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Research on metal-based coordination and organometallic compounds is flourishing due to their poten-
tial to overcome drug resistance, reduce systemic toxicity, and target diverse cellular pathways. Driven by
the success of cisplatin and other Pt-based drugs, transition metal complexes such as Pt(i/iv), Ru(i/m), Au
(1/m), Culi/n), and Pd(i) have been widely investigated for their ability to interact with biomolecular targets,
including DNA, proteins, and enzymes. However, the development of effective anticancer metallodrugs
requires rigorous mechanistic validation, as this field is often hindered by overinterpretation and poorly
designed studies. This review emphasizes the necessity of multi-assay strategies, integrating classical
cytotoxicity and apoptosis assays with advanced methods such as CETSA and TPP, to clarify mechanisms
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of action. By correlating assay outcomes with molecular mechanisms, including redox modulation, apop-
tosis, proteasome inhibition, and non-apoptotic pathways such as ferroptosis and necroptosis, research-
ers can design more selective and multitargeted agents. This approach aims to enhance reproducibility,
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1 Introduction

Despite the huge advancements in diagnosis, surgical tech-
niques, and radiotherapy, cancer remains one of the health
challenges in the 21° century, accounting for millions of
deaths annually. The WHO estimated 9.7 million deaths
would occur due to cancer in 2022." Chemotherapy is a major
cancer treatment, particularly for aggressive and metastatic
types. However, the acquired drug resistance, systemic toxicity,
severe side effects and limited selectivity of many chemothera-
peutic agents necessitate the continuous exploration of
alternative therapeutic agents. In this context, metal-based
coordination compounds have emerged as a promising class
of chemotherapeutics, offering novel modes of action distinct
from organic small-molecule drugs.

Among the most extensively studied classes are coordi-
nation and organometallic complexes incorporating transition
metals such as platinum (Pt),>® ruthenium (Ru),” gold
(Au),*” copper (Cu),®° and palladium (Pd).'"® These com-
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prevent overinterpretation, and accelerate mechanism-based drug development.

pounds demonstrate promising anticancer activity attributed
to their tunable physicochemical properties, including variable
oxidation states, flexible coordination geometries, and con-
trolled ligand exchange kinetics. Indeed, several Pt-based
drugs have been approved for chemotherapy world-wide,
including cisplatin, carboplatin, and oxaliplatin, while others
like nedaplatin, lobaplatin, and heptaplatin have gained
approvals regionally."" The capacity of metal-based complexes
to interact with key biomolecular targets such as DNA, pro-
teins, and enzymes makes them potentially therapeutically
12 Moreover, their redox activity enables them to gene-
rate reactive oxygen species (ROS) which induce cytotoxic
stress with potential selectivity in cancer cells (cancerous cells
have altered redox homeostasis compared with normal
cells).'"*?

To evaluate the mechanisms by which these compounds
effects, a range of in vitro
biochemical assays have been developed. These assays provide
critical findings, facilitating the exploration of the mechanism
of action and establishing both structure-activity relationships
and drug development strategies. So far, metal-based com-
pounds function through major mechanistic pathways
including:'""?

+ DNA binding and damage: many metal-based drugs inter-
act with DNA through intercalation, groove binding, or
covalent binding, leading to replication stress that causes cell
death.

active.

exert their anticancer
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« Mitochondrial disruption: coordination compounds
often trigger apoptosis by inducing mitochondrial outer mem-
brane permeabilization (MOMP), leading to the release of pro-
apoptotic factors such as cytochrome c.

+ Death receptor activation: coordination compounds can
activate death receptors (e.g., Fas, TRAIL-R1/DR4, TRAIL-R2/
DR5), leading to caspase-8 activation.

+ ROS generation and redox modulation: redox-active metal
compounds could overcome cancer cells’ antioxidant defenses
by raising reactive oxygen species (ROS) levels. Oxidative stress
causes damage to proteins, lipids, and DNA, which finally
leads to cell death.

« Protein inhibition and functional modulation: these com-
pounds interfere with vital signaling pathways in cancer cells
by selectively inhibiting oncogenic proteins or activating
tumor suppressors. They hinder survival and growth by inter-
fering with vital biological processes, which promotes the
death of cancer cells while minimizing effects on healthy
tissue.

These mechanistic aspects have been explored through
intensive experimental works including adopting and design-
ing in vitro biochemical assays. Lately, research in develop-
ing and designing anticancer agents has suffered from over-
estimation, overinterpretation, and inappropriate and/or
insufficient experimental data. This review aims to highlight
the most important biochemical assays that can aid in
understanding the possible mechanistic pathways. The
methodologies, their foundation and interpretative frame-
works are summarized. In doing so, we highlight promising
directions for identifying the mechanistic pathways which
can be facilitated in the rational design of next-generation
metal-based chemotherapeutics with improved efficacy and
selectivity.
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2 Biochemical assays for anticancer
drug evaluation

2.1 Cytotoxicity assays

The MTT assay is a widely used colorimetric assay for asses-
sing cell metabolic activity that serves as an indirect measure
of viability, and cytotoxicity, particularly in response to poten-
tial anticancer agents.'® The assay relies on the ability of the
metabolic activity of cells to reduce a water-soluble yellow tetra-
zolium salt [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazo-
lium bromide (MTT)] into insoluble purple formazan crystals.
This reaction is primarily facilitated by mitochondrial dehydro-
genase enzymes which reflect the metabolic activity of living
cells. The lack of enzymatic activity in dead or non-viable cells
makes them unable to produce formazan (Fig. 1).** After incu-
bation, the formazan is dissolved (with DMSO or acidic isopro-
panol), and absorbance is measured at 570 nm using
spectrophotometry.

The procedure is established by seeding cells into a 96-well
plate and allowing them to adhere and grow. After appropriate
incubation, cells are treated with potential anticancer agents
at various concentrations and for defined time periods (24, 36,
48 or 72 hours). The yellow MTT salt is transformed into in-
soluble purple formazan crystals by mitochondrial dehydro-
genases in live cells after the MTT reagent is directly added to
each well and incubated for one to four hours. Dimethyl sulf-
oxide (DMSO) or acidified isopropanol is then used to dissolve
these crystals, producing a blue-colored solution. The number
of metabolically active cells is directly correlated with the
resulting color intensity, the intensity of which can be
measured using a spectrophotometer or plate reader, and is
typically in the range 540-570 nm. The outcome of the assay is
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Fig. 1 Illustration of the concept of the MTT assay.

expressed as absorbance values, which directly correlate to the
number of viable cells. Normalized data (against untreated
control cells (100% viability)) are used to represent the findings
(percent of viability). In the context of cytotoxicity studies, anti-
cancer agents cause a decrease in absorbance indicating a
reduction in cell viability, suggesting drug-induced cell death or
growth inhibition. Dose-response curves can be sketched to cal-
culate ICs, values (the concentration of drug that inhibits 50% of
cell viability), providing a quantitative measure of anticancer
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potential in the studied compound. A positive control is typically
included to ensure the reliability of the data and to enable mean-
ingful interpretation of structure-property relationships.

Despite its simplicity, the MTT assay has limitations: (1) it
does not distinguish between types of cell death (apoptosis,
necrosis or autophagy) and (2) the results may be influenced
by drugs that interfere with mitochondrial function.'®
Nevertheless, it remains a foundation assay in anticancer
studies for preliminary screening.
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The sulforhodamine B (SRB) assay is a colorimetric sensi-
tive method which is used to evaluate cell density based on
total cellular protein content, making it a powerful tool for
assessing cell proliferation, cytotoxicity, and drug efficacy.'®
Unlike the MTT assay, which relies on enzymatic activity, the
SRB assay measures the amount of cellular protein as a direct
indicator of cell mass, offering a more stable and linear
response. The principle of the assay is based on the ability of
the bright pink SRB dye to bind stoichiometrically to basic
amino acid residues (primarily lysine) under weak acidic
conditions.

The procedure begins by plating cells in 96-well microplates
and allowing them to adhere and grow. Once the cells reach
the desired confluence, they are treated with chemotherapeutic
agents. After an appropriate incubation period (usually 48 to
72 hours), the cells are fixed with trichloroacetic acid which
precipitates proteins and anchors them to the well surface and
stops all metabolic activity, preserving the cellular content.
Then, the wells are washed to remove excess medium and
unbound material. After that, SRB dye is added and allowed to
bind to the fixed cellular proteins. After incubation, the excess
dye is removed by washing with acetic acid, and the bound dye
is solubilized in a basic solution. The absorbance at
510-565 nm (typically 540 nm) is measured to quantify the dye
after adding 10 mM Tris base (pH 10.5) to solubilize the
bound dye. The optical density (OD) is directly proportional to
the total protein content (related to the number of cells in
each well) (Fig. 2). Results are typically expressed as a percen-
tage relative to the untreated cells’ protein content (negative
control), providing a measure of cell inhibition. In cytotoxicity
testing, a reduction in absorbance relative to controls indicates
that the test compound has inhibited cell proliferation or

Adherent cells Fix with
+test compounds  trichloroacetic
acid

Viable cells

Fig. 2 Illustration of the concept of the SRB assay.
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induced cell death.'” Like the MTT assay, SRB data can be
used to calculate IC5, values to quantify the potency of anti-
cancer agents. One of the advantages of the SRB assay is the
low susceptibility to variations in mitochondrial function
because it measures total biomass rather than metabolic
activity, offering more stable and reliable data under a broad
range of experimental conditions."®

2.2 DNA interaction assays

The plasmid DNA cleavage assay is employed to evaluate the
DNA-damaging capability of potentially chemotherapeutic
compounds. The principle of the assay is to monitor structural
changes in a supercoiled plasmid (typically pBR322 or pUC19)
when treated with anticancer agents; some compounds induce
strand scission or conformational changes.'® To understand
the science behind this assay, the structure of plasmid DNA is
a supercoiled form (Form I), which migrates faster during
agarose gel electrophoresis due to its compact structure. When
a single-strand break occurs, the supercoiled DNA relaxes into
an open circular form (Form II), and/or double-strand breaks
result in a linear form (Form III). These distinct forms can be
easily detected and visualized by gel electrophoresis.>’

The assay is established by mixing a fixed amount of
plasmid DNA with the examined compound in a buffer solu-
tion; the presence of a cofactor is essential if oxidative damage
is investigated (either a reducing agent such as ascorbic acid
or an oxidizing agent such as hydrogen peroxide). The reaction
mixture is incubated under physiological conditions (pH =
7.3-7.4 and T = 37 °C) for a fixed time (30 minutes to 4 hours).
The reaction is then terminated by adding a DNA loading dye
and cooling the sample. Agarose gel electrophoresis is used to
separate the samples, and the gel is stained with ethidium
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bromide or SYBR Safe (for staining) to allow visualization of
the DNA bands under a UV lamp. The outcome of the assay is
an image showing one or more bands corresponding to the
supercoiled, open circular, and/or linear forms of the plasmid
(Fig. 3). A compound that causes DNA strand breaks will show
the open circular and/or linear forms’ bands. Interpretation of
the results provides insight into whether a compound induces
direct DNA cleavage through covalent binding or oxidative
stress.?’

The plasmid cleavage assay is important in mechanistic
studies of chemotherapeutic compounds, helping to identify
agents that may function as DNA-targeting drugs. It offers a
clear and direct measure of DNA interaction and damage,
making it an important assay in the screening of genotoxic or
DNA-active compounds.>°

The Comet assay or single-cell gel electrophoresis technique
is used to detect DNA strand breaks in individual cells. The
core idea of the assay is the migration of fragmented DNA out
of the nucleus during electrophoresis: intact DNA remains
largely within the nucleus, while broken or relaxed DNA
strands migrate toward the anode, forming a “tail”. The extent
and intensity of the tail correlate with DNA damage, making
the assay useful for evaluating genotoxicity, oxidative stress,
and the DNA-damaging effects of chemotherapeutic agents,
including metal-based coordination compounds.>*

The procedure is established by embedding cells in a thin
layer of low-melting-point agarose on a microscope slide. The
cells then proceed to lysis under alkaline conditions to remove
membranes and proteins, leaving behind nucleoids composed of
supercoiled DNA. Both single- and double-strand breaks, as well
as alkali-labile sites, can be detected. After lysis, the samples are
subjected to electrophoresis in a high-pH buffer. Damaged DNA
migrates out of the nucleoid toward the anode, with the extent of
migration depending on the number and size of DNA fragments.
After that, DNA is stained with fluorescent dye such as ethidium
bromide or SYBR Green, and the slides are examined under a
fluorescence microscope (Fig. 4).>>

The outcome of the assay is a microscopic image of each
cell's DNA fragmentation pattern. Undamaged cells show
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compact, rounded heads with minimal or no tail formation,
while cells with increasing DNA damage exhibit progressively
longer and more diffuse tails. Image analysis software can be
used to quantify DNA damage by measuring parameters such
as tail length, tail intensity, and tail moment which allows for
comparative analysis across structurally related compounds.
The Comet assay is highly valued for its sensitivity, simplicity,
and capability to detect low DNA damage at the single-cell
level. It is particularly useful in evaluating the genotoxic poten-
tial of the tested compounds and can be adapted for oxidative
DNA damage detection by incorporating enzymes such as for-
mamidopyrimidine DNA glycosylase (FPG).>*

DNA melting studies are a fundamental method utilized to
investigate the thermal stability of DNA and its adducts with
interacting molecules, including potential anticancer com-
pounds. The assay employs the thermal denaturation process
(conversion of double-stranded DNA into single strands).*
This process is known as melting and can be monitored by
measuring the increase of absorbance (hyperchromicity) of
DNA at 260 nm when the strands separate. The temperature at
which half of the DNA becomes single-stranded is termed the
melting temperature (T,,), quantifying the DNA stability.>®

The assay is conducted by preparing a solution by mixing a
certain amount of the compound with DNA (e.g., calf thymus
DNA) in buffer system (pH = ~7.3-7.4) and the mixture is
gradually heated (25-95 °C) while monitoring the absorbance
at 260 nm by a UV-vis spectrophotometer. A melting curve is
generated by plotting absorbance versus temperature, and the
T is determined as the midpoint of the transition from the
low-absorbance to high-absorbance (ssDNA) state (Fig. 5). The
data obtained and discussed in this assay are typically the
shift in T}, value compared with free DNA. An increase in Ty,
suggests that the compound stabilizes the DNA helix, often
through intercalation or groove binding, which strengthens
base-pair interactions and hinders strand separation.
Conversely, a decrease in Ty, may indicate DNA destabilization,
strand cleavage, or interaction that promotes unwinding. This
makes DNA melting studies valuable for screening compounds
that target DNA. For metal-based coordination compounds,
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Incubation N

Loading dye
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Fig. 3 Illustration of the plasmid DNA cleavage assay.
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changes in Tj, can reflect complex-DNA binding affinity, mode
of action, and potential for DNA-targeted cytotoxicity.””
Although DNA melting studies do not provide direct struc-
tural information on the mode of binding, they are often
employed with other assays (e.g., gel electrophoresis or vis-
cosity measurements) to have a complete picture of DNA inter-
action mechanisms. One of the advantages of this assay is the
relative simplicity and high-throughput means of assessing
DNA-binding strength and thermodynamic effects.>”

16290 | Dalton Trans., 2025, 54, 16285-16317

2.3 Apoptosis detection assays

The Annexin V-FITC/PI staining assay is a flow cytometric tech-
nique for detecting and differentiating between early and late
stages of apoptosis, as well as necrosis in cancerous cells after
treatment by potent anticancer agents. The principle of the
assay is using the changes in the cell membrane that occur
during cell death pathways. In healthy cells, phosphatidylser-
ine (PS) is located on the inner leaflet of the plasma mem-

This journal is © The Royal Society of Chemistry 2025
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brane, but during early apoptosis, it becomes externalized to
the outer surface. Annexin V, a calcium-dependent phospholi-
pid-binding protein, has a high affinity for PS and, when con-
jugated with a fluorescent tag such as fluorescein isothio-
cyanate (FITC), allows for the detection of PS exposure via flow
cytometry or fluorescence microscopy. Propidium iodide (PI), a
red-fluorescent DNA-binding agent, is impermeable for live or
early apoptotic cells but penetrates cells with compromised
membranes, such as those undergoing late apoptosis or
necrosis.”®

The assay is established by treating cultured cells with the
potent anticancer compound and incubating the cells for a
defined period (12 h, 24 h, 36 h, 48 h or 72 h). After treatment,
the cells are harvested, washed with cold phosphate buffered
saline (PBS), and suspended in an Annexin-binding buffer.

View Article Online
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Annexin V-FITC and PI are added to the cell suspension and
incubated for 20 min in the dark. The stained cells are ana-
lyzed immediately by flow cytometry. Data are plotted on a
two-dimensional plot: Annexin V-FITC fluorescence on one
axis and PI fluorescence on the other (Fig. 6).>°

The outcome enables the classification of cells into four
distinct populations: Annexin V—/PI- (viable cells), Annexin
V+/PI- (early apoptotic cells), Annexin V+/PI+ (late apoptotic or
secondary necrotic cells), and Annexin V—/PI+ (necrotic cells).
An increase in the Annexin V+/PI- population following treat-
ment indicates early apoptosis, while a shift toward Annexin
V+/PI+ suggests progression to late-stage apoptosis.®® Annexin
V-FITC/PI staining is highly acknowledged for its sensitivity
and ability to distinguish between apoptosis and necrosis. For
anticancer metal-based drugs, they activate apoptotic pathways
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Fig. 6 The concept of the Annexin V/IP assay.
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through mitochondrial disruption or ROS generation and
hence this assay provides direct evidence of apoptosis induc-
tion and the mechanistic pathway.

The caspase activation assay is a key biochemical assay
employed to confirm and quantify the apoptotic death
pathway by detecting the activation of caspases (a family of
cysteine proteases that play a central role in programmed cell
death).’*?' The principle of the assay relies on cleaving
specific peptide substrates by active caspases, typically
caspase-3, -7, -8, or -9, which are hallmarks of both intrinsic
and extrinsic apoptotic pathways. These substrates are tagged
with a detectable signaling moiety (chromophoric or fluoro-
phoric) which is detectable upon cleavage (Fig. 7). Monitoring
the signal spectroscopically can detect the activation of cas-
pases due to apoptosis induction by chemotherapeutic
compounds.*?

The procedure typically involves treating cells with the com-
pound of interest, and then harvesting and lysing them to
collect cell extracts. A caspase-specific peptide substrate [e.g.,
DEVD-pNA (for caspase-3/7), IETD-AFC (for caspase-8) and so
on] is added to the extract in a buffer that supports enzyme
activity. The mixture is kept at 37 °C, and cleavage of the sub-
strate is measured using a spectrophotometer (for colorimetric
assays) or a fluorescence plate reader (for fluorometric assays)
at appropriate wavelengths. Alternatively, some protocols allow
for in-cell detection using fluorogenic caspase substrates or
antibodies specific to cleaved caspases, analyzed via flow cyto-
metry or fluorescence microscopy>>

The outcome of the assay is a quantitative measure of
caspase activity, and the data are reported as increased absor-
bance or fluorescence intensity (untreated cells are used as
negative controls). A significant increase in caspase activity
indicates the induction of apoptosis and implicates specific
caspases in the death pathway (Fig. 8). For example, activation
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of caspase-9 suggests mitochondrial (intrinsic) pathway invol-
vement, whereas caspase-8 activation points to death receptor
(extrinsic) pathway initiation. Caspase-3 and -7, as executioner
caspases, are typically activated downstream and are respon-
sible for the cleavage of various cellular substrates that lead to
apoptotic morphology and DNA fragmentation.**

This assay is especially valuable in mechanistic studies of
anticancer agents, as it allows direct confirmation of apoptotic
signaling. For metal-based coordination compounds, which
often disrupt mitochondrial function or generate oxidative
stress, caspase activation assays help in identifying the
pathway of cell death. When used alongside assays like
Annexin V/PI staining and DNA fragmentation studies, caspase
assays provide robust and reliable information on apoptosis
induction and progression.*

The JC-1 assay is a widely used method for assessing
changes in mitochondrial membrane potential (A¥,,) as a
crucial indicator for the intrinsic apoptotic pathway.
Mitochondria maintain an electrochemical gradient across
their inner membrane to produce ATP. Disruption of this gra-
dient is one of the earliest indicators of mitochondrial-
mediated apoptosis. The principle of the JC-1 assay relies on
accumulation of JC-1 dye (a cationic fluorescent probe) within
the mitochondria in a potential-dependent manner. In healthy
cells with intact A%, JC-1 aggregates in the mitochondria,
emitting red light. When the membrane potential collapses,
the dye remains in its monomeric form in the cytosol, emitting
green light.*

The procedure is established by incubating live cells with
the JC-1 dye after treatment with the chemotherapeutic agent.
After staining, the cells are washed and analyzed immediately
by either fluorescence microscopy, flow cytometry, or fluo-
rescence plate reading. The dual-emission properties of JC-1
allow for ratiometric analysis: red-to-green fluorescence ratios
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Fig. 7 Principle of caspase-3 or caspase-7 activity detection using the colorimetric method (top) or fluorometric method (bottom).
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Fig. 8 Flow diagram explaining the major apoptosis pathways and the role of caspases.

provide a quantitative measure of mitochondrial health
(Fig. 9). A high red/green ratio indicates polarized, healthy
mitochondria, while a low ratio reflects depolarization, a hall-
mark of early apoptosis. The outcomes are visually and quanti-
tatively distinct. In microscopy, healthy cells display punctate
red fluorescence within the mitochondria, while apoptotic
cells exhibit diffuse green fluorescence. In flow cytometry or
plate-based formats, the shift from red to green fluorescence
can be quantified across large cell populations. This change is
often one of the earliest detectable signals of apoptosis, pre-
ceding caspase activation and DNA fragmentation.®”

The JC-1 assay is valuable in the study of targeting mito-
chondria by metal-based chemotherapeutics. Targeting mito-
chondria can be either directly such as in (1) binding to mito-
chondrial DNA or (2) disrupting membrane proteins, or
indirectly via (1) ROS generation or (2) oxidative stress.*
Mitochondrial depolarization is a point of no return in apopto-
sis; hence, detecting AY,, collapse offers insight into the pro-
gress of cells to programmed death.’” When combined with

other assays, such as caspase activity and Annexin V/PI stain-
ing, JC-1 provides a more complete understanding of the apop-
totic cascade and the mechanism of action of potential anti-
cancer compounds.*® While JC-1 is a popular and widely used
dye for assessing mitochondrial membrane potential, several
other fluorescent probes such as TMRE (tetramethyl-
rhodamine ethyl ester) and TMRM (tetramethylrhodamine
methyl ester) offer viable alternatives, each with distinct advan-
tages and limitations. TMRE and TMRM are cell-permeable,
cationic dyes that accumulate in mitochondria proportional to
AY,, and emit red fluorescence. Unlike JC-1, which requires
red/green dual-emission analysis, TMRE and TMRM emit in a
single channel, simplifying data acquisition and analysis.
However, they require careful optimization of dye concen-
tration and incubation time, as high concentrations can lead
to mitochondrial toxicity or fluorescence quenching. One dis-
advantage of JC-1 is its tendency to form aggregates non-
specifically or to produce ambiguous results in cells with low
mitochondrial content, leading to variability. In contrast,

1 ‘ & High mitochondrial membrane potential

GCI / Jag
W \ monomers

Mitochondrial membrane potential
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Fig. 9 The structure of JC-1 and its interactions with polarized and depolarized mitochondrial [modified from ref. 38 under a Creative Commons

Attribution (CC BY) license, copyright 2025].
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TMRE and TMRM offer more consistent results in sensitive
cell types or under conditions where precise quantification of
AY,, is critical. Ultimately, the choice of dye depends on the
experimental context and whether qualitative imaging, precise
quantification, or long-term live-cell analysis is the priority
and should be guided by the dye’s compatibility with the cell
type, instrumentation, and downstream assays.*"

2.4 Redox activity assays

The DCFH-DA assay is one of the commonly employed
methods for detecting reactive oxygen species (ROS) within
cells,””** providing valuable insight into oxidative stress
induced by chemotherapeutic agents, including metal-based
coordination compounds. The principle of the assay is based
on the oxidation-sensitive compound 2',7’-dichlorodihydro-
fluorescein diacetate (DCFH-DA). Once inside the cell,
DCFH-DA is deacetylated by ROS such as hydrogen peroxide,
hydroxyl radicals, and so on. DCFH is oxidized to 2’,7'-dichlor-
ofluorescein (DCF), a fluorescent compound that can be moni-
tored by fluorescence microscopy, flow cytometry, or a plate
reader (Agy = ~485 nm/Ag, = ~530 nm) (Fig. 10).**

The procedure involves treating cultured cells with the
potential anticancer compound to induce oxidative stress, fol-
lowed by incubation with DCFH-DA for 20-30 minutes at 37 °C
in the dark. After washing to remove excess dye, the cells are
analyzed for fluorescence intensity, which corresponds to
intracellular ROS levels. The assay can be done in multi-well
plates or in suspension for flow cytometry-based analysis.
Some protocols also include co-treatment with known antioxi-
dants (e.g., N-acetylcysteine) to confirm ROS specificity.**

The outcome is measured as an increase in green fluo-
rescence intensity, indicating elevated ROS production. In fluo-
rescence microscopy, this appears as bright cytoplasmic fluo-
rescence in ROS-positive cells, while flow cytometry provides
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quantitative data across large populations. A significant
increase in DCF fluorescence compared with untreated con-
trols is interpreted as a rise in oxidative stress, suggesting that
the test compound induces ROS generation. On the other
hand, no change in fluorescence implies minimal or no ROS
involvement.**

While DCFH-DA is widely used due to its simplicity and
sensitivity, it has limitations. It does not distinguish between
different ROS types and can sometimes be influenced by cellu-
lar redox state or autofluorescence.”® Nonetheless, when inter-
preted alongside complementary assays (such as mitochon-
drial membrane potential, antioxidant enzyme activity, or
caspase activation), DCFH-DA provides essential mechanistic
insights into how compounds modulate oxidative stress in
cancer cells.*’

The glutathione (GSH) depletion assay is a method for
assessing intracellular redox balance and oxidative stress, par-
ticularly in the context of studying anticancer compounds that
act through reactive oxygen species (ROS) generation. GSH is a
tripeptide composed of glutamate, cysteine, and glycine; it is
an intracellular antioxidant that facilitates detoxifying ROS
and maintains cellular redox homeostasis (Fig. 11). The prin-
ciple of the assay is based on quantifying the reduced form of
GSH within cells after treatment with a potential anticancer
compound. A decrease in GSH levels is indicative of oxidative
stress which makes this assay capable of evaluating redox-
active compounds that may deplete GSH as part of their cyto-
toxic mechanism.*®

The procedure is established by treating cultured cells with
the potential anticancer compound, followed by cell lysis and
protein precipitation. The GSH content in the lysate is then
quantified using either a colorimetric or fluorometric method.
One of the most used reagents is Ellman’s reagent [5,5-dithio-
bis(2-nitrobenzoic acid), or DTNB], which reacts with the thiol
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Fig. 10 Illustration of progression of DCFH-DA to DCF as a result of ROS production.
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Fig. 11 The reduction of H,O, by GSH inside cells [modified from ref. 47 under a Creative Commons Attribution (CC BY) license, copyright 2025].

groups in GSH to form a yellow product TNB. TNB can be
quantified by measuring the absorbance at 412 nm.
Alternatively, more sensitive fluorometric kits use reagents
such as monochlorobimane (MCB), which forms an emissive
adduct with GSH.*®

The outcome of the assay is a quantification of intracellular
GSH levels, typically normalized to protein content or cell
number. A significant reduction in GSH levels compared with
untreated controls indicates that the compound induces oxi-
dative stress, either by directly oxidizing GSH or by promoting
ROS production that overcomes the antioxidant defense. In
contrast, unchanged or elevated GSH levels suggest either low
oxidative stress or an adaptive increase in antioxidant
capacity.*® For metal-based drugs, a decrease in GSH may also
reflect direct binding or coordination between the metal
center and the thiol group of the GSH, which not only depletes
the antioxidant but may also affect the bioavailability and reac-
tivity of the drug itself. While the GSH depletion assay is rela-
tively straightforward and highly informative, it does not dis-
tinguish between reduced (GSH) and oxidized (GSSG) forms
unless coupled with additional redox assays. Nevertheless, it
remains a powerful tool for elucidating the redox-modulating
effects of anticancer agents and for identifying oxidative stress
as a potential mechanism of cytotoxicity.*’

The thioredoxin reductase (TrxR) inhibition assay is a valu-
able method for evaluating the impact of compounds on the
thioredoxin (Trx) antioxidant system which is relevant in
cancer research where redox imbalance is a key therapeutic
target. TrxR is a selenoenzyme that catalyzes the NADPH-
dependent reduction of oxidized thioredoxin, playing a central

TrxR-SH/SH

NADPH + H*

role in maintaining cellular redox homeostasis, DNA synthesis,
and protection against oxidative stress (Fig. 12).>° Many metal-
based coordination compounds, especially those containing
gold or platinum, are known to target TrxR by interacting with
the reactive selenocysteine residue. The key point of the assay
is to measure the enzyme’s activity before and after treatment
with a potent anticancer compound; substrates like 5,5"-dithio-
bis(2-nitrobenzoic acid) (DTNB) or 9,10-phenanthrenequinone
(PQ) are used to evaluate the activity of TrxR as they are sub-
jectable to reduction, generating chromogenic or fluorogenic
product.

In a typical procedure, either purified TrxR enzyme or cell
lysates containing endogenous TrxR are incubated with the
test compound, followed by the addition of the substrate and
NADPH, the electron donor. For DTNB-based assays, TrxR
activity is quantified by monitoring the increase in absorbance
at 412 nm, corresponding to the formation of TNB, the
reduced form. Alternatively, fluorescence-based assays using
more sensitive probes like TrxR-specific activity kits or geneti-
cally encoded reporters can be employed for in-cell analysis.>
The assays are usually performed in microplates, enabling
high-throughput screening and dose-response analysis. The
outcome is a measure of enzymatic activity, typically expressed
as a percentage of activity relative to untreated controls.”® A
significant reduction in TrxR activity indicates enzyme inhi-
bition, suggesting that the compound may induce oxidative
stress or interfere with cellular redox regulation through TrxR
targeting. This is especially relevant in cancer cells, where
TrxR is often overexpressed to support rapid growth and survi-
val. Inhibition of TrxR can lead to accumulation of ROS, mito-
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Fig. 12 The importance of thioredoxin reductase (TrxR) and the thioredoxin (Trx) systems in different cellular functions.
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chondrial dysfunction, and apoptosis which make it a good
target for redox-active chemotherapeutics.” Notably, metal-
based compounds like auranofin (a gold(i) complex) are
known TrxR inhibitors and serve as positive controls in such
assays.>>

While the assay is robust and informative, interpretation
should consider potential off-target effects such as NADPH-
dependent enzymes like glutathione reductase.>® Nevertheless,
TrxR inhibition assays provide a mechanistic link between
redox regulation and drug action, shedding light on how anti-
cancer agents leverage oxidative vulnerability in tumor cells.

2.5 Proteasome activity assays

They are crucial for studying the anticancer potential of coordi-
nation compounds, as proteasome inhibition is a validated
strategy in cancer therapy (e.g., bortezomib, a proteasome
inhibitor used in multiple myeloma). Below are the key protea-
some activity assays used in anticancer studies involving
coordination compounds:

The fluorogenic substrate-based assay is a widely adopted
method for evaluating the functional status of the proteasome,
particularly the 20S core particle, which plays a pivotal role in
intracellular protein turnover, stress response, and cell survi-
val.>® In cancer research, this assay is critical, as malignant
cells often exhibit elevated proteasome activity to support
rapid proliferation and evade apoptosis. The assay utilizes syn-
thetic peptide substrates conjugated to fluorogenic moieties,
such as 7-amido-4-methylcoumarin (AMC), which are selec-
tively cleaved by the proteasome’s active sites, chymotrypsin-
like, trypsin-like, and caspase-like, generating a fluorescent
signal that can be quantitatively measured. Among these, the
chymotrypsin-like activity is the principal pharmacological
target for proteasome inhibitors due to its dominant role in
protein degradation.’

In a typical experimental setup, either purified 20S protea-
some or cell lysates are incubated with fluorogenic substrates
like  Suc-LLVY-AMC  (chymotrypsin-like),  Boc-LRR-AMC
(trypsin-like), or Z-LLE-AMC (caspase-like), followed by
addition of the test compound and incubation under physio-
logical conditions. Proteasome activity is then monitored by
measuring fluorescence intensity, usually at excitation/emis-
sion wavelengths of 360/460 nm for AMC over time using a
microplate reader. A decline in fluorescence relative to
untreated controls indicates inhibition of proteasomal activity.
This method is highly sensitive and supports high-throughput
screening (HTS), making it ideal for evaluating the structure-
activity relationships and dose-response behavior of novel
anticancer agents.>®> While endpoint reading is common, con-
tinuous kinetic measurement (taking readings every
5-10 minutes) is highly recommended. This allows for the
determination of the rate of inhibition (time-dependent vs.
immediate), which can hint at irreversible (covalent) or revers-
ible binding mechanisms.

Fluorogenic assays have been instrumental in the develop-
ment and validation of clinically approved proteasome inhibi-
tors such as bortezomib and carfilzomib, as well as emerging
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metal-based inhibitors like gallium(ur), copper(u), and gold(m)
complexes, which often exhibit redox- or electrophile-mediated
interactions with the proteasome’s catalytic threonine
residue.>® Notably, this assay enables not only in vitro charac-
terization but also functional studies in intact cancer cells,
linking biochemical inhibition to phenotypic outcomes such
as cell cycle arrest, unfolded protein response, and apoptosis.
While highly robust, careful control of substrate specificity and
background fluorescence is essential, especially when applied
to complex biological samples. Nevertheless, the fluorogenic
substrate-based proteasome assay remains a standard for
investigating the mechanism of action of anticancer com-
pounds targeting the ubiquitin-proteasome system.”®

The western blot analysis of proteasome substrates is a
mechanistic assay that provides qualitative and semi-quantitat-
ive evidence of proteasome inhibition by monitoring the intra-
cellular accumulation of specific proteasome target proteins.
This method is particularly relevant in cancer research, where
proteasome activity is tightly linked to cell survival, prolifer-
ation, and resistance to apoptosis.”” Proteins such as
p27~Kip1, p53, IkB-a, cyclins, and polyubiquitinated proteins
are well-characterized substrates of the ubiquitin-proteasome
system (UPS) and serve as biomarkers for assessing the func-
tional status of proteasomal degradation pathways.’® Upon
proteasome inhibition, these substrates accumulate within the
cell, providing a clear biochemical signature of impaired pro-
teolysis either pharmacologically or genetically.>”>®

In a typical protocol, cancer cells are treated with a test
compound suspected to inhibit proteasomal activity, followed
by lysis and protein extraction. Equal amounts of total protein
are resolved via SDS-PAGE and transferred onto PVDF or nitro-
cellulose membranes. Immunoblotting is performed using
specific antibodies against known proteasome substrates,
including monoclonal anti-ubiquitin to detect high-molecular-
weight polyubiquitinated proteins, which accumulate when
the proteasome is blocked. The membrane is incubated with a
primary antibody specific to the target protein. After washing,
it is then incubated with a secondary antibody conjugated to
an enzyme (e.g., horseradish peroxidase, HRP) that recognizes
the primary antibody. A substrate for the enzyme is added, pro-
ducing a detectable signal (chemiluminescence, colorimetric,
or fluorescent), which indicates the presence and approximate
quantity of the target protein at its specific molecular weight.
Additionally, increases in endogenous levels of cell cycle regu-
lators (e.g., p21, p27) or pro-apoptotic proteins (e.g., Bax,
NOXA) may reflect downstream effects of proteasome inhi-
bition. The presence of loading controls, such as f-actin or
GAPDH, ensures data normalization across samples.>®

This assay complements fluorogenic and activity-based pro-
filing techniques by providing cellular context and confirming
that observed biochemical inhibition translates into disrup-
tion of endogenous protein degradation. Western blot analysis
is especially valuable in validating the selective action of novel
anticancer agents, including proteasome inhibitors like borte-
zomib or carfilzomib, as well as investigational compounds
such as metal-based complexes or natural products.’” The
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accumulation of proteasome substrates is often associated
with downstream events such as ER stress, unfolded protein
response (UPR) activation, and apoptosis, offering mechanistic
insight into how cancer cells respond to proteasome disrup-
tion.®® While not quantitative in the strictest sense, this
method provides visual confirmation of drug efficacy at the
protein level and remains a core assay in the validation of pro-
teasome-targeting therapeutics. However, there are a few
aspects that should be considered in this assay: (A) include a
well-characterized proteasome inhibitor (e.g., bortezomib,
MG-132) to confirm the assay is working and to compare the
potency and profile of your metal-based compound and (B)
ensure that accumulation is not a secondary effect of wide-
spread cell death; it should occur at time points and doses
where viability is still high (>70-80%).

2.6 Flow cytometry cell cycle analysis

Flow cytometry-based cell cycle analysis is a quantitative tech-
nique used to determine the distribution of a cell population
across the different phases of the cell cycle (Go/Gy, S, and G,/
M), providing a critical insight into how anticancer com-
pounds, including metal-based agents, affect cellular prolifer-
ation and division. The principle relies on staining DNA with a
fluorescent dye, most commonly propidium iodide (PI), which
binds stoichiometrically to DNA, allowing accurate measure-
ment of DNA content in individual cells. Cells in the G,/G;
phase have a 2N DNA content, those in S phase are actively
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synthesizing DNA and exhibit intermediate fluorescence, while
G,/M phase cells possess a 4N DNA content. Sub-G; peaks,
representing cells with fragmented DNA, can also be identified
and are indicative of late-stage apoptosis.®>

The assay begins with the treatment of cultured cells with
the metal-based compound of interest for a defined period
(e.g., 12 h, 24 h, 48 h). After treatment, cells are collected,
washed with cold PBS, and fixed in cold 70% ethanol (typically
overnight at —20 °C) to preserve cellular DNA and structure.
Ethanol-fixed cells are then washed to remove fixative and
incubated with a staining solution containing PI and RNase
A. RNase A is essential to degrade RNA, ensuring only DNA is
stained. The stained cells are incubated at room temperature
in the dark for 30 minutes and subsequently analyzed by flow
cytometry.®?

Data are plotted as a histogram of PI fluorescence intensity
versus cell count, where the peaks corresponding to the Go/G;,
S, and G,/M phases are resolved. Analytical software (e.g,
Flow]Jo, ModFit) is used to quantify the percentage of cells in
each phase (Fig. 13). An increase in the G,/M population may
indicate DNA damage-induced arrest, as cells are unable to
proceed to mitosis—this is commonly observed with metal-
based drugs that target DNA (e.g., platinum complexes).
S-phase accumulation may suggest replication stress or inhi-
bition of DNA synthesis, while a G; arrest can be associated
with activation of tumor suppressor pathways (e.g., p53-p21
axis). Moreover, the presence of a sub-G; population is a hall-
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Propidium iodide (PI) is a fluorescent dye in cell cycle analysis to measure DNA content by binding to DNA and RNA. By analyzing the fluorescence
intensity of PI-stained cells using flow cytometry, researchers can determine the proportion of cells in different phases of the cell cycle (G0/G1, S,

and G2/M).

¢ GO0/G1 phase: Cells have a diploid DNA content (2n).

e S phase: Cells are actively replicating their DNA, so their DNA content is increasing from 2n to 4n.

e G2/M phase: Cells have duplicated DNA content (4n)

Fig. 13 Illustration of cell cycle analysis by flow cytometry.
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mark of apoptotic DNA fragmentation and serves as an indir-
ect indicator of apoptosis.®

This assay not only confirms the cytostatic or cytotoxic
effects of metal-based compounds but also helps elucidate
their mechanism of action, particularly when used alongside
other apoptosis or DNA damage assays. For instance, if a com-
pound induces a G,/M arrest and this coincides with y-H2AX
upregulation (via western blotting), it strongly suggests that
DNA damage is the primary mechanism. Likewise, if com-
bined with caspase activation or Annexin V positivity, a sub-G;
increase reinforces evidence for apoptosis induction.
Therefore, cell cycle analysis via flow cytometry is a powerful
mechanistic tool for characterizing how metal-based agents
affect cancer cell proliferation and survival.

2.7 Beyond the traditional biochemical assays

Understanding metal-based drug mechanisms demands a
shift from DNA-focused models to a broader view of their poly-
pharmacological effects. Complexes of platinum, ruthenium,
gold, and titanium interact with multiple biomolecules—DNA,
proteins, enzymes, and metabolites simultaneously. Recent
analytical and cellular biology innovations have introduced
sensitive, label-free approaches that provide holistic insight
into drug-target interactions and downstream biological
consequences.

2.7.1 Mass spectrometry-based proteomics. Mass spec-
trometry-based proteomics provides a comprehensive view of
cellular responses to metallodrug exposure, extending beyond
simple binding assays. By measuring the mass-to-charge ratio
of peptide ions, high-resolution MS enables the identification
of drug-protein interactions and downstream signaling altera-
tions.®* Quantitative approaches such as label-free profiling,
SILAC, and isobaric tagging (e.g., TMT, iTRAQ) allow multi-
plexed analysis of protein abundance, post-translational modi-
fications, and pathway disruptions. This is critical for detect-
ing off-target effects and network-level changes in cytotoxicity.
The workflow involves protein extraction, enzymatic digestion
(trypsin), peptide separation via liquid chromatography, and
MS/MS analysis. Spectral data are matched to protein data-
bases using tools like MaxQuant or Mascot, followed by
quantification and statistical interpretation.®* Key findings
include:

« Quantitative profiling: differential abundance in treated
samples highlights upregulated and downregulated proteins,
such as those linked to oxidative stress or unfolded protein
response (e.g., heme oxygenase-1, superoxide dismutase).

« Post-translational modifications (PTM): metallodrugs
influence phosphorylation, acetylation, and ubiquitination,
disrupted signaling cascades.

» Pathway mapping: bioinformatics uncovers biological
processes such as apoptosis, DNA repair, and metabolic
regulation.

2.7.2  Cellular thermal shift assay (CETSA). CETSA assesses
drug-target engagement in intact cells under physiological
conditions by monitoring ligand-induced changes in protein
thermal stability with melting point shifts indicating inter-
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action.®® Cells are treated with the test compound or control,
and then subjected to a temperature gradient (37-65 °C) for
3 minutes to induce protein denaturation. After rapid cooling,
samples are lysed in non-denaturing buffer and centrifuged to
isolate soluble protein fractions. Target protein levels are quan-
tified via western blotting or mass spectrometry, and thermal
profiles were constructed by plotting protein abundance
against temperature. A shift in melting temperature (7y,) indi-
cated compound-induced stabilization.®® Unlike assays using
purified proteins, CETSA preserves native cellular context,
minimizing artifacts from cofactor loss or metal speciation.
Applications include target validation (e.g., TrxR1) inside
cancer cells, confirmation of intracellular binding, and
mechanistic insights such as caspase stabilization in apoptotic
pathways.®® When combined with proteomics in thermal pro-
teome profiling (TPP), CETSA expands to a proteome-wide
scale.

2.7.3 Thermal proteome profiling (TPP). Thermal pro-
teome profiling (TPP) is a proteomics technique used to assess
protein thermal stability and identify drug targets in living
cells without requiring compound labeling in living cells. TPP
is closely related to CETSA, which targets specific protein-com-
pound interactions via western blotting or targeted MS, and
TPP, often termed CETSA-MS, offers higher resolution and
broader application.®” It facilitates unbiased identification of
direct and indirect drug targets, making it especially suited for
multi-target agents such as metallodrugs. TPP enables compre-
hensive mapping of thermal shifts across thousands of pro-
teins. TPP reveals a broad range of protein interactions, captur-
ing both canonical targets that determine compound selecti-
vity and noncanonical or unexpected ones, including meta-
bolic enzymes and chaperones.®”

2.7.4 High-throughput phenotypic screening. Automated
imaging platforms with multiparametric readouts such as
mitochondrial integrity, cell cycle progression, and ROS levels
enable scalable phenotypic profiling. Unlike target-based
assays, this approach prioritizes functional cellular outcomes,
clustering compounds by similarity to known mechanisms.®®
The advantages of this technique include: (1) identifying the
phenotypic fingerprinting: each compound yields a distinct
cellular signature, facilitating mechanism prediction via refer-
ence library comparison; (2) capture integrated effect: it
reflects multitarget and synergistic interactions often missed
in reductionist assays; and (3) integrating computational
methods: machine learning models enhance mechanism infer-
ence and lead prioritization.®®

2.7.5 Other label-free biophysical techniques. Label-free
methods enable direct, real-time analysis of biomolecular
interactions without the need for fluorescent or radioactive
tags. These techniques preserve native conformations and
reduce assay complexity, making them ideal for characterizing
binding kinetics, affinities, and thermodynamics. Methods for
studying metallodrug interactions include: surface plasmon
resonance (SPR), isothermal titration calorimetry (ITC), micro-
scale thermophoresis (MST) and bio-layer interferometry (BLI)
(Table 1).5°°7*
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Table 1 Highlights of some label-free biophysical techniques
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Technique Principle and measurement Key strengths

SPR Measures refractive-index shifts at sensor surface Real-time kinetics and affinity, label-free

ITC Detects heat changes during binding in solution Complete thermodynamic characterization

MST Observes changes in molecular movement due to Sensitive in complex matrices, very low sample amounts
binding in temperature gradients

BLI Monitors optical interference via biosensor tips High throughput, real-time, compatible with crude samples

2.8 Emerging assays for non-apoptotic cell death in metal-
based cancer therapy

While apoptosis has long been considered the primary mecha-
nism of programmed cell death induced by chemotherapeutic
agents, including metal-based drugs, emerging research has
revealed several alternative pathways that offer promising
therapeutic opportunities. Non-apoptotic cell death mecha-
nisms including ferroptosis, necroptosis, pyroptosis, parthana-
tos, and autosis are increasingly recognized as pivotal path-
ways in cancer biology (Table 2). Unlike classical apoptosis,
which is often impaired in therapy-resistant tumors, these
alternative death modalities offer distinct molecular triggers
and execution mechanisms that can circumvent apoptotic re-
sistance. Ferroptosis, for instance, is driven by iron-dependent
lipid peroxidation, while necroptosis involves RIPK1/RIPK3-
mediated membrane rupture, and pyroptosis is characterized
by inflammasome activation and gasdermin-mediated pore
formation.  Parthanatos and autosis, regulated by
PARP1 hyperactivation and autophagy-related processes
respectively, further expand the landscape of regulated cell
death. Harnessing these pathways presents a promising thera-
peutic strategy to selectively eliminate malignant cells that
evade conventional apoptosis-inducing treatments (Table 2).”>
Among these, ferroptosis and necroptosis have garnered sig-
nificant attention for their potential to overcome apoptosis re-
sistance and activate distinct immunological responses within
the tumor microenvironment.”> Metal-based chemotherapeu-
tic candidates, with their unique redox properties and diverse
biological interactions, are particularly well-suited to induce
these pathways, offering new avenues for therapeutic interven-
tion. These pathways often engage immunogenic cell death
processes, triggering inflammatory responses that can stimu-
late antitumor immunity and enhance the overall therapeutic
outcome. For metal-based drugs, which frequently exhibit
multi-target mechanisms of action, the ability to simul-
taneously engage multiple cell death pathways represents a
particularly valuable therapeutic strategy.

2.8.1 Ferroptosis and its relevance to metal-based drugs.
Ferroptosis is a regulated, non-apoptotic form of cell death
characterized by iron-dependent lipid peroxidation and cata-
strophic membrane damage. This process is initiated by the
accumulation of intracellular ferrous iron (Fe®"), which cata-
lyzes the Fenton reaction and generates reactive oxygen species
(ROS). These ROS preferentially oxidize polyunsaturated fatty
acids (PUFAs) within membrane phospholipids, a process
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facilitated by enzymes such as ACSL4 and LPCAT3. Under
normal conditions, lipid peroxides are detoxified by gluta-
thione peroxidase 4 (GPX4), which requires glutathione (GSH)
as a cofactor. Glutathione peroxidase 4 (GPX4) utilizes gluta-
thione (GSH) to reduce lipid hydroperoxides to nontoxic lipid
alcohols, thereby protecting cellular membranes from peroxi-
dative damage.”> However, inhibition of GPX4—either directly
(e.g., by RSL3) or indirectly via depletion of GSH through
blockade of cystine uptake by the SLC7A11/xCT antiporter—
leads to unchecked lipid peroxidation. Additional regulatory
pathways have recently been identified, including the FSP1-
CoQ10-NAD(P)H axis, which functions as an independent par-
allel system to GPX4, and the GCH1-BH4 pathway that confers
resistance to ferroptosis through its antioxidant properties.””
The resulting oxidative damage compromises membrane integ-
rity, culminating in cell death. Morphologically, ferroptotic
cells exhibit shrunken mitochondria with dense membranes
and reduced cristae, while the nucleus remains intact, dis-
tinguishing this pathway from apoptosis and necrosis. Given
its unique biochemical signature and therapeutic relevance,
ferroptosis represents a promising target for eliminating apop-
tosis-resistant cancer cells. Metal-based compounds are par-
ticularly well-positioned to induce ferroptosis due to their
ability to participate in Fenton chemistry and modulate cellu-
lar iron homeostasis. Several metallodrugs have demonstrated
the capacity to trigger ferroptotic death in cancer cells.** To
elucidate ferroptosis mechanisms induced by metal-based
compounds, several key assays are employed:®*

» Lipid peroxidation assays: oxidative membrane damage (a
hallmark of ferroptosis) is detected using probes such as C11-
BODIPY**"/*°! and Liperfluo, which enable real-time visualiza-
tion and quantification of lipid peroxidation.

+ Glutathione and GPX4 activity assays: the GSH/GSSG ratio
serves as a critical indicator of redox imbalance. Luminescent
or colorimetric assays distinguish reduced and oxidized gluta-
thione, while GPX4 activity can be assessed using specific sub-
strates (e.g, phosphatidylcholine hydroperoxide).
Immunoblotting for GPX4 protein levels further clarifies tran-
scriptional versus post-translational regulation. Additionally,
SLC7A11 expression analysis via cystine uptake assays or
immunoblotting identifies upstream disruptions in gluta-
thione biosynthesis—particularly relevant for gold(i/u1) com-
plexes targeting thioredoxin reductase and structurally similar
selenoproteins.

« Iron metabolism assessment: given ferroptosis’s iron
dependency, intracellular labile iron pools are quantified
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Table 2 Cell death pathways, their characteristics and some metal-based coordination compounds known to induce it

Cell death Key morphological, biochemical events,

pathway primary inducing signal/trigger Utilized biochemical assays Example metal-based compound

Apoptosis Morphology: cell shrinkage, membrane Annexin V/PI staining Several classes of coordination compounds
blebbing, nuclear fragmentation (pyknosis), are known to induce apoptotic cell death.
apoptotic bodies.

Biochemistry: caspase activation (caspase-3/ Caspase activity assays
7), phosphatidylserine (PS) externalization,

cytochrome c release, DNA fragmentation.

Signal/trigger: DNA damage, death receptor Western blot for cleaved
ligation, cellular stress. caspases/PARP.

Necroptosis Morphology: necrosis-like swelling and Western blot for p-RIPK1, Several Ru(ir) complexes are known to
membrane rupture but regulated. p-RIPK3, p-MLKL induce necroptosis.”*”*
Biochemistry: activation of RIPK1, RIPK3, Necrostatin-1 (RIPK1
and phosphorylation of MLKL; MLKL inhibitor) sensitivity assay
oligomerization and plasma membrane pore
formation.

Signal/trigger: TNFa signaling, TLR
activation, Z-DNA binding; often when
caspase-8 is inhibited.

Pyroptosis Morphology: rapid plasma membrane LDH release assay Several Ru(ur) complexes are known to
ballooning and rupture, release of pro- induce pyroptosis.”®
inflammatory content.

Biochemistry: inflammatory caspase ELISA for IL-1p/IL-18
activation (caspase-1/4/5/11), cleavage of
gasdermin D (GSDMD), N-terminal GSDMD
pore formation, IL-1f and IL-18 maturation.
Signal/trigger: inflammasome activation (e.g., Western blot for cleaved
by DAMPs, PAMPs), intracellular LPS. GSDMD and caspases
Sytox Green/Blue dye uptake

Ferroptosis Morphology: small, ruptured mitochondria, =~ C11-BODIPY**"/> Awide variety of metal complexes including
high mitochondrial membrane density, no iridium, osmium, rhenium, and ruthenium
chromatin condensation. have been shown to induce ferroptosis,
Biochemistry: iron-dependent accumulation ~ FerroOrange particularly in the context of
of lipid peroxides, depletion of glutathione photodynamics.”®
(GSH), inhibition of system Xc™ or GPX4.

Signal/trigger: GPX4 inhibition, GSH GPX4 activity assay
depletion, iron overload, lipid peroxidation.
GSH/GSSG assay
Rescue by ferrostatin-1.

Parthanatos Morphology: nuclear condensation, loss of PAR immunofluorescence/ Few Pd(u) complexes are reported to induce
membrane integrity. western blot parthanatos.””
Biochemistry: hyperactivation of PARP1, ATF nuclear translocation
massive PAR polymer formation, AIF assay
translocation from mitochondria to nucleus,
nuclear DNA degradation.

Signal/trigger: DNA damage (especially SSBs), PARP inhibitor rescue
oxidative stress.
Cell death despite caspase
inhibition.

Autosis Morphology: unique, focal swelling of the Electron microscopy To the best of our knowledge, there are no
perinuclear space, increased electron-density  inhibition by Na'/K'-ATPase known examples where metal coordination
of the cytoplasm, plasma membrane rupture. inhibitors complexes directly induce autosis.
Biochemistry: autophagy-dependent, but
distinct from classic autophagy. Requires the
Na'/K'-ATPase pump.

Signal/trigger: extreme autophagy induction
(e.g., under starvation + autophagy
enhancers).
Autophagy Morphology: formation of double-membrane = Western blot for LC3-1I The most studied metal complexes in this

autophagosomes engulfing cytoplasm and
organelles, fusion with lysosomes.
Biochemistry: LC3-I lipidation to LC3-II,
degradation of autophagy substrates (e.g.,
P62/SQSTM1), Atg protein coordination.
Signal/trigger: nutrient deprivation,
proteotoxic stress, mTOR inhibition.

16300 | Dalton Trans., 2025, 54, 16285-16317

conversion and p62
degradation

GFP-LC3 puncta formation
assay

Autophagic flux assays

context are Ru(u) and Cu(u) complexes, with
mechanisms often involving ROS
generation and mitochondrial
dysfunction.”®”°
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Cell death Key morphological, biochemical events,

pathway primary inducing signal/trigger Utilized biochemical assays Example metal-based compound

Immunogenic Morphology: shares features with apoptosis/  Surface CRT staining (flow Several Ru, Au and Cu complexes have also

cell death (ICD) necrosis. cytometry) been validated for ICD induction.?’">
Biochemistry: surface exposure of calreticulin ~ Extracellular ATP

(CRT), release of ATP and HMGB1, type I IFN
response.

Signal/trigger: ER stress, ROS generation, pre-
apoptotic Ca®" waves.

using FerroOrange or calcein-AM, identifying metal com-
pounds that elevate intracellular iron levels either through
increased uptake or impaired storage. Western blot analysis of
transferrin receptor, ferritin, and iron regulatory proteins
(IRPs) reveals whether metal-based compounds produce
modulation of iron homeostasis at both transcriptional and
translational levels.

2.8.2 Necroptosis and its induction by metal-based com-
pounds. Necroptosis is a programmed, caspase-independent
form of necrotic cell death that targets cancer cells resistant to
apoptosis.””> Necroptosis is triggered by Toll-like receptor ago-
nists or other cellular stressors (e.g., TNFR1 activation) and
proceeds through a defined signaling cascade involving the
necrosome complex, composed of receptor-interacting protein
kinases RIPK1 and RIPK3, and the mixed lineage kinase
domain-like pseudokinase (MLKL). The process begins with
the activation of death receptors (such as TNFR1) or pattern
recognition receptors, leading to RIPK1 activation.”> Upon
caspase-8 inhibition, RIPK1 phosphorylates RIPK3, which in
turn activates MLKL, inducing a conformational change that
promotes MLKL oligomerization and translocation to the
plasma membrane, forming disruptive pores that lead to
osmotic imbalance, cellular swelling, and eventual membrane
rupture, and release of damage-associated molecular patterns
(DAMPs). This immunogenic cell death not only eliminates
tumor cells but also enhances antitumor immune responses,
making necroptosis a promising therapeutic strategy.”” The
following section briefly highlights the useful assays to detect
necroptosis:®

« Phosphorylation and oligomerization assays are used to
detect RIPK1, RIPK3, and MLKL phosphorylation, providing
evidence of necroptosis induction by metal-based compounds.
MLKL oligomerization and necrosome formation are assessed
by immunoprecipitation. To confirm the involvement of the
necroptotic pathway in metal compound-induced cell death,
inhibitors such as Necrostatin-1 (RIPK1) and NSA (MLKL) are
evaluated.

« Membrane integrity and DAMP release are assays to
monitor membrane rupture using dyes (e.g., propidium
iodide, SYTOX Green) and time-lapse imaging can track the
loss of membrane integrity in individual cells following treat-
ment with metal-based compounds. This approach can reveal
distinctive necroptotic kinetics compared with other forms of
cell death. The detection of released DAMPs such as HMGBI1,

This journal is © The Royal Society of Chemistry 2025

luminescence assay

HMGB1-release ELISA

ATP, and heat shock proteins through ELISA or western blot-
ting of culture supernatants provides evidence of immuno-
genic cell death induction by metal-based necroptosis indu-
cers. Ultrastructural analysis by TEM (electron microscopy) can
visualize necroptotic morphology: swelling, rupture, and intact
nuclei.

« Functional genetic validation comprises genetic
approaches that provide the most specific validation of necrop-
tosis pathway involvement including siRNA- or shRNA knock-
down of RIPK1, RIPK3, or MLKL, which rescues cell death
induced by metal-based necroptosis inducers; the other
pathway includes CRISPR/Cas9 knockout of RIPK3 or MLKL
and confirms the pathway specificity of metal compound-
induced necroptosis.

The unique properties of metal complexes, including their
redox activity, ligand exchange kinetics, and multi-target capa-
bilities, position them ideally for exploiting this alternative cell
death mechanism for therapeutic benefit. To ensure accurate
mechanistic elucidation, a well-structured research plan can
be implemented (Fig. 14) that systematically applies key assays
to identify the correct pathway of cell death.

3 Data interpretation: linking assays’
results to mechanisms

Interpreting the results of biochemical and cellular assays is
crucial for elucidating the mechanisms of action of coordi-
nation and organometallic anticancer complexes. A multi-
assay approach enables comprehensive mechanistic insights.®®
For instance, significant cytotoxicity observed in MTT or SRB
assays, when coupled with DNA melting studies, plasmid DNA
cleavage, or comet assay data, strongly suggests direct DNA
interaction or damage. Further confirmation is provided by
increased apoptotic markers (Annexin V/PI staining, caspase
activation, JC-1 assay), linking DNA damage to intrinsic apop-
tosis. Elevated ROS levels detected by the DCFH-DA assay,
along with GSH depletion and TrxR inhibition, point toward
oxidative stress as a central mediator of cytotoxicity, particu-
larly for redox-active metal complexes. When ROS induction is
not the primary driver, direct TrxR inhibition can be inferred
from enzyme assays and corroborated by downstream oxidative
stress responses. Proteasome inhibition, though not directly
detectable by the above assays, may be suggested by apoptosis
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Fig. 14 A flowchart illustrating the key assays used to identify potential cancer cell death pathways.

induction independent of DNA or redox pathways and should
be validated with proteasome activity assays and accumulation
of ubiquitinated proteins. Thus, integration of these assays
allows for precise decisions on the compound’s cellular targets
and downstream effects, enabling the differentiation between
DNA-damaging, redox-modulating, or proteasome-inhibiting
mechanisms.®®®” Table 3 summarizes the concepts and data
obtained from common biochemical assays. Fig. 15 illustrates
how the different biochemical assays are utilized in elucidating
the mechanisms of action of anticancer metal complexes.

3.1 Mechanism of action upon DNA binding

Covalent DNA-binding anticancer agents exert cytotoxicity pri-
marily by disrupting DNA structure and function. DNA cross-
linking agents form covalent bonds either within a single
strand (intrastrand) or between complementary strands (inter-
strand), impeding DNA helix unwinding.®® This obstruction
stalls DNA and RNA polymerases, obstructing replication and
transcription, which leads to replication fork collapse and
replication stress, leading to activating apoptotic cell deaths in
rapidly dividing cells.?

Mechanistic validation involves multiple approaches. DNA-
binding studies often show a decrease in the relative viscosity
of free DNA, indicative of helix distortion or kinking. Advanced
structural techniques, such as X-ray crystallography or NMR
spectroscopy, can directly confirm drug-nucleobase adduct
formation.”® DNA melting temperature assays can reveal

16302 | Dalton Trans., 2025, 54, 16285-16317

increased thermal stability of DNA due to crosslinking. Flow
cytometry-based cell cycle analysis typically shows S-phase
arrest from replication inhibition or G,/M-phase arrest from
unresolved DNA damage.®**° DNA crosslinkers promote intrin-
sic apoptosis, characterized by mitochondrial outer membrane
permeabilization (MOMP) and activation of caspase-9 and
caspase-3, which can be assessed by the JC-1 assay and
caspase activity assays. Annexin V/PI staining provides further
confirmation of apoptosis induction.®**°

In the case of monofunctional DNA-binding agents which
form covalent adducts without crosslinking, the mechanism of
cytotoxicity may involve local distortion of the DNA helix,
resulting in polymerase stalling, replication fork collapse, and
accumulation of single- or double-strand breaks. This class of
compounds can block the transcription of survival genes or
trigger apoptosis.”® Although structurally distinct from classi-
cal crosslinking agents such as cisplatin or nitrogen mustards,
monoadduct-forming compounds can still be highly cytotoxic,
particularly when bulky lesions impede DNA replication.
Mechanistic validation involves similar approaches undertaken
in the case of crosslinkers.”*

3.2 Mechanism of action upon death receptor activation

Death receptor-mediated apoptosis, also known as the extrin-
sic pathway, involves the activation of transmembrane recep-
tors belonging to the tumor necrosis factor (TNF) receptor
superfamily, such as Fas (CD95), TRAIL-R1 (DR4), and
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Table 3 Data from biochemical assays elucidating the mechanisms of action of anticancer metal complexes

View Article Online
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Mechanism(s) How to avoid the
Assay Purpose correlated Important comments Key pitfalls pitfalls
MTT assay Measures cell viability/ ~ General cytotoxicity Common screening tool Precipitate Ensure complete
metabolic activity via (indirectly supports all but not mechanistically insolubility; cellular  solubilization;
mitochondrial mechanisms). specific. reduction variability.  control for cell
enzymes. number/metabolism.
SRB assay Quantifies total protein  General cytotoxicity More stable than MTT; Inconsistent dye Fix cells properly;

Plasmid DNA
cleavage assay

Comet assay

DNA melting
studies

Annexin
V-FITC/PI
assay

Caspase
activation
assay

JC-1 assay

DCFH-DA
assay

GSH depletion
assay

TrxR
inhibition
assay

Proteasome
activity assay

Western blot
(e.g., yv-H2AX,
p53)
Flow

cytometry cell
cycle analysis

TRAIL-R2 (DR5). Upon ligand binding or compound-mediated
activation, these receptors form the death-inducing signaling
complex (DISC), which recruits and activates caspase-8. Active
caspase-8 can directly cleave and activate caspase-3, leading to
apoptosis, or cleave Bid to tBid, linking the extrinsic and
intrinsic pathways by promoting MOM

content (cell density)
for cell proliferation.

Assesses DNA strand
breakage potential by
the compound.

Detects DNA damage at
the single-cell level.

Measures changes in
DNA thermal stability
(ATy,) upon ligand
binding.

Detects early (Annexin
V) and late (Annexin/
PI) apoptosis.

Detects activity of
caspases (e.g., caspase-
3,-8,-9).

Assesses mitochondrial
membrane potential
(A¥,).

Measures intracellular
reactive oxygen species
(ROS).

Quantifies glutathione
(GSH) levels, a key
antioxidant.

Measures thioredoxin
reductase (TrxR)
activity.

Quantifies
chymotrypsin-like
activity of the
proteasome.
Detects specific
proteins or post-
translational
modifications.
Determines
distribution of cells
across Go/Gy, S, and G,/
M phases based on
DNA content.

(supports all
mechanisms).

DNA binding and
damage.

DNA binding and
damage, ROS
generation.

DNA binding and
damage.

Mitochondrial
disruption, death
receptor activation,
protein inhibition.
Death receptor
activation (caspase-8),
mitochondrial
disruption (caspase-9),
protein modulation.
Mitochondrial
disruption.

ROS generation and
redox modulation.

ROS generation and
redox modulation.

ROS generation and
redox modulation,
protein inhibition

Protein inhibition and
functional modulation.

DNA damage (y-H2AX),
protein inhibition (e.g.,
P53 activation, caspase
cleavage).

DNA binding and
damage, protein
inhibition and
functional modulation.

Pp.9%:93

This journal is © The Royal Society of Chemistry 2025

not affected by
mitochondrial redox
status.

In vitro test; does not
reflect nuclear uptake or
chromatin structure.

Sensitive to DNA breaks
caused by redox or direct
interaction.

Indicates DNA
intercalation/groove
binding strength.

Does not distinguish
between intrinsic/
extrinsic apoptosis
pathways.

Important to identify
specific apoptotic
pathway; should be
isoform-specific.

Loss of AY,, indicates
mitochondrial outer
membrane permeabiliza-
tion (MOMP).

May require controls to
confirm ROS origin
(mitochondrial vs. non-
mitochondrial).
Depletion suggests
oxidative stress or redox
imbalance.

TrxR is often
overexpressed in tumors;
inhibition leads to redox
imbalance

Specific for compounds
that block proteasomal
protein degradation.

Highly informative for
validating mechanistic
targets.

G,/M arrest suggests DNA
damage; S-phase accumu-
lation may indicate repli-
cation stress.

binding; incomplete
washing.

Nuclease
contamination;
ambiguous
supercoiled/linear
forms.

DNA damage from
handling; high
background.
Buffer effects;
incorrect
concentration.

Early apoptosis vs.
necrosis confusion;
timing critical.

Non-specific
cleavage; activity loss.

Artifacts from over-
staining;
photobleaching.

Auto-oxidation; non-
specific oxidation.

Rapid GSH oxidation;
reagent instability.

Non-specific DTNB
reduction; enzyme
instability.

Cytosolic protease
interference.

Non-specific bands;
phospho-epitope
sensitivity.

Doublet artifacts;
sub-G; debris.

standardize washing
and drying steps.

Use sterile
techniques; include
proper controls (no
drug, enzyme).

Gentle cell handling;
run in dark; include
controls.

Use cacodylate or
phosphate buffer;
ensure pure, correct
DNA conc.

Use unstained and
single-stained
controls; analyze
immediately.
Include inhibitor
control; use fresh
lysates; follow
protocol times.

Titrate dye
concentration;
protect from light.

Include ROS
scavenger control;
protect from light;
minimize assay time.
Prepare reagents
fresh; deproteinize
samples quickly.
Include no-enzyme
control; use fresh
enzyme aliquots.

Use specific
inhibitors (e.g.,
lactacystin) as
controls.

Validate antibodies;
use phosphatase
inhibitors.

Use singlet gating;
filter cells; include
RNase A.

Validation of this mechanism involves caspase-8 activity
assays to detect early extrinsic apoptosis. Western blotting can
confirm DISC component activation (e.g., Fas, FADD, caspase-8
cleavage), while Annexin V/PI staining provides apoptosis con-
firmation. When caspase-8 is activated independently of

caspase-9, it suggests a death receptor-driven mechanism.
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Fig. 15 Flow diagram illustrating the logic of choosing the assays to validate the mechanism of action in apoptotic cell death.

Additionally, flow cytometry can reveal changes in the surface
expression of death receptors or early apoptotic markers.”*

Certain metal complexes, including arsenic trioxide, gold
complexes, and platinum(iv) prodrugs, have been reported to
enhance death receptor expression or sensitize cells to TRAIL-
mediated apoptosis. These compounds may indirectly increase
receptor activity by modulating redox balance, upregulating
transcription factors (e.g., CHOP, p53), or inhibiting NF-«B,
which suppresses Fas/TRAIL signaling. Activation of extrinsic
apoptosis by metal-based compounds is particularly effective
in cancers with defective mitochondrial pathways, offering a
complementary route to trigger cell death.’

3.3 Mechanism of action upon TrxR inhibition

Inhibiting TrxR blocks the regeneration of reduced thioredoxin
(Trx), a key cellular antioxidant. This leads to the accumulation
of reactive oxygen species (ROS) such as hydrogen peroxide
and superoxide. Elevated ROS levels cause oxidative damage to
lipids, proteins, and DNA, pushing cells into a state of redox
imbalance.”®

The resulting oxidative stress disrupts mitochondrial mem-
brane potential (A¥,,), leading to the release of cytochrome c
and other pro-apoptotic factors into the cytosol. This initiates
the intrinsic apoptotic pathway, activating caspase-9 and
caspase-3. Concurrently, ROS upregulate pro-apoptotic pro-
teins (e.g., Bax, Bak) and suppress anti-apoptotic proteins (e.g.,
Bcl-2), shifting the redox balance toward cell death. Beyond
apoptosis, TrxR inhibition affects DNA synthesis and repair,
causes cell cycle arrest (typically at G; or G,/M), and sup-
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presses redox-sensitive transcription factors such as NF-kB and
AP-1, weakening cell survival signaling. In cancer therapy,
TrxR inhibitors are valuable as they enhance DNA damage
caused by chemotherapeutic agents and sensitize tumor cells
to radiation, due to compromised antioxidant defenses.®”

Several compounds are known to inhibit TrxR, often
through direct interaction with its selenocysteine active site,
making them promising anticancer agents. Auranofin, a clini-
cally approved gold(i) phosphine compound, is one of the
most well-characterized TrxR inhibitors. It selectively targets
TrxR over other thiol-based reductases, leading to ROS
accumulation and apoptosis in cancer cells, particularly those
with high oxidative stress. Several gold(mr) and gold(i) coordi-
nation complexes have shown broad-spectrum anticancer
activity, often through irreversible inhibition of TrxR, mito-
chondrial dysfunction, and activation of cell death pathways.
These compounds leverage the unique reactivity of metal
centers to selectively interfere with redox enzymes in cancer
cells, making TrxR an attractive target for metal-based drug
design.”®

3.4 Mechanism of action upon mitochondrial disruption

Mitochondria play a central role in the intrinsic (mitochon-
drial) apoptotic pathway. Many metal-based coordination com-
pounds induce cytotoxicity by disrupting mitochondrial integ-
rity, particularly by triggering mitochondrial outer membrane
permeabilization (MOMP). This leads to the release of apopto-
genic factors such as cytochrome ¢, Smac/DIABLO, and AIF
(apoptosis-inducing factor) into the cytosol. Once released,
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cytochrome c binds to Apaf-1 and procaspase-9, forming the
apoptosome and activating caspase-9, which then cleaves and
activates caspase-3, executing apoptosis.”®

Mechanistic evaluation of mitochondrial disruption often
begins with the JC-1 assay, which assesses changes in mito-
chondrial membrane potential (A¥,,). Healthy mitochondria
accumulate JC-1 aggregates, emitting red fluorescence,
whereas depolarized mitochondria contain JC-1 monomers,
which fluoresce green. A shift from red to green fluorescence
indicates MOMP.'*® Caspase-9 and caspase-3 activity assays
further validate the activation of intrinsic apoptosis,'®" while
Annexin V/PI staining supports apoptosis detection by con-
firming phosphatidylserine externalization and membrane
integrity loss.

Some metal-based agents, particularly gold(i/m), copper(u),
and ruthenium(r) complexes, accumulate in mitochondria due
to their lipophilic or cationic nature. These compounds inter-
fere with the mitochondrial electron transport chain, generate
mitochondrial ROS, or bind directly to thiol-containing mito-
chondrial enzymes, resulting in MOMP. Mitochondrial dys-
function also disrupts ATP production and calcium homeosta-
sis, amplifying cellular stress. Thus, targeting mitochondria is
a powerful and selective strategy for inducing cancer cell
death, especially in apoptosis-resistant tumors."'%*

3.5 Mechanism of action upon ROS induction

Reactive oxygen species (ROS)-inducing agents work by dis-
rupting the intracellular redox balance and causing oxidative
stress, which selectively harms cancer cells already under elev-
ated metabolic strain. Excess ROS react with vital bio-
molecules, leading to DNA strand breaks and base modifi-
cations (e.g., 8-0x0G), lipid peroxidation that disrupts mem-
brane integrity, and protein oxidation that impairs enzyme
activity and signal transduction. This biochemical damage
causes widespread cellular dysfunction and activates stress sig-
naling pathways that ultimately lead to apoptosis or
necrosis.'*?

One of the earliest consequences of ROS overload is the
loss of mitochondrial membrane potential (A¥;,), which pro-
motes mitochondrial outer membrane permeabilization
(MOMP). This allows the release of pro-apoptotic factors such
as cytochrome c and Smac/DIABLO into the cytosol, triggering
caspase-9 and caspase-3 activation and initiating the intrinsic
apoptotic pathway. In parallel, oxidative stress activates
kinases like MAPK (JNK, p38) and ASK1, which upregulate pro-
apoptotic genes (Bax, PUMA) and suppress anti-apoptotic ones
(Bcl-2). The tumor suppressor p53 is also activated under oxi-
dative conditions, contributing to cell cycle arrest and apopto-
sis. Some ROS-inducing agents act by disrupting antioxidant
systems, such as glutathione (GSH) depletion, or inhibition of
thioredoxin reductase (TrxR) and superoxide dismutase (SOD).
This collapse of cellular redox buffering further sensitizes
cancer cells to oxidative damage. When apoptosis is blocked or
insufficient, ROS can induce alternate cell death pathways like
ferroptosis  (lipid peroxidation-driven, iron-dependent),
necroptosis (regulated necrosis via RIPK1/3 and MLKL), or
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other forms like autophagy or parthanatos, depending on cell
context and ROS levels.'®® Several classes of compounds are
known to exert anticancer activity through ROS generation.
Copper(n) and iron(m) coordination complexes can catalyze
Fenton-like reactions, producing highly reactive hydroxyl rad-
icals from intracellular hydrogen peroxide. These reactions
cause site-specific oxidative damage to DNA and other cellular
components. Additionally, organoselenium and organotellur-
ium compounds disrupt redox homeostasis by modifying thiol
groups or interfering with enzymes like TrxR and glutathione
peroxidase, leading to sustained ROS buildup. These agents
are particularly effective in exploiting the already stressed
redox environment of cancer cells, making them promising
candidates for redox-targeted therapy.'*>

3.6 Mechanism for apoptosis induction action upon
proteasome inhibition at the f5 subunit

Proteasome inhibitors exert their anticancer effects by selec-
tively blocking the chymotrypsin-like activity of the 5 subunit
within the 20S core of the proteasome—an essential protein
degradation complex in eukaryotic cells responsible for cleav-
ing peptide bonds at the C-terminal side of hydrophobic resi-
dues. This inhibition leads to the accumulation of polyubiqui-
tinated proteins, disrupting the normal turnover of key regula-
tors such as cell cycle proteins (p21, p27, cyclins) and pro-
apoptotic factors. The intracellular buildup of these unde-
graded proteins induces proteotoxic stress, triggering apopto-
sis (Fig. 16)."%*

Overloaded with misfolded proteins, the endoplasmic reti-
culum (ER) activates the unfolded protein response (UPR)
through stress sensors like PERK, IRE1, and ATF6. If the UPR
becomes excessive or prolonged, it results in the shutdown of
general protein translation, induction of the pro-apoptotic
factor CHOP, and mitochondrial damage. Simultaneously,
inhibition of proteasomal degradation stabilizes tumor-sup-
pressor and apoptotic proteins such as p53, Bax, and Bid,
further shifting the cell toward intrinsic apoptosis.
Additionally, proteasome inhibition disrupts the NF-xB survi-
val pathway. Under normal conditions, the proteasomal degra-
dation of IkBa, a key inhibitor of the transcription factor NF-
kB, permits NF-kB to translocate into the nucleus. This regu-
lated degradation serves as a pivotal step in NF-kB activation
(Fig. 16). Normally, IxBa, an inhibitor of NF-«B, is degraded by
the proteasome to allow NF-kB nuclear translocation. When
degradation is blocked, NF-kB remains inactive, reducing the
expression of survival genes like Bcl-xL, XIAP, and VEGF, and
thereby suppressing cell survival and angiogenesis. The result-
ing cascade—proteotoxicity, UPR, mitochondrial depolariz-
ation, and caspase-9 and caspase-3 activation—leads to pro-
grammed cell death. In some cancer cells, extrinsic apoptosis
(e.g., via Fas/FasL pathways) may also be activated.'®® Several
metal-based compounds have been shown to inhibit the pro-
teasome, often by targeting thiol groups or generating oxi-
dative stress. Gold(i) and gold(m) complexes, such as aurano-
fin, inhibit proteasome function and induce ER stress, contri-
buting to their anticancer activity. Copper(n) and platinum(iv)
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Fig. 16 Proteasome-mediated protein degradation pathway and the mode of action of proteasome inhibitors.

complexes disrupt proteasomal activity either through direct
coordination with proteasome subunits or by generating redox
stress that impairs its function. Another notable example is
disulfiram (an aldehyde dehydrogenase inhibitor) combined
with copper(u), which forms Cu-DSF complexes that inhibit
both proteasome activity and NF-«kB signaling, showing potent
cytotoxicity in various cancers. These compounds exploit the
reliance of tumor cells on heightened proteasome function,
making proteasome inhibition a powerful strategy in anti-
cancer drug design.'*®

3.7 Mechanism of action by protein targeting

In addition to directly damaging DNA or mitochondria, metal-
based compounds can exert anticancer activity by selectively
modulating signaling proteins and enzymes critical for tumor
survival and proliferation. This mechanism involves the inhi-
bition of oncogenic proteins (e.g., kinases, transcription
factors, redox enzymes) or activation of tumor suppressors
(e.g., p53, PTEN). These functional interferences disrupt mul-
tiple processes including cell cycle progression, DNA repair,
angiogenesis, and immune evasion.'%”*®

Experimental validation typically involves western blotting to
monitor changes in expression or phosphorylation of target pro-
teins (e.g., p53 upregulation, Akt/mTOR inhibition). Flow cytome-
try cell cycle analysis reveals checkpoint arrest, often at G, (via
p21/p27) or G,/M (via DNA damage or microtubule destabiliza-
tion). Additionally, specific activity assays (e.g., for kinases,
histone deacetylases, or TrxR) confirm enzymatic inhibition.
Functional modulation may also manifest as differentiation,
senescence, or autophagy, depending on the cellular context.

A range of metal compounds modulate protein function
through various strategies. Gold() compounds target thiol-
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and selenol-containing enzymes like thioredoxin reductase
(TrxR). Copper and ruthenium complexes inhibit kinases or
epigenetic modifiers (e.g., HDACs), while iridium and palla-
dium complexes show selective protein binding via coordi-
nation to histidines or cysteines. By bypassing conventional
DNA damage routes, protein-targeting metal drugs may avoid
resistance mechanisms and offer new avenues for precision
therapy.'®

4 Chemical structures and validation
of mechanism of actions

The current section emphasizes the importance of undertak-
ing multiple assays to evaluate the mechanism properly; the
structural similarities between coordination compounds is not
always dictating the same mechanistic pathway. For instance,
Suntharalingam et al. (2013)"'° described a platinum(u) terpyr-
idine complex (1 in Fig. 17) that binds to DNA via non-covalent
minor-groove association, with a measured binding constant
of ~6 x 10* M™" (via UV-Vis titration, FID assays, and CD) and
computational docking supporting exclusive minor groove
affinity and no DNA cleavage or adduct formation. Cellular
uptake experiments confirmed nuclear localization, yet long-
term exposure did not result in covalent adducts or DNA
nicking, distinguishing it from the classical mode of cisplatin.
Instead, cell death proceeded via a necrotic phenotype as
shown by immunoblotting and DNA flow cytometry assays,
without the hallmarks of genotoxic stress or apoptosis typically
seen with cisplatin-induced DNA crosslinks. In contrast, cis-
platin’s mechanism relies on aquation-triggered covalent
binding to DNA (mainly 1,2-intrastrand adducts at guanine),
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Fig. 17 Structures of different platinum complexes discussed in section 4.

transcription/replication arrest, DNA damage response (e.g.
y-H2AX), cell cycle arrest, and p53-dependent apoptosis. Thus,
while both agents interact with genomic DNA, the terpyridine
complex operates through non-genotoxic, groove-binding mod-
alities that bypass DNA crosslink formation and initiate necro-
sis rather than apoptosis, marking a mechanistic departure
from cisplatin’s canonical pathway.'*® In another work, Mitra
et al. (2014)'"" synthesized four platinum(u) complexes featur-
ing ferrocenyl-terpyridine ligands (2-5 in Fig. 17) and investi-
gated their light-activated anticancer properties. Complexes [Pt
(Fe-tpy)Cl]Cl (3) and [Pt(Fc-tpy)(NPC)]Cl (5) exhibited potent
photocytotoxicity under visible light (IC5, ~ 9.8 and 12.0 uM,
respectively) with minimal dark toxicity (ICs, > 60 pM), attribu-
ted to ROS generation via photoinduced oxidation of the ferro-
cenyl moiety. The resulting ferrocenium ions triggered Fenton-
type reactions producing cytotoxic hydroxyl radicals, establish-
ing oxidative stress as the main mechanism of action.
Apoptosis was confirmed by Annexin V-FITC/PI staining and
DNA fragmentation assays following light exposure. Although
both 3 and 5 showed DNA binding in UV-vis titration and cel-
lular localization studies revealed nuclear and cytoplasmic
accumulation, y-H2AX or comet assays were not conducted,
and no significant DNA damage was reported in the absence
of light, suggesting that DNA interaction was not the primary
cytotoxic trigger. Complex [Pt(Fc-bpa)Cl]Cl (4) displayed DNA
binding and cellular uptake but lacked the strong absorption
necessary for ROS induction, resulting in low photocytotoxi-
city. The control compound [Pt(Ph-tpy)Cl]Cl (2), which lacks
the redox-active ferrocenyl group, also bound DNA but showed
no photocytotoxic effect, confirming that ROS generation, not
DNA binding, was the critical factor. These results support an

This journal is © The Royal Society of Chemistry 2025

[Pt(typ)(CC-C¢H,-glucose][CF;S03] (6)

[Pt(Fc-bpa)Cl1]Cl (4)

ROS-mediated mechanism of action upon light activation for
compounds 3 and 5, leading to apoptotic cell death."'" Tong
et al. (2021)"*? developed a glucose-functionalized platinum()
acetylide complex (6 in Fig. 17) capable of dynamic supramole-
cular self-assembly in aqueous media. The complex exhibited
potent cytotoxicity in lung cancer cell lines, attributed to its
disruption of the autophagy-lysosomal pathway and sub-
sequent mitochondrial dysfunction. Cellular uptake studies
indicated endocytic internalization with lysosomal accumu-
lation, where acidic cleavage activated the cytotoxic species.
JC-1 assay revealed a significant loss of mitochondrial mem-
brane potential (A¥,,), consistent with mitochondrial outer
membrane permeabilization. Disruption of lysosomal integrity
was confirmed by LysoTracker staining and release of cathep-
sins into the cytosol, while increased LC3-II levels and
accumulation of autophagosomes indicated autophagic flux
perturbation. Despite UV-vis evidence of potential DNA inter-
action, y-H2AX staining showed negligible DNA damage,
suggesting that cell death was driven primarily by lysosomal
destabilization and mitochondrial impairment rather than
genotoxicity. "

5 lllustration of mechanistic
validation in the literature

Angelico D. Aputen et al. (2023)"" synthesized novel platinum
(v) prodrugs featuring indole-derived axial ligands. Among
these, some complexes showed potent cytotoxicity in cancer
cell lines via ROS generation, leading to mitochondrial disrup-
tion and triggering intrinsic apoptosis in cancer cells.

Dalton Trans., 2025, 54,16285-16317 | 16307


https://doi.org/10.1039/d5dt01851j

Published on 23 September 2025. Downloaded on 4/8/2026 4:50:12 PM.

Perspective

DCFH-DA assay demonstrated significant intracellular ROS
elevation after treatment. JC-1 assay results showed a marked
decrease in mitochondrial membrane potential (A¥,,), indicat-
ing mitochondrial outer membrane permeabilization.
Apoptosis was confirmed by increased Annexin V/PI positivity
and reduced cell viability in MTT assays."'® Elias et al
(2024)"** demonstrated novel Pt(u/iv) complexes which exhibit
high anticancer potency (MTT assay) against both triple-nega-
tive breast cancer (MDA-MB-231) and cisplatin-resistant color-
ectal cancer (HT29). Mechanistic studies reveal: (A) substantial
ROS induction (DCFH-DA assay); (B) mitochondrial membrane
depolarization (JC-1 assay), consistent with MOMP; and (C)
apoptotic and necrotic cell death (Annexin V-FITC/PI): primar-
ily early apoptosis (Annexin V+/PI-), with some progression to
late apoptosis/necrosis (Annexin V+/PI+)."'* Tabrizi et al
(2024)"*® synthesized platinum(iv) complexes designed to over-
come cisplatin resistance in ovarian cancer. Mechanistic
studies revealed: (A) ROS induction and GSH depletion
(DCFH-DA and GSH assays), disrupting redox homeostasis; (B)
mitochondrial dysfunction (JC-1 assay), showing decreased
AY,, consistent with MOMP; and (C) DNA platination, indicat-
ing direct DNA binding and damage; and (D) apoptosis
(Annexin V-FITC/PI), predominantly early apoptosis.'*®
Boodram et al. (2020)"'° synthesized a series of copper(u)
complexes incorporating phenanthroline and indomethacin,
with the most potent compound, complex 4, demonstrating
strong cytotoxicity against both CSC-enriched and CSC-
depleted breast cancer cell populations as confirmed by MTT
assay. Mechanistically, complex 4 exerts its anticancer effect
through ROS-mediated DNA damage, as evidenced by plasmid
DNA cleavage assays and redox activity studies showing hydro-
gen peroxide production via Cu(u)/Cu(r) cycling. The involve-
ment of ROS was further validated by the use of scavengers
(KI, NaN3, -BuOH, DMSO), which significantly reduced DNA
damage, confirming oxidative stress as the primary driver.
Apoptotic cell death was confirmed by western blot detection
of caspase-3 activation and PARP cleavage, indicating acti-
vation of the intrinsic apoptotic pathway. Unlike classical
DNA-alkylating agents, complex 4 does not rely on covalent
DNA binding but induces cell death through oxidative DNA
damage and subsequent caspase-dependent apoptosis, high-
lighting a mechanistic divergence from agents like cisplatin
and placing it within the ROS induction and apoptosis-related
categories."'® Fei et al. (2019)""” synthesized a series of chiral
copper(n) complexes and evaluated their anticancer activity
against MCF-7 breast cancer cells, uncovering a mechanism
driven by oxidative stress and mitochondrial dysfunction. The
complexes significantly depleted intracellular glutathione,
thereby promoting the accumulation of reactive oxygen
species, as measured by redox-sensitive assays. This increase
in ROS led to oxidative DNA damage, confirmed by comet
assay, which revealed characteristic DNA fragmentation. The
DNA damage was followed by a marked decrease in mitochon-
drial membrane potential, as shown by JC-1 assay, indicating
mitochondrial outer membrane permeabilization. This mito-
chondrial disruption initiated intrinsic apoptosis, as evi-
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denced by the activation of caspase-9 and caspase-3, and
further validated by Annexin V-FITC/PI staining. Collectively,
these results establish that the copper(u) complexes induce
apoptotic cell death through an ROS-dependent mechanism
involving both DNA damage and mitochondrial collapse,
placing their mode of action within ROS induction and mito-
chondrial disruption, with apoptosis as the downstream
outcome.” Icsel et al. (2020)'*® synthesized manganese(u)
and copper(u) saccharinate complexes and assessed their anti-
cancer potential in A549 lung cancer cells, identifying a mito-
chondria-mediated apoptotic mechanism. Both complexes
exhibited strong cytotoxicity and showed concentration-depen-
dent nuclease activity against supercoiled plasmid DNA, con-
firming their capacity for direct DNA interaction and cleavage.
Mechanistic investigations revealed that complex treatment
induced oxidative stress and caused mitochondrial membrane
depolarization, as evidenced by JC-1 assay, leading to cyto-
chrome c release into the cytosol. This mitochondrial dysfunc-
tion activated caspase-3 and caspase-7, confirming the
initiation of intrinsic, caspase-dependent apoptosis. These
findings place the mode of action of the Mn(u) and Cu(u) sac-
charinate complexes within DNA binding and cleavage, mito-
chondrial disruption, and apoptosis induction, with oxidative
stress serving as a contributing factor to the cascade of cell
death events."'®

Hindo and colleagues synthesized and characterized three
copper(n) coordination complexes with the iodo-substituted
phenolic ligand HLI: specifically [Cu(L~I)Cl] (1), [Cu(L*I)OAc]
(2), and [Cu(HL"I)(L"I)]JOAc (3). Each complex was designed to
investigate the influence of metal-to-ligand stoichiometry (1:1
vs. 1:2) and ligand type on anticancer efficacy. Cytotoxicity
assays revealed potent inhibitory effects against human pros-
tate cancer cell lines C4-2B and PC-3, while sparing non-
tumorigenic MCF-10A cells. Mechanistic assays demonstrated
that these copper complexes selectively inhibit the chymotryp-
sin-like activity of the 20S proteasome, whereas the free ligand
is inactive and copper salts showed only cell-free activity. This
points to the copper-ligand coordination complex acting as
the true pharmacophore. Proteasome inhibition was
accompanied by accumulation of ubiquitinated proteins, con-
sistent with disruption of protein degradation within cancer
cells. Though not measured directly, the open coordination
sphere likely enables binding nucleophilic residues (e.g.
through the proteasome active site), enhancing specificity. No
direct evidence was presented for ROS induction or mitochon-
drial disruption in this case. Instead, the primary mechanism
is proteasome inhibition, with subsequent induction of apop-
tosis. These findings suggest that copper-ligand complexes
can function as non-DNA-targeting, proteasome-inhibiting
anticancer agents, offering a novel structural scaffold distinct
from traditional genotoxic drugs.'™® Fei et al. (2021)"*° syn-
thesized and characterized chiral copper(u) and iron(m) com-
plexes derived from dehydroabietic acid (DHA), a rosin-based
natural product, to evaluate their structural and biological
effects. The copper(u) complex (1) formed a dinuclear struc-
ture, while the iron(ur) complex (2) was trinuclear. MTT assays
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revealed that both complexes exhibited enhanced cytotoxicity
compared with the free DHA ligand, with complex 1 showing
superior activity against MCF-7 breast cancer cells.
Mechanistic investigations demonstrated that both 1 and 2
induced oxidative stress, G, cell cycle arrest, and mitochon-
drial dysfunction, confirmed by mitochondrial membrane
depolarization and decreased Bcl-2 expression. Apoptosis was
triggered via both intrinsic (mitochondrial) and extrinsic
(death receptor) pathways, evidenced by caspase-9 activation,
Bax upregulation, and Fas/caspase-8/caspase-4 involvement,
placing the complexes under death receptor activation and
mitochondrial disruption. Notably, complex 1 also caused
extensive damage to DNA, proteins, and lipids, and showed
potential to inhibit cell migration, invasion, and angiogenesis,
suggesting a  multifaceted  anticancer = mechanism.
Additionally, 1 was able to interact with Fas receptors on the
cell surface, potentially initiating apoptosis without internaliz-
ation. These findings establish complex 1 as a redox-active,
multi-target anticancer agent combining ROS induction, dual-
pathway apoptosis, and anti-metastatic properties.'*°

Li et al. (2019)"*" synthesized a series of ruthenium(u) poly-
pyridyl complexes of the general formula Ru(bpy),(L),, where
bpy is 2,2-bipyridine and L is a substituted imidazo[4,5-
fl[1,10]phenanthroline derivative featuring a pendant amide or
alkyl side chain to enhance biological activity and cellular
uptake. Among these, the most active compound exhibited
potent anticancer effects against HepG2 liver cancer cells.
Mechanistic studies revealed that treatment with the ruthe-
nium complex led to a marked loss of mitochondrial mem-
brane potential (AY,,), as measured by JC-1 assay, indicating
mitochondrial dysfunction. This mitochondrial damage trig-
gered downstream DNA fragmentation, confirmed by the
comet assay, and ultimately led to apoptosis. Apoptotic cell
death was supported by Annexin V-FITC/PI staining and
caspase-3 activation, establishing a clear link between mito-
chondrial depolarization and programmed cell death. Overall,
the results demonstrate that this ruthenium(u) complex exerts
its anticancer activity via ROS-mediated mitochondrial disrup-
tion and secondary DNA damage, culminating in caspase-
dependent apoptosis.’*' Chen et al. (2020)** developed a
series of N-heterocyclic carbene (NHC)-coordinated ruthenium
(u) arene complexes and assessed their anticancer activity, with
Ru4 and Ru6 exhibiting the most potent cytotoxic effects
against A2780 human ovarian cancer cells, as demonstrated by
MTT assay. Mechanistic evaluation showed that both com-
pounds significantly increased intracellular ROS levels, initiat-
ing oxidative stress. This oxidative environment led to mito-
chondrial dysfunction, evidenced by a marked loss of mito-
chondrial membrane potential (A¥,,), as detected by JC-1
staining. Western blot analysis revealed activation of caspase-9
and caspase-3, indicating the involvement of the intrinsic
apoptotic pathway. Apoptosis induction was further supported
by Annexin V-FITC/PI staining, which confirmed a substantial
rise in apoptotic cell populations following treatment. These
findings establish that Ru4 and Ru6 induce cancer cell death
primarily through ROS-mediated mitochondrial disruption
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(MoA4) and caspase-dependent apoptosis, positioning them as
promising metal-based agents with a non-genotoxic but
strongly apoptotic mechanism of action."” Chen et al
(2020)'** synthesized two novel cyclometalated ruthenium(m)
complexes, RulQ-1 and RulQ-2, bearing isoquinoline-based
ligands coordinated through both nitrogen and carbon donor
atoms. These half-sandwich Ru(un) complexes feature the
general motif [(n°p-cymene)Ru(C~N)(L)]*, where C"N rep-
resents the cyclometalated isoquinoline ligand and L is a
neutral co-ligand, designed to enhance both redox activity and
lipophilicity for improved anticancer efficacy. Both RulQ-1 and
RulQ-2 exhibited strong cytotoxicity against NCI-H460 human
non-small cell lung cancer cells, as demonstrated by MTT
assay. Mechanistic studies revealed that treatment with either
complex resulted in significant overproduction of intracellular
reactive oxygen species (ROS), as measured by DCFH-DA assay,
alongside marked mitochondrial membrane depolarization,
confirmed via JC-1 staining. This oxidative stress and mito-
chondrial dysfunction triggered caspase-9 and caspase-3 acti-
vation, verified by western blotting, establishing the activation
of the intrinsic apoptotic pathway. DNA damage was further
validated using the comet assay, which showed extensive
strand breaks following treatment. Apoptosis was confirmed as
the mode of cell death by Annexin V-FITC/PI double staining,
which indicated a substantial increase in apoptotic cell popu-
lations. Taken together, these results confirm that RulQ-1 and
RulQ-2 induce caspase-dependent apoptosis through a mecha-
nism driven by ROS generation, mitochondrial disruption, and
oxidative DNA damage, representing a multifaceted and redox-
driven mode of action distinguished from DNA-alkylating
agents like cisplatin.'** Allison et al. (2023)"** synthesized and
characterized a library of 24 cyclometalated ruthenium(u)
arene complexes of the type [(p-cymene)RuCl(Fc-acac)], incor-
porating functionalized ferrocenyl p-diketonate ligands (Fc-
acac). Structural confirmation was obtained for 21 of the com-
pounds via single-crystal X-ray diffraction. These complexes
were screened for cytotoxicity against MIA PaCa-2 pancreatic
cancer cells, HCT116 p53+/+ colorectal cancer cells, and
ARPE-19 normal retinal cells. Complex 4 (R = 2-furan) emerged
as the most potent and selective candidate, showing an IC5, of
8 + 2 pM against MIA PaCa-2 cells and a selectivity index (SI) of
12.5, as determined by MTT assay. Mechanistic studies
revealed that complex 4 induced significant DNA damage in a
dose-dependent manner, confirmed by single-strand break
(SSB) detection in MIA PaCa-2 cells, suggesting direct genotoxi-
city as a primary cytotoxic mechanism. Although cyclic voltam-
metry indicated a reversible Fc/Fc' redox couple, and the struc-
ture suggested ROS-generating potential, no direct functional
assays (e.g., DCFH-DA or GSH depletion) were performed to
confirm ROS involvement. UV-vis and NMR studies indicated
gradual degradation of the Ru-Cl bond and ligand dis-
sociation, which may influence biological stability and uptake,
partially explaining the discrepancy between intracellular
ruthenium levels and cytotoxic efficacy (via ICP-MS). Under
hypoxic conditions (0.1% O,), cytotoxicity decreased, mirroring
cisplatin’s behavior and suggesting that redox activity may still
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play a supporting role. Overall, complex 4 exerts its anticancer
effects primarily through DNA strand damage, with a potential
but unconfirmed contribution of oxidative stress, making it a
promising non-platinum redox-active scaffold with selective
anticancer properties.'** Pettinari et al. (2014)"** synthesized a
series of nine novel arene-ruthenium(u) complexes incorporat-
ing  4-(biphenyl-4-carbonyl)-3-methyl-1-phenyl-5-pyrazolonate
as the chelating ligand, with structural variations in the arene
moiety (notably including hexamethylbenzene) aimed at mod-
ulating biological activity. These complexes were structurally
characterized via spectroscopic techniques and X-ray diffrac-
tion. Cytotoxicity screening against HeLa, MCF-7, HepG2, and
HCT116 human cancer cell lines revealed that compounds 3,
6, and 9—those containing hexamethylbenzene as the arene—
exhibited the most potent cytotoxicity, with ICs, values com-
parable to cisplatin. Mechanistic studies demonstrated that
these compounds induce caspase-dependent apoptosis, as
confirmed by increased DEVDase (caspase-3/7-like) activity,
enhanced DNA fragmentation, upregulation of pro-apoptotic
proteins, and downregulation of the anti-apoptotic protein Bcl-
2. Additionally, flow cytometry showed G,/M cell cycle arrest,
likely due to DNA interaction. Competitive binding and inter-
calation assays confirmed that compounds 1, 3, 4, and 6 selec-
tively bind to the minor groove of dsDNA and are capable of
intercalating DNA, indicating direct DNA interaction and
damage as a contributing factor to cytotoxicity. These findings
support a dual mechanism of action involving both DNA
binding and mitochondria-mediated apoptosis, modulated by
the nature of the arene and ancillary ligands, and provide a
rational basis for further structural optimization of ruthe-
nium-based anticancer agents.'>*

Truong et al. (2020)'*° synthesized a series of Rh(m) and
Ir(m) half-sandwich complexes of the general formula [M(Cp*)
(NHC)CL,], where Cp* is pentamethylcyclopentadienyl and NHC
represents a benzyl- or methyl-substituted N-heterocyclic carbene
ligand. These complexes were designed as analogues to previously
reported Ru(u) and Os(u) systems, aiming to explore how changes
in the metal center and ligand structure affect biological activity.
The Rh(m) complexes, particularly 3a and 3b, demonstrated
potent inhibition of thioredoxin reductase (TrxR) with ICs, values
around 1 pM, as validated by enzyme inhibition assays. Despite
their strong TrxR inhibitory activity, complex 3a showed limited
cytotoxicity, likely due to lower lipophilicity and reduced cellular
uptake, while 3b exhibited significantly better antiproliferative
potency, highlighting the role of hydrophobic ligand substitution
in enhancing biological effects. Importantly, X-ray fluorescence
microscopy (XFM) confirmed cytoplasmic accumulation of the Ru
and Os analogues, with minimal nuclear localization, supporting
a non-DNA-targeting mechanism of action. These findings estab-
lish that the cytotoxic activity of Rh(m) complexes is primarily
mediated through TrxR inhibition rather than DNA interaction,
and that structural modulation of NHC substituents can signifi-
cantly influence both enzyme inhibition and cellular uptake.'*®

Atrian-Blasco et al. (2017)'?” synthesized a series of novel
gold(r) thiolate derivatives stabilized by water-soluble phos-
phane ligands derived from 1,3,5-triaza-7-phosphaadamantane
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(PTA), forming oligomeric [{Au(thiolate)},] species. These com-
plexes were designed to enhance chemical stability and anti-
cancer efficacy over previously studied halide-containing ana-
logues. Cytotoxicity screening against human colon cancer cell
lines revealed potent antiproliferative activity, with signifi-
cantly higher chemical stability in buffered aqueous environ-
ments contributing to their enhanced biological performance.
Mechanistic studies indicated that these gold(r) thiolate com-
plexes induce apoptotic cell death, supported by elevated intra-
cellular ROS levels, likely resulting from inhibition of thiore-
doxin reductase (TrxR), thereby disrupting the redox homeo-
stasis within cancer cells. While direct DNA interaction was
not observed, the redox imbalance induced by TrxR inhibition
plays a central role in the cytotoxic mechanism. Importantly,
these compounds demonstrated selective cytotoxicity, sparing
normal enterocyte Caco-2 cells under confluence, and exhibi-
ted synergistic effects with 5-fluorouracil (5-FU), reducing the
effective dose of 5-FU by up to 40-fold when used in combi-
nation. Overall, these findings establish that the gold(1) thio-
late complexes exert their anticancer effects primarily via ROS-
mediated apoptosis triggered by TrxR inhibition and hold
promise as selective adjuvants in combination chemotherapy
for colon cancer.'”” Marmol et al. (2017)'*® investigated the
anticancer activity of a novel alkynyl gold(i) complex, [Au
(C=C-2-NC;sH,)(PTA)], featuring a pyridylacetylide ligand and
1,3,5-triaza-7-phosphaadamantane (PTA) as the phosphine
donor. The complex demonstrated significant cytotoxicity
against Caco-2 colorectal adenocarcinoma cells, as confirmed
by MTT assay. Mechanistic studies revealed a marked increase
in intracellular reactive oxygen species (ROS), detected via
DCFH-DA assay, which led to a disruption of mitochondrial
membrane potential (A¥,,), as shown by JC-1 staining. While
Annexin V-FITC/PI staining indicated some apoptotic mem-
brane changes, caspase-3/7 activity remained minimal, and a
comet assay confirmed the absence of DNA damage, ruling
out apoptosis and genotoxicity as primary pathways.
Importantly, necroptosis-specific inhibition assays demon-
strated that the predominant mode of cell death was necropto-
sis, a regulated necrotic pathway driven by oxidative stress and
mitochondrial dysfunction. These findings establish that the
alkynyl gold(1) complex induces cell death through an ROS-
mediated, non-apoptotic mechanism centered on mitochon-
drial impairment and caspase-independent necroptosis, dis-
tinguishing it mechanistically from both traditional apoptotic
inducers and DNA-targeting metal drugs.'”® Quero et al
(2022)"*° synthesized a series of sulfonamide-derived dithio-
carbamate gold(i) complexes and assessed their anticancer
properties against Caco-2 colon cancer cells. Among the com-
pounds evaluated, [Au(S,CNHSO,C¢Hs)(PPhs)] (1) and [Au
(S,CNHSO,-p-Me-C¢H,)(IMePropargyl)] (8) exhibited the most
potent cytotoxic activity, as determined by MTT assay.
Mechanistic investigations revealed that both complexes sig-
nificantly increased intracellular reactive oxygen species (ROS),
as measured by DCFH-DA assay, and disrupted mitochondrial
membrane potential (A¥,,), confirmed by JC-1 staining.
Western blot analysis showed activation of caspase-3, and
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Annexin V-FITC/PI staining further confirmed the induction of
apoptosis over necrosis. Additionally, both complexes were
shown to inhibit thioredoxin reductase (TrxR), suggesting a
redox-mediated mechanism. These findings support a mode
of action driven by TrxR inhibition and ROS-mediated mito-
chondrial dysfunction, culminating in caspase-dependent
intrinsic apoptosis. The lack of necrotic or DNA-targeting
effects highlights a redox-regulated apoptotic pathway distinct
from genotoxic chemotherapeutics.’® In a study by Gutiérrez
et al., gold(1) thiolate complexes were designed to incorporate
amino acid-derived ligands (notably complexes 6 and 21) to
evaluate their cytotoxicity and elucidate their mechanisms of
cell death against human cancer cell lines A549 (lung carci-
noma) and Jurkat (T-cell leukemia). Mechanistic studies
revealed that the mode of cell death induced by these gold(1)
complexes varied between cell lines. In A549 cells, no typical
apoptotic nuclear morphology (chromatin condensation or
fragmentation) was observed, indicating non-apoptotic cell
death, whereas in Jurkat cells, both apoptosis and necrosis
contributed to cell death. Flow cytometry using Annexin V-PE
and 7-AAD staining supported these observations, showing
phosphatidylserine externalization typical of apoptosis along-
side loss of membrane integrity indicative of necrosis. The role
of oxidative stress was confirmed as antioxidants N-acetyl
cysteine (NAC) and glutathione (GSH) protected cells from the
cytotoxic effects, though the protection profile differed
between cell types, suggesting cell-dependent mechanisms.
Further investigations showed that both complexes induced a
significant decrease in mitochondrial membrane potential
(MMP), with a stronger effect in Jurkat cells. The mitochon-
drial dysfunction was closely correlated with increased intra-
cellular reactive oxygen species (ROS) production, particularly
marked with complex 21. These data suggest that mitochon-
drial damage leads to ROS overproduction, which contributes
to cell death. Additionally, both complexes potently inhibited
thioredoxin reductase (TrxR) activity (~50% inhibition by
complex 6 and ~65% by complex 21 near IC5, concentrations),
an enzyme crucial for maintaining cellular redox balance. This
inhibition likely prevents ROS detoxification, promoting oxi-
dative stress and contributing to cytotoxicity. In conclusion,
these gold(1) amino acid thiolate complexes induce cell death
through mechanisms involving mitochondrial dysfunction,
ROS overproduction, and TrxR inhibition, with a combined
apoptosis and necrosis phenotype that varies by cell line.
These results highlight the importance of redox balance dis-
ruption in their anticancer activity."*°

Yanci Li et al. synthesized and characterized a series of pal-
ladium(u) complexes of curcuminoids, focusing on complex 3h
for its potent anticancer activity. The MTT assay revealed
strong cytotoxicity of complex 3h against various cancer cell
lines. Mechanistic studies demonstrated that treatment with
3h led to significant overproduction of reactive oxygen species
(ROS), confirmed by ROS assays. The addition of the anti-
oxidant N-acetyl cysteine (NAC) effectively reduced both ROS
levels and cell death, validating an ROS-dependent mecha-
nism. Further analysis using Annexin V-FITC/PI staining and
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Hoechst nuclear staining indicated clear apoptotic features in
treated cells. A marked loss of mitochondrial membrane
potential was detected, signifying mitochondrial dysfunction.
Additionally, cell cycle assays showed that complex 3h induced
cell cycle arrest in the S phase. Together, these results confirm
that palladium(un) complex 3h induces apoptosis via an ROS-
mediated mitochondrial pathway, highlighting the role of oxi-
dative stress and mitochondrial impairment in its antitumor
effect.”*" Kazem Karami et al. synthesized two novel palladium
()-hydrazide complexes and evaluated their anticancer poten-
tial. Plasmid DNA cleavage assays revealed that these com-
plexes induce oxidative DNA damage, identifying DNA as a
primary molecular target. Complementary DNA binding
studies indicated likely intercalative interaction with DNA.
This DNA damage was shown to be the key trigger for cell
death. Annexin V-FITC/PI staining of CT26 cells confirmed
that the complexes induce apoptosis as the dominant mode of
cell death, with over 93% of treated cells undergoing pro-
grammed cell death. Together, these findings establish that
the palladium complexes exert cytotoxicity through DNA
damage-induced apoptosis.'*?

6 Conclusion

This review underscores the critical role of well-designed bio-
chemical assays in advancing the development of metal-based
anticancer drugs. Metal-based coordination and organo-
metallic compounds represent a rapidly evolving class of che-
motherapeutic agents with diverse mechanisms of action,
ranging from classical DNA damage to redox modulation, pro-
teasome inhibition, and mitochondrial disruption. The
success of platinum-based drugs has inspired the exploration
of other transition metals (e.g., Ru, Au, Cu, Pd), whose unique
chemical properties enable targeted interactions with bio-
molecules critical for cancer cell survival. However, the devel-
opment of these agents is often hindered by mechanistic over-
interpretation and insufficient validation, emphasizing the
need for rigorous experimental strategies.

We highlight three key considerations for future research:

(A) Multi-assay validation is essential: reliance on a single
endpoint (e.g., MTT for cytotoxicity) is inadequate; comp-
lementary techniques—such as Annexin V/PI staining,
JC-1 mitochondrial assays, TrxR inhibition assays, and emer-
ging proteomic tools—are necessary to confirm mechanisms
with confidence.

(B) Structural similarity does not guarantee mechanistic
similarity: even minor modifications in ligand frameworks, as
seen with Pt(u) terpyridine versus ferrocenyl complexes, can
shift activity from DNA binding to ROS-mediated apoptosis or
lysosomal disruption. Likewise, Cu(u) complexes exhibit
mechanistic diversity, ranging from oxidative DNA damage to
proteasome inhibition and death receptor activation.

(C) Emerging non-apoptotic pathways hold promise: strat-
egies targeting redox homeostasis (e.g., TrxR inhibition by Au
(/) complexes), proteasome function (e.g., Cu(u) complexes),

Dalton Trans., 2025, 54,16285-16317 | 16311


https://doi.org/10.1039/d5dt01851j

Published on 23 September 2025. Downloaded on 4/8/2026 4:50:12 PM.

Perspective

and regulated necrosis (e.g., ferroptosis, necroptosis) offer
alternatives to overcome cisplatin resistance and toxicity
associated with classical apoptosis.

By integrating traditional cytotoxicity and apoptosis assays
with cutting-edge label-free methods such as CETSA and TPP,
researchers can accurately outline polypharmacological effects
and engage alternative cell death pathways. The future of
metal-based drugs lies in rational design guided by robust,
multi-assay mechanistic data. This integrated approach will
minimize overinterpretation and accelerate the development
of selective, multitargeted agents capable of overcoming thera-
peutic resistance and improving clinical outcomes.
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