable
lipophilicity and alternate mechanisms of activation under physiological conditions compared to platinum
chemotherapeutics and are thus being explored for their potential anticancer applications. In this regard,
gold() organometallics hold a pivotal position for their ability to act on biological targets different from
DNA (which is the primary target of platinum therapeutics), such as thioredoxin reductase. Here, we report
on the stability, in vitro antiproliferative effects, protein binding, cellular uptake, mechanism of action,
effects on mitochondrial respiration of cancer cells as well as in vivo tolerance, toxicity and tumor
reduction in an A549 lung cancer xenograft mouse model of an organometallic gold() complex (1) bearing
4-ethynylanisole and triethylphosphane as ligands. The complex, which was stable in DMSO and reactive
towards N-acetylcysteine, triggered strong antiproliferative effects in various cancer cell lines and had a
protein binding of approximately 65% that reduced its generally efficient uptake into tumor cells.
Antimetastatic properties were indicated for 1 in a scratch assay and strong inhibition of thioredoxin
reductase (TrxR) was confirmed for the purified enzyme as well as in A549 lung cancer cells, which strongly
overexpress TrxR. Real time monitoring of the oxygen consumption rate in multiple cancer cell lines, using
the Seahorse Mito stress assay, demonstrated that mitochondrial respiration was severely disrupted,
showing a significantly low oxygen consumption rate. Other respiratory parameters, such as proton efflux,
spare respiratory capacity and maximal respiration, were also attenuated upon treatment with 1. The
complex was well tolerated in vivo in mice at a dose of 10 mg kgt and showed tumor reduction compared
to the control group of animals in a lung cancer xenograft model of nude mice. In summary, complex 1
represents a novel organometallic anticancer drug candidate with a mechanism related to TrxR inhibition
and mitochondrial respiration inhibition, showing efficient in vivo antitumor efficacy.

(K[Au(CN),]) to the tuberculosis bacillus in vitro indicated the
great potential of gold complexes for the first time in modern

The medicinal properties of gold have been known to
humankind for several centuries when it was used to treat
ulcers and microbial infections. Historically, Robert Koch's
discovery of the toxicity of potassium dicyanoaurate
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medicine. Later, the introduction of gold compounds as
therapeutics for rheumatoid arthritis by Jaques Forestier led
to the development of antirheumatic gold drugs. This
propelled research towards the discovery of novel gold
complexes for various other therapeutic applications.'™®
Auranofin, aurothioglucose and aurothiomalate are the
prominent gold-based, FDA approved antiarthritic drugs.”®
Auranofin is also in clinical trials for ovarian cancer
(NCT03456700, NCT01747798), chronic lymphocytic leukemia
(NCT01419691), HIV (NCT02176135) and protozoal diseases
(NCT02736968). It is well documented that the treatment with
cisplatin, the classical platinum-containing chemotherapeutic
drug, suffers from several limitations such as lack of
specificity, development of cancer cell resistance and various
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side effects, and alternative candidates are necessary to
combat cancer.” Organometallic compounds are interesting
as they are structurally diverse, can undergo various types of
reactions by ligand exchange, redox pathways, etc. and may
be explored for generating drug candidates for cancer
therapy.’®"? Specifically, gold complexes have attracted the
attention of scientists because of their in vitro anticancer
properties towards platinum-resistant cell lines."*'* In this
regard, several gold compounds have been designed and
synthesized with ligands like N-heterocyclic carbenes (NHCs),
phosphines, thiolates, alkynes, BODIPY or heterobimetallic
complexes, etc. They are being explored as potential
chemotherapeutic agents with different modes of action
compared to platinum drugs.">*°

Gold(1) has a higher affinity for soft ligands, like those with
sulfur donor atoms, making thiol groups of enzymes, which are
sometimes overexpressed in cancer cells, attractive molecular
targets. Previous studies have indicated a multimodal action of
gold complexes towards cancer cell lines, where thioredoxin
reductase (TrxR), a selenocysteine containing enzyme that
maintains the redox homeostasis system of the human
physiology, has emerged as the most relevant target.**™*> Other
enzymes, such as glutathione reductase, cysteine proteases, or
protein tyrosine phosphatases, are also possible targets for gold
complexes.**** It has also been reported that gold complexes
prefer localizing in the mitochondria of cells and interfere with
pathways associated with oxidative phosphorylation that drive
cellular respiration. This is advantageous considering that an
isoform of the thioredoxin reductase enzyme, TrxR2, is found
inside the mitochondria of cells.

We and others have recently reported on the promising
anticancer properties of gold complexes with alkynyl ligands
(see Fig. 1 for examples).'>?¢**3%4>4% Thege complexes have
the general advantage of an increased stability due to the
strong coordination of the alkynyl ligand to the gold center.
Many of these complexes triggered strong effects against
cancer cells. For some examples, additional important
anticancer effects were reported, such as anti-angiogenic
properties that were confirmed in a zebrafish model.*” In a
previous study, we evaluated the influence of the type of
phosphine ligand in complexes of the general type alkynyl-
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Fig. 1 Structures of the FDA approved antiarthritic gold() drug
auranofin and of reported organometallic gold()) complexes bearing an
alkynyl ligand, such as 11532
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gold(1)(phosphine) and studied a promising example with a
triphenylphosphine ligand in vivo.>> The derivative with the
triphenylphosphine ligand, however, remained inactive
in vivo, which could be attributed to the solubility issue
related to the lipophilic nature of the triphenylphosphine
structure. Structures with an improved solubility were
suggested for further studies. Importantly, aggregation effects
on the biological activity of gold alkynyl complexes have been
recently highlighted by Rodriguez and coworkers.*

Building on these previous findings, we selected complex 1
(Fig. 1) with the less lipophilic triethylphosphine ligand for
further studies as a potential anticancer agent. Computational
studies have indicated the high stability of 1. Importantly, it
was found to trigger strong antiproliferative effects and to
strongly inhibit TrxR, making it an ideal candidate for further
development as an anticancer lead compound.®®* Here, we
report about the in vitro antiproliferative properties in different
cell lines, mechanistic aspects, and in vivo behavior in an A549
cell line-derived tumor xenograft (CDX) subcutaneous model.

2. Results and discussion
2.1 Chemistry

Complex 1 was synthesized with high purity and good yield
using a one-step reaction between chloro(triethylphosphine)
gold(1) and 4-ethynylanisole in a mixture of methanol and
dichloromethane. The product was isolated as a yellow
precipitate and dried in a vacuum. The method described in
the Materials and methods section is based on our previous
reported procedure with modifications to improve the yield.*”
The structures and the bond dissociation energies of complex
1 have been reported using DFT calculations by our group
recently and indicated high stability.*> According to our
observations, 1 was very stable at room temperature in the
solid state and could be stored for several months without
any changes in its composition.

2.2 Stability in solution and in the presence of
N-acetylcysteine

DMSO is the most frequently used solvent for preparing stock
solutions of compounds for biological assays. However, this
solvent also has coordinative properties that can influence
the stability of metal complexes.””*® To evaluate the stability
of 1 in DMSO, a 400 puM solution was kept at 37 °C and
analyzed by HPLC over a period of 4 days (Fig. 2). Complex 1
showed excellent stability in DMSO with a recovery rate of
97% after 96 h, confirming that DMSO can be used without
problems for preparing stock solutions of 1 and that the
complex is stable in a polar organic solvent under
physiological conditions. Next, the stability of 1 in the
presence of N-acetylcysteine (NAC) was checked by analysis of
an equimolar mixture of 1 and NAC in DMSO/phosphate
buffered saline (PBS) 1/1 (v/v) under the same conditions. As
a thiol-containing biomolecule, NAC can react with gold-
containing compounds under ligand exchange reactions. As
expected, there was an immediate reaction between NAC and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 HPLC-MS analysis of 400 uM 1 in DMSO (left) and a 400 uM equimolar mixture of 1 and NAC at 37 °C over 96 h; retention times: 4.5 min

for 1 and 2.2 min for 4-ethynylanisole.

1 with 88% of 1 being intact at the beginning of the
experiment (0 h). After 2 h, the recovery rate for 1 was 45%
and slowly decreased to 31% after 96 h. The release of the
free alkyne ligand could be further confirmed by a spiking
experiment. These results are overall in good agreement with
1 being a “thiol-reactive” probe and TrxR inhibitor.

2.3 Antiproliferative effects

The efficacy of 1 as an antiproliferative agent was evaluated
using a cell viability assay in a panel of different cancer cell
lines, consisting of breast cancer MCF-7, triple negative breast
cancer MDA-MB-231, colon cancer HT-29, lung cancer A549 cells
and non-tumorigenic kidney RC-124 cells. Auranofin (AF) was
used as a reference compound. It was found that 1 was strongly
antiproliferative in all the cell lines, with ICs, values between 2
and 12 uM, similar to those of auranofin (Table 1). The activity
of 1 against HT-29 and MDA-MB-231 cells has already been
studied in our previous report and yielded ICs, values of 2.6 uM
and 1.1 pM, respectively.*> The slightly higher activity in our
previous report could be due to differences in the experimental
protocols, such as a fresh batch of cells in the current study and
a different seeding density. It has to be noted that the related
chloride complex, (triethylphosphine)AuCl, has been reported
to have high cytotoxicity to various colon carcinoma cell lines
including HT-29 with an ICs, value near 1 uM,*® while the
alkynyl ligand 4-ethynylanisole showed negligible cytotoxicity
under similar experimental conditions. Both auranofin and 1
were active against the non-tumor cell line RC-124, which is in
line with our previous results obtained with this cell line.?®

2.4 Protein binding and cellular uptake

Binding of drugs to proteins, especially to plasma proteins
like albumin, has enormous effects on the in vitro cellular

uptake and in vivo biodistribution. While binding to proteins
can reduce the cellular uptake, in the case of reversible
binding, the conjugate can serve as a reservoir of the drug
and allow slow and controlled drug release leading to a better
biodistribution profile.”® The binding to albumin reduces the
concentration of the free drug and results in the formation of
a larger complex that has a lower diffusion rate across the
cell membrane. Therefore, high protein binding can strongly
reduce the bioactivity of drugs in cell-based experiments.

To check the protein binding ability of 1, we performed a
protein binding assay with a fetal bovine serum (FBS)
medium, which contains important serum proteins (Fig. 3).
Auranofin was used under identical experimental conditions
as the reference compound. The respective complexes were
added to the medium, and aliquots were collected at
different time points. Ethanol was added to precipitate the
proteins and the unbound gold content was determined in
the supernatant using inductively coupled plasma optical
emission spectroscopy (ICP-OES). The metal bound to FBS
proteins was calculated (%) and the results are depicted in
Fig. 3. Both auranofin and 1 had a fast and efficient binding
that reached a plateau within 2 h of incubation, where
approx. 56-68% of gold was bound to proteins. There was no
significant difference between 1 and auranofin in this assay.
High protein binding was also observed with gold alkynyl
complexes with N-heterocyclic carbene ligands in our recent
work."

It has been demonstrated that a higher accumulation of
metallodrugs generally potentiates antiproliferative activity.
Moreover, bioactivity of antitumor metallodrugs is influenced
by a multi-step process that includes, as the first step, cell entry
or accumulation. The cellular uptake of any potential
chemotherapeutic agent is thus of paramount importance and
many inorganic complexes are not able to cross the cell

Table 1 Antiproliferative effects of complex 1 and auranofin in different cell lines given as ICsg concentrations in micromolar (uM) units

Compound

ICs, values (uM) HT-29 MDA-MB-231 MCF-7 A549 RC-124
1 (4-MeO-Ph-=-Au-PEt;) 6.8 £ 0.2 2.3£0.5 29+0.3 12.1+1.4 3.1+0.8
Auranofin (AF) 3.2+04 1.9+ 0.6 1.4+0.2 8.9+2.6 2.0+1.2
4-Ethynylanisole >50 >50 45.6 + 1.8 >50 >50

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Percentage of gold bound to proteins in the presence of

fetal bovine serum (FBS) after incubation at different time points

measured using ICP-OES; (b) cellular uptake of complex 1 in MDA-MB-

231 and A549 cells after different incubation times in the presence or

absence of FBS.

membrane due to various factors, such as low aqueous
solubility, high charge, low lipophilicity and inactivation by
covalent binding to serum proteins. We thus studied the time-
dependent uptake of 1 into MDA-MB-231 and A549 cells with
and without FBS using atomic absorption spectrophotometry.
Cells were incubated with 2.0 uM and 5.0 uM of complex 1 for
MDA-MB-231 and A549 cells, respectively, and the gold content
was measured in the cell lysate after different time points up to
48 h. The obtained values of up to 20 nmol gold per milligram
cell protein were roughly within the same order of magnitude
as with different gold alkynyl complexes studied under
comparable experimental conditions.*®?%373%454% " pifferent
concentrations were used because of the differences in the IC5,
values in the two cell lines and shorter treatment times were
chosen to allow the detection without compromising cell
viability. In all cases, it was evident that the uptake was higher
when using a serum-free cell culture medium. After 2 h of
incubation in FBS free medium, there was a marginal increase
in the cellular gold levels with the values being nearly the same
for both cell lines. At 4 h, the amount of metal in cells was 4-5
times higher than in untreated samples, which nearly doubled
after 8 h in MDA-MB-231 cells; however, it increased only
marginally for A549 cells. The value further increased nearly 15-
20 times after 24 h of incubation compared to the control
samples for both A549 and MDA-MB-231 cells, respectively. This
is in stark contrast to experiments conducted in the presence of

2666 | RSC Med. Chem., 2025, 16, 2663-2676
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serum where the concentration of gold found in cell lysates was
fairly modest until 4 h in both cell lines and showed a moderate
increase slightly after 8 h of incubation with 1. Even then, the
amount of gold compared to the FBS free samples was about
half the value. Moreover, cell uptake was marginally faster in
MDA-MB-231 cells compared to A549 cells. In summary, the
results clearly show that the presence of serum reduces the
cellular uptake of 1 (Fig. 3).

2.5 Live cell imaging

Live cell imaging was performed and microscopy images were
recorded to monitor the morphological changes of A549 cells
treated with 1 (Fig. 4). The cells were grown until at least
30% confluency before 10 pM 1 was added and images were
recorded every hour for 48 h. The concentrations used for the
experiments were based on the IC;, values of 1 in the
respective cell line. Whereas untreated control cells showed a
continuous extension of the cell layer leading to increased
confluency, cells treated with 1 showed major morphological
changes within the first 8-12 h of exposure. Cells were
strongly deformed compared to the untreated control
samples and rounded with longer exposure times. Cell
growth continued, however, the cell morphology was
substantially affected as evident from the shrunken cell
morphology (Fig. 4). This effect was not reversible and cells
completely detached over extended periods of exposure. This
further corroborates the in vitro cytotoxic properties of 1. In
our previous report on the analogous triphenylphosphine
gold(1) alkyne complex, the morphology of RC-124 or HT-29
cells was affected only after longer exposure (48 h), followed
by strong rounding and detachment of the cells.>* The
shrunken cell morphology and rounding were also noted for
a gold alkyne complex with an erlotinib-derived ligand.>®

2.6 Wound healing assay

Metastasis is the primary cause of cancer morbidity and
mortality and it is estimated that metastases are responsible
for about 90% of cancer deaths. The wound-healing assay is
a simple and convenient method to evaluate directional cell
migration in vitro. Migration is a critical process involved in
morphogenesis, inflammation, and cancer metastasis. Many
metal complexes including those based on gold have been
reported to show antimetastatic properties in vitro®>*>*° To
check the antimetastatic properties of 1, we performed a
wound healing assay using MDA-MB-231 cells, in which
activity was reported with a different gold alkynyl complex
already.”® The MDA-MB-231 cell line is known for its strong
cell migration and is more suitable for the performed wound
healing assay than the A549 cell line, as we also confirmed in
pilot experiments.

Cells were allowed to grow until they attained 60-70%
confluency and treated with 1 at 2 pM. In a typical scratch
wound healing assay, a “wound gap” in the cell monolayer
was created by scratching, and the “healing” of this gap by
cell migration and growth towards the center of the gap was

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Live cell imaging in A549 cells with and without 1 (10 uM), showing changes in the cell morphology at 0, 24 and 48 h.

monitored under a microscope for 48 h. Factors that alter the
motility and/or growth of the cells can lead to an increased
or a decreased rate of “healing” of the gap. Complex 1 was
found to delay the rate of wound healing in the triple
negative MDA-MB-231 breast cancer cell line compared to the
untreated control cells, as demonstrated in Fig. 5. The ¢,
(time taken for closure of half the wound) was calculated to
be 41.8 + 3.3 h, while that for the untreated cells was 28.7 +
2.7 h. This is indicative of the in vitro antimetastatic
properties of complex 1.

2.7 Effect on mitochondrial respiration

Many gold complexes, including gold alkynyl derivatives,
cause effects on mitochondrial metabolism.'®*>*® Here, we
performed studies on the mitochondrial respiration that
could be affected by 1 using an Agilent XFe96 Seahorse
extracellular flux analyzer. The real time oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) of
treated cells were measured (Fig. 6). Studies on the effects of

Untreated cells

Cells +1 (2 uM)

metal complexes on the metabolism of cancer cells using real
time OCR measurements have been reported only
recently.”’* This prompted us to explore the effect of 1 and
auranofin as a reference on the oxidative phosphorylation in
HT-29 and MDA-MB-231 cells. Cells were treated with 5 uM
of the test compounds and incubated for 24 h. Mitochondrial
respiration was found to be severely impaired in cells treated
with the two compounds, as opposed to the untreated cells.
This was evident from the low basal respiration and the
inhibition of ATP production compared to those of untreated
cells. The mitochondrial membrane of the cells treated with
1 or auranofin lost the capacity to restore the proton balance
when treated with an uncoupling agent (FCCP). The maximal
respiration (the OCR value when the mitochondrial
membrane is uncoupled) and spare respiratory capacity
(difference in the OCR values between maximal respiration
and basal respiration) of the cells were reduced compared to
those of untreated cells. The combination of these effects
suggests a disrupted mitochondrial respiration in colorectal
cancer cells caused by both 1 and auranofin. Strong effects

Sl

Fig. 5 Effect of 1 on MDA-MB-231 cells after inducing a scratch and allowing the cells to grow for 24 h. Untreated cells showed nearly complete
wound closure in 24 h while the cells treated with 1 (2 uM) showed a reduced rate of wound closure.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Seahorse Mito stress assay in HT-29 cells (a) and MDA-MB-231 cells (b) showing the effect of 1 and auranofin on mitochondrial respiration.
Oligomycin (ATP synthase inhibitor), FCCP (proton decoupler), rotenone (electron transport chain complex 3 inhibitor) and rotenone (electron
transport chain complex 1 inhibitor) were added at the time points shown by the arrows. Comparison of the respiratory parameters between
untreated cells (control) and cells treated with either 1 or auranofin: basal respiration (c), maximal respiration (d) and ATP production (e) in HT-29

and MDA-MB-231 cells as indicated in the graphs.

on cellular respiration were also noted for structural
derivatives of 1, such as its triphenylphosphine analogue.*>"*®

2.8 Inhibition of thioredoxin reductase activity

The inhibition assay of TrxR was performed with the isolated
rat liver 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. Complex 1 was incubated
with the enzyme at different concentrations and the
conversion of DTNB to TNB was monitored at 405 nm
spectrophotometrically. Complex 1 was a strong inhibitor of
the enzyme with an ICs, value in the nanomolar range that
was identical to the value obtained in our previous report.**
Having confirmed the strong potency of 1 as an inhibitor of
purified TrxR, the study was extended to lung cancer A549 cells
that are reported to overexpress thioredoxin reductase.** To
check the efficacy of intracellular enzyme inhibition by 1 in
A549 cells, we established an end point insulin reduction assay
in our group using a similar method reported by Holmgren et
al. and Amner et al>> Cells were incubated with either 1 or
auranofin at different concentrations for 24 h. The cell lysates
were then analyzed using an insulin reduction method, where
the difference in absorption between samples with and without
thioredoxin was used and the conversion of DTNB to TNB was
monitored. With an ICs, value of approximately 0.5 puM, the
cellular TrxR inhibition by 1 was found to be comparable to that
of auranofin (Table 2). For both gold compounds, the ICs,
values obtained with A549 cell lysates were found to be at least
ten times higher than with the isolated enzyme. In the cell-
based experiment, the effective free drug concentration can be
reduced due to many factors, such as cellular uptake or protein
binding. In consequence, the different “bioavailability” between

2668 | RSC Med. Chem., 2025, 16, 2663-2676

the experiment using a purified enzyme and the cell-based assay
leads to the differences in the observed ICs, values.

Docking studies were performed in order to obtain deeper
insights into the molecular interactions of 1 with the TrxR
binding site. Fragments of 1, ie. alkynyl-Au" and (phosphine)
Au’, were included in the study to evaluate the effects of the
respective partial structures. The docking results of complex 1
(black), alkynyl-Au® (brown), and (phosphine)Au’ (green) with
the human TrxR1 (PDB: 2J3N, Sec — Cys) reveal critical insights
into their binding interactions, particularly in the vicinity of the
active-site residue Cys498 (Fig. 7 and S1-S3t). The receptor
surface grid, visualized in the docking study, highlights
potential hydrogen bonding regions (red), mild polar regions
(blue), and hydrophobic regions (grey), providing a detailed
understanding of the ligand-receptor interface. Complex 1
demonstrates the strongest binding affinity with a score of
-6.027, followed by alkynyl-Au’ (-4.176) and (phosphine)Au”
(-4.173). This suggests that 1 (Fig. 7 and S1t) forms the most
stable interactions within the active site. The docking poses
show that (phosphine)Au’ (Fig. 7 and S2t) occupies a similar
position in the binding pocket and interacts with the key
residues in a comparable manner. This similarity indicates that
(phosphine)Au® could in principle form through ligand
exchange and a subsequent reaction of 1 with Cys498, which

Table 2 Inhibition of purified or cellular thioredoxin reductase (TrxR) by
1 and auranofin (n = 2)

Compound Intracellular TrxR

(A549 cells)

Extracellular TrxR
(rat liver enzyme)

IC5, values (uM)

0.05 £ 0.01
0.03 + 0.46

0.45 + 0.02
0.69 + 0.16

1 (4-MeO-Ph-=-Au-PEt;)
Auranofin (AF)

This journal is © The Royal Society of Chemistry 2025
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(brown)
H-bonding (red), mild polar (blue), and hydrophobic (grey).

into TrxR1 (PDB: 2J3N, Sec — Cys); receptor surface:

itself was navigated in the ideal position in the receptor through
the alkynyl ligand and as a consequence of the high linearity of
the structure of 1. On the other hand, the alkynyl-Au" fragment
itself can be positioned in different orientations, preferentially
in a rectangular one, compared with 1 (Fig. 7, S2 and S37). In
summary, these mechanistic studies are in good agreement
with the strong TrxR inhibition observed with 1 and indicate
the special relevance of the phosphine ligand to the orientation
of 1 in the TrxR binding site.

2.9 Toxicity study in a mouse xenograft model

Toxicity and tolerance studies were performed to evaluate the
tolerability (MTD) of 1 at three different doses where female
NMRI nu/nu mice were treated i.p. at doses of 5 (group A), 10
(group B) and 20 (group C) mg kg™ for 5 days and the body
weight was measured during this treatment. Furthermore,
animal health conditions were monitored during the study.
The MTD testing revealed in general good tolerability for
both compounds, and throughout only minor and reversible
losses in body weight were seen for the dose of 20 mg kg™* of
1 (2.6%). At day 3 of the treatment, animals of groups A to C
had slight diarrhea, which however was only transient.
Furthermore, for group C, which received 20 mg kg 1, liver
degeneration was observed during necropsy after study
termination. This MTD study showed good tolerability of 1
for i.p. application in the dose range between 5 and 10 mg
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kg ". Therefore 10 mg kg™* dose was used for further efficacy
testing in an appropriate tumor model.

2.10 Tumor reduction study

This study was performed to evaluate the antitumoral activity
of 1 in the A549 lung carcinoma CDX s.c. model. For testing
of the compound, female NMRI nu/nu mice were injected s.c.
A549 cells and tumours were grown to palpable size. Then,
the animals were treated with 1 at a fixed dose of 10 mg kg™
every second day by i.p. injections. The treatments were
performed for 20 days for the two drugs. During the study,
the tumour volume and animal body weight were
determined. The study revealed antitumoral activity of 1 in
the lung carcinoma CDX model A549 model. This is reflected
by the respective opt. 7/C values of 49.9% at study day 21 and
by reduced tumour weights. In the control group, the mean
tumor weight was 0.775 g, while in the group treated with 1,
the mean tumour weight was 0.531 g (Fig. 8). The statistical
analysis revealed that at study day 29, unpaired ¢ tests with
Welch's correction showed significant differences between
the tumor volumes of the treatment groups “vehicle” and 1.
During the entire study, treatments with 1 were well
tolerated, which is reflected by no losses in animal body
weights. This study demonstrated good antitumoral activity
of 1 at a fixed dose of 10 mg kg™".

The biodistribution of a drug molecule is an important
pharmacokinetic feature, which plays an important role in
determining the drug efficacy. To study the biodistribution of
1 in various vital organs, the organs from the animals in the
tumor reduction study were collected after sacrificing the
animals, weighed and digested with 10% nitric acid. Once
the digestion was complete (3-5 days), the amount of gold in
the different samples was analyzed using an atomic
absorption spectrophotometer and the concentration of gold
per gram of tissue was calculated. Significant amounts of
gold were found in the liver, kidneys and spleen while a
negligible amount was found in the brain (Fig. 8). Modest
amounts of gold were found in the tumor and some in the
other vital organs.

3. Discussion and conclusions

Gold complexes have been used to treat symptoms of
rheumatoid arthritis for many decades and currently the
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Fig. 8 In vivo study in an A549 lung cancer xenograft model in animal groups treated with the vehicle or complex 1 (10 mg kg™): mean body
weight (a) and tumor volume (b). Biodistribution of gold in vital organs of mice treated with 1 (n = 5) (c).
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registered therapeutic gold compounds are also considered
as anticancer and anti-infective drug candidates. This has led
to intensive research on novel gold containing small
molecules in particular as anticancer agents. However, while
many new in vitro active gold metallodrugs have been
reported, extended preclinical studies, pharmaceutical
analytical studies, and in vivo studies are less common. In
this paper, we report on such extended studies with the
previously reported gold organometallic lead compound 1.
There are many reports on the anticancer activity of gold(r)
and gold(m) complexes, with thioredoxin reductase or similar
oxidoreductase enzyme inhibition as the primary mechanism
of action. Here, we have studied an organometallic gold(i)-
phosphine complex having an alkynyl ligand with high
stability under standard laboratory conditions. It showed
excellent in vitro antiproliferative activity in different cancer
cell lines with inhibitory concentrations similar to the FDA
approved drug auranofin that is in clinical trials for
anticancer and antimicrobial applications. Interaction studies
with NAC confirmed the “thiol-reactivity” of 1 and the release
of the metal free ethynylanisole ligand, which itself did not
trigger significant cytotoxicity in the in vitro studies. The
wound healing assay indicated that 1 might have additional
antimetastatic properties. In addition, the complex was a
prolific inhibitor of both purified and cellular TrxR. Docking
studies further supported the experimentally confirmed
strong TrxR inhibition by 1. Further, these studies indicated
the special relevance of the phosphine ligand to the
orientation of 1 in the active site and as a possible inhibitory
active fragment in the form of (phosphine)Au’ (after the
reaction with the cysteine in the active site). It can be
speculated that the main role of the ethynylanisole ligand is
to navigate and stabilize the (phosphine)Au’ fragment in a
good position for this interaction.

Further experimental studies showed that 1 had a strong
effect on mitochondrial respiration. Among manifold causes
(e.g. the inhibition of ATP synthesis or the uncoupling of
oxidative phosphorylation), the inhibition of TrxR can lead to
an impairment of the mitochondrial respiration via oxidative
stress and perturbed redox homeostasis.

Very importantly, we studied the in vivo efficacy of the
molecule regarding the tolerability and tumor reduction in
an A549 lung cancer xenograft model, where significant
differences were observed between untreated and treated
animals. Complex 1 with the triethylphosphine ligand
presents a significant improvement compared with its
triphenylphosphine precursor, which has shown no activity
in vivo due to limitations in bioavailability.** Further studies
might reveal, if modification in the drug application
schedule or a moderate increase in dosing could improve
the antitumoral activity of these drugs. Furthermore, it will
be of interest to evaluate if the metallodrug candidate is
also effective in other models of different tumor entities.
Notably, 1 was well tolerated in vivo, although no selective
cytotoxicity has been observed in the in vitro cytotoxicity
assays.
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In summary, 1 represents a promising novel anticancer
drug candidate and lead compound that is highly stable
under physiological conditions, acts as a “thiol-reactive”
agent and potent TrxR and mitochondrial respiration
inhibitor, and has strong in vivo anticancer activity. This
organometallic gold compound thus features properties
different from those of the lead platinum metallodrug
cisplatin, in particular regarding the mechanism of action
(cisplatin: DNA binding, 1: TrxR inhibitor).

4. Materials and methods
4.1 General

Chemicals and reagents and solvents were procured from
Sigma Aldrich and stored under recommended conditions.
All reagents were used without further purification. Details of
the instruments used are mentioned in the respective
experimental sections.

Cell culture methods. MDA-MB-231, MCF-7, A549, and
HT-29 cells were maintained in Dulbecco's modified Eagle
medium (4.5 g L™ p-glucose, r-glutamine, pyruvate), which
was supplemented with gentamycin (12.5 mg L™") and fetal
bovine serum (Biochrom GmbH, Berlin) (10% V/V), and were
passaged once a week. RC-124 healthy human kidney cells
were maintained in McCoy's 5A (modified, with r-glutamine)
medium, which was supplemented with gentamycin (12.5 mg
L™") and fetal bovine serum (Biochrom GmbH, Berlin) (10%
V/V), and were also passaged once a week. For experiments
with RC-124 cells, microtiter plates have been pretreated in
the following way: 30 uL of a sterilized gelatin solution (1.5%
(m V') were added to each well of flat bottom 96-well plates,
the plates were covered with their lids and incubated for 1 h
at 37 °C, the excess solution was removed, the wells were
washed with PBS 7.4 pH, and the new cell culture medium
was added. 175 em?® cell culture flasks used for cultivation of
RC-124 cells were pretreated analogously.

Instruments. The gold content for different experiments
was measured using either an atomic absorption
spectrophotometer (AAS; contrAA 700 high-resolution
continuum-source atomic absorption spectrometer, Analytik
Jena AG) or an inductively coupled plasma optical emission
spectrophotometer (ICP-OES; Agilent Technologies ICP-OES,
5110 equipped with an SPS4 autosampler) as indicated in the
respective experiments. For AAS measurements, pure samples
of complex 1 were used to prepare the standard solutions
and calibration was done in a matrix-matched manner. The
mean integrated absorbance of triple injections was used for
all the studies. Triton-X 100 (1%, 10 pL) and ascorbic acid
(1%, 10 pL) were directly added to each standard sample (100
pL). Samples were injected (25 pL) into coated standard
graphite tubes (Analytik Jena AG) and thermally processed,
and gold was quantified at a wavelength of 242.7949 nm. For
ICP-OES, standard solutions of gold were prepared using
commercially available 1 g L™ Au standard, ICP grade, from
Sigma Aldrich, calibration was done in a matrix-matched
manner and gold was quantified at 242.795 nm.

This journal is © The Royal Society of Chemistry 2025
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The mitochondrial respiration parameters (oxygen
consumption rate (OCR)) were measured in real time using
an Agilent Seahorse extracellular flux analyzer, and the values
of basal respiration, maximal respiration and ATP production
were calculated from the data obtained.

4.2 Synthesis and characterization

Complex 1 was synthesized by a method similar to that
reported before with some modifications to improve the
reaction yield.** 1-Ethynyl-4-methoxybenzene (35.6 mg, 0.269
mmol) and KOH (90.50 mg,1.61 mmol) were dissolved in
methanol (30 mL). Chloro(triethylphosphine)gold() (78.6 mg,
0.224 mmol) dissolved in dichloromethane (1.0 mL) was
slowly added, and the solution was heated under reflux
conditions for 6 h followed by stirring at room temperature
for another 72 h. The solvents were removed by evaporation,
the remaining residue was dissolved in dichloromethane and
extracted thrice with water, the combined organic phases
were dried over MgSO, and filtered, and the solvents were
removed by evaporation to afford a yellow powder (yield
~80%). '"H NMR (CDCl;, Fig. $4+): 1.20 (m, 9 H, ~CH3), 1.80
(m, 6 H, PCH,); 3.78 (s, 3 H, OCHz); 6.77 (m, 2H, ArH), 7.42
(m, 2H, ArH); >C NMR (CDCl;, Fig. S51): 8.92 (CH;), 17.86
(d, CH,, J = 33.0 Hz), 55.16 (OCH3), 113.57 (ArC), 117 (ArC),
133.67 (ArC), 158.41 (ArC), C=C signals not observed; *'P-
NMR (CDCl;, Fig. S6t): 38.65 (s); elemental analysis (found/
theoretical): C (40.28/40.37); H (5.02/4.97).

4.3 Stability studies by HPLC-MS

Complex 1 was prepared as a stock solution in DMSO.
N-Acetylcysteine (NAC) was prepared as a stock solution in
PBS. For stability studies, the following samples were
prepared: 400 uM 1 in DMSO and 400 pM 1 and 400 uM NAC
in DMSO/PBS 1/1; the samples were kept in vials at 37 °C in
a HPLC autosampler and were injected fully automatically
after 0, 2, 4, 8, 12, 24, 48, 72 and 96 hours. For HPLC-MS
analysis, an Agilent 1620 apparatus equipped with a single
quadrupole mass spectrometer (Agilent 6120B) was used. The
instrumental setup and chromatographic conditions are as
follows: injection volume: 3.0 pL; flow rate: 0.8 mL min
autosampler temperature: 37 °C, column temperature: 40 °C;
mobile phase: acetonitrile/ammonium formate buffer pH 4.0
(10 mM) with 0.02% formic acid 1/1; stationary phase: ACE
UltraCore 2.5 SuperC18 (4.6 x 50 mm, particle size: 2.5 um);
detection wavelength: 290 nm. The identity of the
compounds confirmed by MS detection. Linear
calibration with stock solutions of 1 afforded a correlation
coefficient of 0.999.

was

4.4 Cell proliferation inhibition (crystal violet assay)

A number of 3000 cells per well were seeded in 96-well plates
(note: for RC-124, pretreated plates were used, see above) and
incubated at 37 °C in 5% CO, for 24 h. Stock solutions of the
compounds in dimethylformamide (DMF) were freshly
prepared and diluted with the respective cell culture medium

This journal is © The Royal Society of Chemistry 2025
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to graded concentrations (final concentration of DMF: 0.1%
v/v). After 72 h (MDA-MB-231, MCF-7, A549, and HT-29) or 96
h (RC-124) of incubation, the cell biomass was determined by
crystal violet staining using an X4 Victor Perkin Elmer plate
reader at 595 nm, and the IC;, value was determined as the
concentration that caused 50% inhibition of cell proliferation
compared to an untreated control. Results were calculated as
the mean of three independent experiments.

4.5 Live cell imaging

A number of 1 x 10 A549 cells or HT-29 cells were grown in
60 mm cell culture dishes until at least 30% confluency.
Complex 1 was prepared freshly as 10 mM stock solution in
DMF and diluted to 10 uM with DMEM supplemented with
10% FBS. The cell culture medium of the flasks was
replenished with a fresh medium containing the complex at
the indicated concentration. Imaging was performed using a
JuLI®' live cell movie analyzer (NanoEnTek) equipped with
two microscope units. In each experiment, one microscope
unit was used to monitor an untreated control and the other
microscope unit was used to monitor the cells treated with 1.
The microscope units were placed in a CO,-incubator at 37
°C and images were taken in 1 h intervals for a period of 48
h. Each experiment was performed twice on separate days
and afforded similar results.

4.6 Protein binding

The protein binding of the gold complex was studied using
a precipitation assay similar to that reported earlier by Ma
et al.>® Fetal bovine serum was chosen as the representative
protein since it was used in all the cell culture experiments.
The cell culture medium (DMEM) was reconstituted with
10% FBS. 1 was dissolved in DMF to make a stock solution
(10 mM). It was added to the reconstituted medium such
that the final concentration was 50 uM in a total volume of
5 mL. The samples were placed in an incubator at 37 °C
for different periods (0, 2, 4, 8, 24 and 48 h). The untreated
reconstituted cell culture medium was treated identically to
the other samples and used as a matrix for calibration
using a standard solution of gold (1.0 ppm Au standard
solution procured from Sigma Aldrich, ICP grade). Aliquots
(500 uL) of each sample were treated with ice-cold ethanol
(1 mL) and stored at -25 °C for 3 h. Thereafter, the
samples were centrifuged (964g at 4 °C for 20 min). The
supernatant was isolated and stored at —25 °C for further
measurements. Aliquots (500 pL) of each sample were
treated with 10% nitric acid (4.5 mL), and the samples were
further diluted using double distilled water. The gold
concentration in the samples was measured using an
inductively coupled plasma optical emission spectrometer
(Agilent Technologies ICP-OES, 5110) equipped with an
SPS4 autosampler. The values reported are the average of
three independent measurements.
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4.7 Cellular uptake

The cellular metal uptake was determined according to
previously described methods.”® Briefly, MDA-MB-231 and
A549 cells were grown until at least 75-80% confluency in
150 cm? cell culture flasks. Stock solutions of the compounds
in DMF were prepared and diluted with a cell culture
medium immediately before use (final DMF concentration:
0.1% v/v). The cell culture medium of the flasks was replaced
with a medium that contained the metal compound (20 mL),
and the flasks were incubated at 37 °C in 5% CO, for up to
48 h. After the desired incubation period, the uptake was
stopped by removing the cell culture medium. The cells were
washed with PBS (10 mL), the washing solution was removed,
and the cells were isolated after 6 min trypsinization (2.4 mL
trypsin solution 0.05%, containing EDTA 0.004%) by
centrifugation (5 min, 1096g). The obtained cell pellets were
stored at -20 °C for further use. For metal and protein
quantification, the pellets were resuspended in
demineralized water (1.0 mL) and lysed for 30 min by
ultrasonication. The protein content of lysates was
determined by the Bradford method, and the metal content
was determined using a high-resolution continuum source
atomic absorption spectrometer (ContrAA 700, AnalytikJena
AG) using the matrix matched method.

4.8 Wound healing assay

The wound healing ability of complex 1 was evaluated in
MDA-MB-231 triple negative breast cancer cells using a
reported literature procedure.’® Briefly, 1 x 10° cells were
seeded in 60 mm cell culture dishes in DMEM having 10%
FBS and allowed to grow for 24 h at 37 °C in a 5% CO,
atmosphere in an incubator. A scratch was made in the cell
monolayer using a pipette tip (200 pL). The cells were washed
3 times to remove the floating cells and either 0.1% DMF or
1 (1.0 uM) was added to the cells. Images were recorded
using a JuLI® live cell movie analyzer (NanoEnTek) equipped
with two microscope units. The images were processed with
Image] software where the area of the scratch was plotted
against time to obtain the ¢, value using a linear fit
equation.

4.9 Seahorse Mito stress assay

HT-29 and MDA-MB-231 cells were seeded at a density of
20000 cells per well in Seahorse XFe96 well plates in DMEM
supplemented with 10% FBS, 1% sodium pyruvate and 1%
HEPES buffer at 37 °C in 5% CO,. After 24 h, the medium
was replaced with a fresh medium and either auranofin or
complex 1 (1 uM) was added into the respective wells. After
24 h of incubation, the medium was removed and the cells
were washed thrice using bicarbonate and serum free DMEM,
supplemented with 1.8 mg mL™" p-glucose, 1% i-glutamine
and 1% sodium pyruvate, and incubated in a non-CO,
incubator at 37 °C for 1 h. The Mito stress assay was run
using oligomycin (1 uM), FCCP (1 uM), and a mixture of
antimycin-A/rotenone (1 uM) each in ports A, B, and C,
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respectively, using a Seahorse XFe96 extracellular flux
analyzer. The protein content of the samples was measured
using the BCA assay.

4.10 Thioredoxin reductase inhibition (purified enzyme)

To determine the inhibition of mammalian thioredoxin
reductase, a spectrophotometric assay was done using
commercially available rat liver TrxR (Sigma-Aldrich) as
reported previously.** Briefly, the enzyme was diluted with
distilled water to achieve a concentration of 2.5 U mL™".
Complex 1 was freshly dissolved in DMF to obtain a stock
solution of 10 mM. To a 25 pL aliquot of the enzyme
solution, 25 pL of potassium phosphate buffer, pH 7.0,
containing the complex at different concentrations or the
vehicle (DMF) without compounds (control probe), was
added, and the resulting solutions (final concentration of
DMF: max. 0.5% v/v) were incubated with moderate shaking
for 75 min at 37 °C in a 96-well plate. Subsequently, to each
well, 225 uL of reaction mixture (1000 pL of reaction mixture
consisting of 500 uL of potassium phosphate buffer, pH 7.0,
80 uL of EDTA solution (100 mM, pH 7.5), 20 puL of BSA
solution (0.2%), 100 uL of NADPH solution (20 mM), and 300
pL of distilled water) was added. The reaction was started by
the addition of 25 pL of an ethanolic 5,5-dithiobis
2-nitrobenzoic acid solution (DTNB, 20 mM). After proper
mixing, the formation of 5-TNB was monitored with a
microplate reader (Perkin-Elmer Victor X4) at 405 nm in 10 s
intervals for 10 min. The increase in 5-TNB concentration
over time followed a linear trend (> > 0.99), and the
enzymatic activities were calculated as the slopes (increase in
absorbance per second) thereof. For each tested compound,
the noninterference with the assay components was
confirmed by a negative control experiment using an enzyme
free solution. The IC;, values were calculated as the
concentration of complexes decreasing the enzymatic activity
of the untreated control by 50% and are given as the means
and standard deviations of 2 independent experiments.

4.11 Thioredoxin reductase inhibition (A549 cells, endpoint
insulin reduction assay)

The thioredoxin reductase inhibition assay was performed
according to a method reported earlier.>>"> Briefly, A549 cells
were seeded in 6-well plates at a density of 1 x 10° cells per
well in DMEM/10% FBS. After 24 h, they were treated with
varied concentrations of the compounds dissolved in DMF
(final DMF concentration was 0.1% v/v) and incubated at 37
°C in 5% CO, for 24 h. Following this, the medium was
removed, and the cells were washed twice with PBS and lysed
with ice-cold lysis buffer (50 mM phosphate buffer, pH 7.4; 1
mM EDTA, 0.1% Triton-X 100) for 30 min on ice. The protein
content in the samples was determined using the Bradford
assay with bovine serum albumin (BSA) as the standard.
Equal amounts of protein (10 ng) were used for all samples.
Samples were incubated with the reaction mixture (30 pL)
containing HEPES buffer (85 mM), insulin (0.3 mM), NADPH

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00964a

Open Access Article. Published on 24 March 2025. Downloaded on 7/30/2025 2:53:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Medicinal Chemistry

(660 uL), EDTA (3 mM), and either recombinant thioredoxin
(10 uL, 1 mg ml™") or HEPES buffer (10 pL) for 20 min at 37
°C. The reaction was stopped with a stopping solution (200
pL) containing guanidine hydrochloride and 5,5-dithio-bis(2-
nitrobenzoic acid) (DTNB). The absorbance was measured at
405 nm using a Perkin Elmer Victor X4 plate reader. The
difference in the absorbance of samples containing Trx and
buffer gives the activity due to thioredoxin reductase. The
data were analyzed and the ICs, values were determined
using a non-linear curve fit with Origin 8.0.

4.12 Computational chemistry (docking studies with TrxR)

In this study, computational analyses focused on the human
thioredoxin reductase 1 (TrxR1). The protocol for protein
preparation and pharmacophore docking was adapted from a
previously published method with modifications to suit our
experimental objectives.”® All computational
performed using the Molecular Operating Environment (MOE,
version 2024.0601). The X-ray crystal structure of TrxR1 (PDB
Code: 2J3N) was retrieved from the Protein Data Bank (https://
www.resb.org). Protein preparation involved removing bound
water molecules and co-crystallized ligands, as well as correcting
structural inconsistencies. Protonation states were assigned
based on physiological conditions (temperature: 310.15 K, pH:
7.4, salt concentration: 0.9 M). Partial charges and hydrogen
atoms were added to complete the structure. Notably, the
cysteine residue Cys498, which is critical for ligand binding,
was deprotonated and negative charge was assigned at the
sulfur atom to reflect the active roles in catalysis as shown by
FritzWolf et al® Given the challenges associated with
parameterizing metal complexes for conventional force fields,
pharmacophore-based docking was employed to facilitate
ligand placement. The binding site of TrxR1 was defined
around the negatively charged sulfur atom of Cys498.
Pharmacophore features with cationic characteristics were
positioned in proximity and marked as essential to this residue
to enable interactions with potential ligands. Complex 1 and
ligand fragments, specifically alkynyl-Au" and (phosphine)Au’,
were constructed using the MOE. All structures were energy-
minimized and saved in a single molecular database (.mdb) file.
Similarly, the gold-phosphine fragment was modeled with a
covalent bond between phosphorus and gold atoms,
maintaining a tetrahedral geometry around phosphorus.
Conformational searches were conducted for all structures
using default MOE settings. The prepared ligand conformers
were docked into the defined site of TrxR1 using an induced-fit
docking protocol. Refinement of docked poses was performed
using the Amber:EHT force field, while scoring employed the
GBVI/WSA function to evaluate binding affinities.

work was

4.13 In vivo studies
The animal studies were performed by EPO Experimental

Pharmacology & Oncology (Berlin - Buch). For the studies,
6-8-week-old female NMRI nu/nu mice were used. In the
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first animal experiment, the maximum tolerable dose (MTD)
of complex 1 was determined in female NMRI:nu/nu mice. 1
was dissolved in dimethylsulphoxide (DMSO) (final
concentration 10%) and further diluted with 5% Tween 80
in saline. The mice (n = 2 mice per group) were
administered with 5, 10 and 20 mg kg™ of the complex
intraperitoneally (i.p.) in daily injections of 0.1 ml for 5 days
and further observed post treatment for 10 days in order to
determine the approximate MTD. In this experiment, the
body weight was measured and potential side effects were
documented.

For the therapeutic in vivo experiment, 1 x 10’ A549
human lung carcinoma cells (expanded in vitro in RPMI
medium + 10% fetal bovine serum) were injected
subcutaneously (s.c.) in a volume of 0.1 mL into female
NMRI:nu/nu mice (n = 5 mice per group) on day 0. When
tumors were grown to a palpable size of around 0.1 cm?, the
mice were randomized and treatment was started on day 10
after tumor cell injection. For treatment, complex 1 was
injected i.p. at a dose of 10 mg kg™, every second day for 20
days during the experiment. The control group of mice was
treated with the solvent only. Tumor volumes (TVs) were
measured with a caliper instrument at indicated time points
and calculated using the formula: TV = (width® x length)/2.
Tumor volumes, relative tumor volumes (in relation to the
first treatment day) and treated to control (7/C) values were
calculated. The body weight and health conditions of the
mice were determined continuously during the entire
experiment to estimate tolerability of the drug treatment. The
mice were sacrificed on study day 29 after their last
treatment, and necropsy was performed for evaluation of
potential side effects. Furthermore, tumors and organs (liver,
lungs, kidneys, spleen, heart, brain) were removed and tumor
weights were determined. The animal experiments were
performed according to the German Animal Protection Law
and with approval from the responsible local authorities
(LaGeSo Berlin, Germany). Housing and animal care were in
accordance with all legal and ethical regulations. The in vivo
procedures for handling and treatment of mice were
consistent and in compliance with the United Kingdom Co-
ordinating Committee on Cancer Research (UKCCCR)
guidelines. At the end of the study, animals were sacrificed
and their vital organs were isolated, weighed and dissolved in
10% nitric acid for digestion. The gold content in the organs
was measured using a high-resolution continuum source
atomic absorption spectrometer (ContrAA 700, Analytikjena
AG) using the matrix matched method.

Data availability

The data supporting this article have been included as part
of the manuscript and the ESL}

Conflicts of interest

There are no conflicts of interest to declare.

RSC Med. Chem., 2025, 16, 2663-2676 | 2673


https://www.rcsb.org
https://www.rcsb.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00964a

Open Access Article. Published on 24 March 2025. Downloaded on 7/30/2025 2:53:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

Acknowledgements

Financial support by DFG (Deutsche Forschungsgemeinschaft,
project 240296617) is gratefully acknowledged. U. B. would like

to

acknowledge BITS Pilani for a research initiation grant

(BPGC/RIG/2021-22/07-2022/05), the New Faculty Start Up Grant

(NFSG/GOA/2023/G0900)

and the Science and Research

Engineering Board for a SERB-POWER (SPG/2022/000433) grant.
This work was financially supported by an ERC Consolidator
Grant PhotoMedMet awarded to G. G. (GA 681679).

References

1

2

10

11

12

13

14

M. A. Malik, A. A. Hashmi, A. S. Al-Bogami and M. Y. Wani,
Harnessing the power of gold: advancements in anticancer
gold complexes and their functionalized nanoparticles,
J. Mater. Chem. B, 2024, 12, 552-576.

G. Moreno-Alcantar, P. Picchetti and A. Casini, Gold
Complexes in Anticancer Therapy: From New Design
Principles to Particle-Based Delivery Systems, Angew. Chem.,
2023, 135, €202218000.

R. T. Mertens, S. Gukathasan, A. S. Arojojoye, C. Olelewe and
S. G. Awuah, Next Generation Gold Drugs and Probes:
Chemistry and Biomedical Applications, Chem. Rev.,
2023, 123, 6612-6667.

A. Balfourier, J. Kolosnjaj-Tabi, N. Luciani, F. Carn and F.
Gazeau, Gold-based therapy: From past to present, Proc.
Natl. Acad. Sci. U. S. A., 2020, 117, 22639-22648.

I. Ott, On the medicinal chemistry of gold complexes as
anticancer drugs, Coord. Chem. Rev., 2009, 253, 1670-1681.
C. F. Shaw, Gold-Based Therapeutic Agents, Chem. Rev.,
1999, 99, 2589-2600.

C. Imberti and P. J. Sadler, Chapter One - 150 years of the
periodic table: New medicines and diagnostic agents, Adv.
Inorg. Chem., 2020, 75, 3-56.
J. Minigh, xPharm: The
Reference, 2007, pp. 1-6.

F. H. Abdalbari, E. Martinez-Jaramillo, B. N. Forgie, E. Tran,
E. Zorychta, A. A. Goyeneche, S. Sabri and C. M. Telleria,
Auranofin Induces Lethality Driven by Reactive Oxygen
Species in High-Grade Serous Ovarian Cancer Cells, Cancers,
2023, 15, 5136.

E. Boros, P. J. Dyson and G. Gasser, Classification of Metal-
Based Drugs according to Their Mechanisms of Action,
Chem, 2020, 6, 41-60.

Y. C. Ong and G. Gasser, Organometallic compounds in drug
discovery: Past, present and future, Drug Discovery Today:
Technol., 2020, 37, 117-124.

G. Gasser, I. Ott and N. Metzler-Nolte, Organometallic
Anticancer Compounds, J. Med. Chem., 2011, 54, 3-25.

T. Gamberi, G. Chiappetta, T. Fiaschi, A. Modesti, F. Sorbi and
F. Magherin, Upgrade of an old drug: Auranofin in innovative
cancer therapies to overcome drug resistance and to increase
drug effectiveness, Med. Res. Rev., 2022, 42, 1111-1146.

A. Casini and A. Pothig, Metals in Cancer Research: Beyond
Platinum Metallodrugs, ACS Cent. Sci., 2024, 10, 242-250.

Comprehensive  Pharmacology

2674 | RSC Med. Chem., 2025, 16, 2663-2676

15

16

17

18

19

20

21

22

23

24

25

26

27

28

View Article Online

RSC Medicinal Chemistry

A. Varchmin, A. Mufoz-Castro and I Ott, Gold(I)
organometallics with alkynyl and N-heterocyclic carbene
ligands and their medicinal and computational chemistry
evaluation as prospective anticancer drugs, J. Organomet.
Chem., 2024, 1012, 123148.

M. Park, C. Schmidt, S. Tirck, F. Hanusch, S. V. Hirmer, 1.
Ott, A. Casini and S. Inoue, Potent Anticancer Activity of a
Dinuclear Gold(I) bis-N Heterocyclic Imine Complex Related
to Thioredoxin Reductase Inhibition in Vitro, ChemPlusChem,
2024, 89, €202300557.

Q. M. Chen, Y. Chen and X. H. Wu, Synthesis and antitumor
activity of novel alkynyl (phosphine) digold(I) complexes,
Transition Met. Chem., 2021, 46, 495-501.

Z. Yang, G. Jiang, Z. Xu, S. Zhao and W. Liu, Advances in
alkynyl gold complexes for use as potential anticancer
agents, Coord. Chem. Rev., 2022, 423, 213492.

M. Gil-Moles, M. Elena Olmos, J. M. Lopez-de-Luzuriaga, 1.
Ott and M. C. Gimeno, A dual approach to cancer treatment:
gold(I) terpyridine derivatives as DNA binders and inhibitors
of mammalian thioredoxin reductase, Inorg. Chem. Front.,
2024, 11, 4802-4814.

M. Pujadas and L. Rodriguez, Luminescent phosphine
gold(I) alkynyl complexes. Highlights from 2010 to 2018,
Coord. Chem. Rev., 2020, 408, 213179.

C. Zheng, Y. Tang and B. Yu, Tri(N-carbazolyl)phosphine
Gold(I) Complexes: Structural and Catalytic Activity Studies,
Inorg. Chem., 2022, 61, 16874-16886.

Z.Xu, Q. Lu, M. Shan, G. Jiang, Y. Liu, Z. Yang, Y. Lu and W.
Liu, NSAID-Au(I) Complexes Induce ROS-Driven DAMPs and
Interpose Inflammation to Stimulate the Immune Response
against Ovarian Cancer, J. Med. Chem., 2023, 66, 7813-7833.
A. Pinto, C. Roma-Rodrigues, J. S. Ward, R. Puttreddy, K.
Rissanen, P. V. Baptista, A. R. Fernandes, J. C. Lima and L.
Rodriguez, Aggregation versus Biological Activity in Gold(I)
Complexes. An Unexplored Concept, Inorg. Chem., 2021, 60,
18753-18763.

T. Lin, Y. Lin, J. Yao, Z. Wu, N. Fu and Q. Wei, Alkynyl
Gold(I) Phosphine Complexes: Evaluation of Structure-
Activity Relationships for the Alkynyl Ligands on
Luminescence and Cytotoxicity, Eur. J. Inorg. Chem.,
2024, €202400059.

X. Ma, Y. Zhao, 1. Caligiuri, F. Rizzolio, N. B. Pozsoni, K. V.
Hecke, T. Scattolin and S. P. Nolan, Dalton Trans., 2024, 53,
7939-7945.

E. Ortega, A. Zamora, U. Basu, P. Lippmann, V. Rodriguez, C.
Janiak, I. Ott and J. Ruiz, An Erlotinib gold (I) conjugate for
combating triple-negative breast cancer, J. Inorg. Biochem.,
2021, 203, 110910.

B. Babgi, D. Domyati, K. S. Alrashdi, A.-H. M. Emwas, M.
Jaremko, E. M. M. Ali and M. A. Hussien, Synthesis,
characterizations, and anticancer properties of bifunctional
system based on gold(I) alkynyl and antipyrine, J. Organomet.
Chem., 2024, 1016, 123241.

C. Schmidt, L. Albrecht, S. Balasupramaniam, R. Misgeld, B.
Karge, M. Bronstrup, A. Prokop, K. Baumann, S. Reichl and
1. Ott, A gold(I) biscarbene complex with improved activity as

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00964a

Open Access Article. Published on 24 March 2025. Downloaded on 7/30/2025 2:53:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Medicinal Chemistry

29

30

31

32

33

34

35

36

37

38

39

40

a TrxR inhibitor and cytotoxic drug: comparative studies
with different gold metallodrugs, Metallomics, 2019, 11, 533.
A. Trommenschlager, F. Chotard, B. Bertrand, S. Amor, L.
Dondaine, M. Picquet, P. Richard, A. Bettaieb, P. L. Gendre,
C. Paul, C. Goze and E. Bodio, Gold(I)-BODIPY-imidazole
bimetallic complexes as new potential anti-inflammatory
and anticancer trackable agents, Dalton Trans., 2017, 46,
8051-8056.

Q. M. Chen, Y. Zeng, M. R. Zhang, L. Jin, P. Zhou, X. H. Wu
and W. X. Ren, Synthesis and antitumor activity of gold(I)
N-heterocyclic carbene with dithiocarbamate and alkynyl
complexes, Inorg. Chim. Acta, 2024, 568122085.

Y. Long, B. Cao, X. Xiong, A. S. C. Chan, R. W.-Y. Sun and T.
Zou, Bioorthogonal Activation of Dual Catalytic and Anti-
Cancer Activities of Organogold(I) Complexes in Living
Systems, Angew. Chem., Int. Ed., 2021, 60, 4133-4141.

V. Andermark, K. Goke, M. Kokoschka, M. A. A. Maaty, C. T.
Lum, T. Zou, R. W.-Y. Sun, E. Aguil6, L. Oehninger, L.
Rodriguez, H. Bunjes, S. Wolfl, C.-M. Che and 1. Ott, Alkynyl
gold(I) phosphane complexes: Evaluation of structure-
activity-relationships for the phosphane ligands, effects on
key signaling proteins and preliminary in vivo studies with a
nanoformulated complex, J. Inorg. Biochem., 2016, 160,
140-148.

I. Ott, X. Qian, Y. Xu, D. H. W. Vlecken, I. J. Marques, D.
Kubutat, J. Will, W. S. Sheldrick, P. Jesse, A. Prokop and
C. P. Bagowski, A Gold(I) Phosphine Complex Containing a
Naphthalimide Ligand Functions as a TrxR Inhibiting
Antiproliferative Agent and Angiogenesis Inhibitor, J. Med.
Chem., 2009, 52, 763-770.

J. Arcau, V. Andermark, E. Aguild, A. Gandioso, A. Moro, M.
Cetina, J. C. Lima, K. Rissanen, I. Ott and L. Rodriguez,
Luminescent alkynyl-gold(I) coumarin derivatives and their
biological activity, Dalton Trans., 2014, 43, 4426-4436.

T. S. Reddy, S. H. Privér, V. V. Rao, N. Mirzadeh and S. K.
Bhargava, Gold(I) and gold(Ill) phosphine complexes:
Synthesis, Anticancer Activities towards 2D and 3D Cancer
Models, and Apoptosis Inducing Properties, Dalton Trans.,
2018, 47, 15312.

P. Hikisz, L. Szczupak, A. Koceva-Chyla, A. Guspiel, L.
Oehninger, 1. Ott, B. Therrien, ]J. Solecka and K. Kowalski,
Anticancer and Antibacterial Activity Studies of Gold(I)-
Alkynyl Chromones, Molecules, 2015, 20, 19699-19718.

A. Meyer, A. Gutiérrez, I. Ott and L. Rodriguez, Inorg. Chim.
Acta, 2013, 398, 72-76.

R. Rubbiani, L. Salassa, A. de Almeida, A. Casini and I. Ott,
Cytotoxic  Gold(I) N-heterocyclic Carbene Complexes with
Phosphane Ligands as Potent Enzyme Inhibitors, ChemMedChem,
2014, 9, 1205-1210.

S. Vanicek, H. Kopacka, K. Wurst, S. Vergeiner, S. Kankowski, J.
Schur, B. Bildstein and I. Ott, Cobaltoceniumethynyl gold(I) as
an unusual heterodinuclear bioorganometallic fragment to
study the biological properties of alkynyl gold complexes,
Dalton Trans., 2016, 45, 1345-1348.

A. Bindolia, M. P. Rigobello, G. Scutari, C. Gabbiani, A.
Casini and L. Messori, Thioredoxin reductase: A target for

This journal is © The Royal Society of Chemistry 2025

41

42

43

44

45

46

47

48

49

50

51

52

View Article Online

Research Article

gold compounds acting as potential anticancer drugs, Coord.
Chem. Rev., 2009, 253, 1692-1707.

M. P. Rigobello, G. Scutari, A. Foldaa and A. Bindolia,
Mitochondrial thioredoxin reductase inhibition by gold(I)
compounds and concurrent stimulation of permeability
transition and release of cytochrome ¢, Biochem. Pharmacol.,
2004, 67, 689-696.

M. Salmain, M. Gaschard, M. Baroud, E. Lepeltier, G.
Jaouen, C. Passirani and A. Vessieres, Thioredoxin Reductase
and Organometallic Complexes: A Pivotal System to Tackle
Multidrug Resistant Tumors?, Cancers, 2023, 15, 4448.

A. Giorgio and A. Merlino, Gold metalation of proteins:
Structural studies, Coord. Chem. Rev., 2020, 407, 213175.

M. Fereidoonnezhad, H. A. Mirsadeghi, S. Abedanzadeh, A.
Yazdani, A. Alamdarlou, M. Babaghasabha, Z. Almansaf, Z.
Faghih, Z. McConnell, H. R. Shahsavari and M. H. Beyzavi,
Synthesis and biological evaluation of thiolate gold(I)
complexes as thioredoxin reductase (TrxR) and glutathione
reductase (GR) inhibitors, New J. Chem., 2019, 43, 13173.

A. Meyer, C. P. Bagowski, M. Kokoschka, M. Stefanopoulou,
H. Alborzinia, S. Can, D. H. Vlecken, W. S. Sheldrick, S.
Wolfl and I. Ott, On the Biological Properties of Alkynyl
Phosphine Gold(I) Complexes, Angew. Chem., Int. Ed.,
2012, 51, 8895-8899.

J. J. Zhang, M. A. el Maaty, H. Hoffmeister, C. Schmidt, J. K.
Muenzner, R. Schobert, S. Wolfl and I. Ott, A Multitarget
Gold(I) Complex Induces Cytotoxicity Related to Aneuploidy
in HCT-116 Colorectal Carcinoma Cells, Angew. Chem., Int.
Ed., 2020, 59, 16795-16800.

M. Patra, T. Joshi, V. Pierroz, K. Ingram, M. Kaiser, S.
Ferrari, B. Spingler, J. Keiser and G. Gasser, DMSO-mediated
Ligand Dissociation: Renaissance for Biological Activity of N-
heterocyclic-[Ru(n®-arene)Cl,] Drug Candidates, Chem. - Eur.
7., 2013, 19, 14768-14772.

S. Keller, Y. C. Ong, L. Yan, K. Cariou and G. Gasser, A Tutorial
for the Assessment of the Stability of Organometallic Complexes
in Biological Media, J. Organomet. Chem., 2020, 906, 121059.

T. Marzo, D. Cirri, C. Gabbiani, T. Gamberi, F. Magherini, A.
Pratesi, A. Guerri, T. Biver, F. Binacchi, M. Stefanini, A.
Arcangeli and L. Messori, Auranofin, Et;PAuCl, and Et;PAul
Are Highly Cytotoxic on Colorectal Cancer Cells: A Chemical
and Biological Study, ACS Med. Chem. Lett., 2017, 8,
997-1001.

K. Wanat, Biological barriers, and the influence of protein
binding on the passage of drugs across them, Mol. Biol. Rep.,
2020, 47, 3221-3231.

V. Scalcon, R. Bonsignore, J. Aupic, S. R. Thomas, A. Folda,
A. A. Heidecker, A. Pothig, A. Magistrato, A. Casini and M. P.
Rigobello, Exploring the Anticancer Activity of Tamoxifen-
Based Metal Complexes Targeting Mitochondria, J. Med.
Chem., 2023, 66, 9823-9841.

A. Notaro, A. Frei, R. Rubbiani, M. Jakubaszek, U. Basu, S. Koch,
C. Mari, M. Dotou, O. Blacque, ]J. Gouyon, F. Bedioui, N.
Rotthowe, R. F. Winter, B. Goud, S. Ferrari, M. Tharaud, M.
Rezacova, J. Humajova, P. Tomsik and G. Gasser, Ruthenium(II)
Complex Containing a Redox-Active Semiquinonate Ligand as a

RSC Med. Chem., 2025, 16, 2663-2676 | 2675


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00964a

Open Access Article. Published on 24 March 2025. Downloaded on 7/30/2025 2:53:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

53

54

55

56

Potential Chemotherapeutic Agent: From Synthesis to In Vivo
Studies, J. Med. Chem., 2020, 63, 5568-5584.

C. Olelewe, J. H. Kim, S. 1. Ofori, R. T. Mertens, S.
Gukathasan and S. G. Awuah, Gold(III)-P-chirogenic complex
induces mitochondrial dysfunction in triple-negative breast
cancer, iScience, 2022, 25, 104340.

C. Fan, W. Zheng, X. Fu, X. Li, Y.-S. Wong and T. Chen,
Enhancement of auranofin-induced lung cancer cell
apoptosis by selenocystine, a natural inhibitor of TrxR1
in vitro and in vivo, Cell Death Dis., 2014, 5, e1191.

E. S. J. Arnér, L. Zhong and A. Holmgren, Preparation and
assay of mammalian thioredoxin and thioredoxin reductase,
Methods Enzymol., 1999, 300, 226-239.

E. S. J. Arnér and A. Holmgren, Measurement of Thioredoxin
and Thioredoxin Reductase, Curr. Protoc. Toxicol., 2005, 24,
7.4.1-7.4.14.

2676 | RSC Med. Chem., 2025, 16, 2663-2676

57

View Article Online

RSC Medicinal Chemistry

X. Peng, A. Giménez-Cassina, P. Petrus, M. Conrad, M.
Rydén and E. S. J. Arnér, Thioredoxin reductase 1 suppresses
adipocyte differentiation and insulin responsiveness, Sci.
Rep., 2016, 6, 28080.

58 J. Ma, G. Stoter, J. Verweij and J. H. Schellens, Comparison

59

60

of ethanol plasma-protein precipitation with plasma
ultrafiltration and trichloroacetic acid protein precipitation
for the measurement of unbound platinum concentrations,
Cancer Chemother. Pharmacol., 1996, 38, 391-394.

C.-C. Liang, A. Y. Park and ].-L. Guan, In vitro scratch assay:
a convenient and inexpensive method for analysis of cell
migration in vitro, Nat. Protoc., 2007, 2, 329-333.

K. Fritz-Wolf, S. Urig and K. Becker, The structure of human
thioredoxin reductase 1 provides insights into C-terminal
rearrangements during catalysis, J. Mol. Biol., 2007, 370(1),
116-127.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00964a

	crossmark: 


