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A B S T R A C T   

Drug resistance remains the major cause of cancer treatment failure especially at the late stage of the disease. 
However, based on their versatile chemistry, metal and metalloid compounds offer the possibility to design fine- 
tuned drugs to circumvent and even specifically target drug-resistant cancer cells. Based on the paramount 
importance of platinum drugs in the clinics, two main areas of drug resistance reversal strategies exist: over
coming resistance to platinum drugs as well as multidrug resistance based on ABC efflux pumps. The current 
review provides an overview of both aspects of drug design and discusses the open questions in the field. The 
areas of drug resistance covered in this article involve: 1) Altered expression of proteins involved in metal up
take, efflux or intracellular distribution, 2) Enhanced drug efflux via ABC transporters, 3) Altered metabolism in 
drug-resistant cancer cells, 4) Altered thiol or redox homeostasis, 5) Altered DNA damage recognition and 
enhanced DNA damage repair, 6) Impaired induction of apoptosis and 7) Altered interaction with the immune 
system. This review represents the first collection of metal (including platinum, ruthenium, iridium, gold, and 
copper) and metalloid drugs (e.g. arsenic and selenium) which demonstrated drug resistance reversal activity. A 
special focus is on compounds characterized by collateral sensitivity of ABC transporter-overexpressing cancer 
cells. Through this approach, we wish to draw the attention to open research questions in the field. Future in
vestigations are warranted to obtain more insights into the mechanisms of action of the most potent compounds 
which target specific modalities of drug resistance.   

1. Introduction 

1.1. Anticancer metal drugs in clinical use and development 

Since the beginning of medicine, metal drugs have been key rem
edies to treat various diseases. Important examples include gold and 
copper complexes, which have been used by ancient Egyptians and 
Chinese cultures against several maladies such as syphilis and cancer 
(Faa et al., 2018; Ndagi et al., 2017). In addition, arsenic trioxide (ATO, 
Trisenox, Fig. 1) has a long history of almost 2000 years in Traditional 
Chinese Medicine as a medication against diverse diseases, including 

cancer (Pötsch et al., 2019). In fact, ATO is still used, as it has been 
approved for the treatment of acute promyelocytic leukemia (APL) in 
2000 (Sanz et al., 2019). The clinical success of metal drugs in modern 
cancer therapy started with the discovery of cisplatin in the 1970s. To 
date, the three platinum complexes cisplatin, oxaliplatin and carbopla
tin are among the most important anticancer drugs (Fig. 1), with one of 
these drugs applied in basically every second therapeutic regimen. The 
importance of these three platinum compounds is also indicated by their 
inclusion in the “list of essential medicines” of the World Health Orga
nization (WHO, www.who.int). However, severe adverse effects and 
drug resistance remain the main obstacles of this therapy, especially at 
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the advanced stage of the disease (Cheff and Hall, 2018; Heffeter et al., 
2008). Consequently, various platinum drugs have been clinically 
investigated, but only nedaplatin, heptaplatin, and lobaplatin have 
gained regional approval in Japan, Korea, and China, respectively 
(Johnstone et al., 2016) (Fig. 1). Moreover, inspired by the potent bio
logical activities of many drug candidates, a multitude of new metal 
compounds have been (and still are) designed and (pre)clinically 
developed (Gibson, 2019; Johnstone et al., 2016; Kenny and Marmion, 
2019; Simpson et al., 2019; Yeo et al., 2018). Especially noteworthy are 
the platinum(II) drug picoplatin and the platinum(IV) derivative, 
satraplatin, as these cytotoxic drugs were tested in phase III clinical 
trials against small cell lung cancer (SCLC) and hormone-refractory 
prostate cancer, respectively (Choy et al., 2008; Ciuleanu et al., 2010; 
Johnstone et al., 2016; Pötsch et al., 2019) (Fig. 1). Apart from these 
drugs, more than a dozen additional platinum compounds, and several 
complexes based on other metals such as ruthenium, gold, copper and 
gallium or metalloids like arsenic and selenium (but also radiophar
maceuticals, which are not discussed in this review), have entered 
clinical trials during the last decades (Pötsch et al., 2019). Well-known 
examples are the ruthenium complexes (Fig. 1): NAMI-A (imidazolium 

trans-[tetrachlorido(dimethyl sulfoxide)(imidazole)Ru(III)]) developed 
by Sava and co-workers, KP1019 (indazolium trans-[tetrachloridobis 
(indazole)Ru(III)]) and its sodium salt NKP1339/IT-139/BOLD-100 
(sodium trans-[tetrachloridobis(indazole)Ru(III)]) developed by Kep
pler and co-workers (Alessio and Messori, 2019; Lipponer et al., 1996; 
Trondl et al., 2014), which recently entered a phase IB clinical trial in 
combination with the FOLFOX regimen for advanced solid tumors 
(NCT04421820) or TLD1433 ([Ru(4,4′-dimethyl-2, 
2′-bipyridine)2(2-(2′,2′ ′:5′ ′,2′ ′ ′-terthiophene)-imidazo[4,5-f][1,10]phe
nanthroline)]Cl2) (Fig. 1), which is currently tested in a phase II trial 
against invasive bladder cancer (NCT03945162). Moreover, the gold 
complex auranofin (Fig. 1), a well-known thioredoxin reductase (TrxR) 
inhibitor, has entered clinical phase I and II trials for the treatment of 
gynecological (NCT01747798 and NCT03456700), non-small cell lung 
cancer (NSCLC, NCT01737502) as well as chronic lymphocytic leukemia 
(NCT01419691), while gold sodium thiomalate is in phase I testing 
against advanced NSCLC (NCT00575393). Other examples which have 
been tested/developed in respect to the treatment of drug-resistant 
cancer cells will be discussed in greater detail in the respective sub
chapters of the current review. 

Fig. 1. Overview of approved or clinically investigated metal drugs.  
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1.2. Metal compounds are anticancer drugs with multi-faceted modes of 
action 

Due to their multi-faceted biological activity, a clear-cut target is not 
always easy to identify for metal or metalloid drugs. For example, 
clinically approved platinum drugs are widely accepted to target DNA 
and, hence, their activities are known to be influenced by DNA damage 
response pathways or respective repair mechanisms (Makovec, 2019). 
However, even in the case of cisplatin, only a small amount of platinum 
finally ends up at the DNA in the cancer cell nucleus (Makovec, 2019). 
The majority of platinum molecules is interacting with other nucleo
philic targets already in the circulation, the plasma membrane, the 
cytoplasm or within organelles like mitochondria (Jungwirth et al., 
2011; Lai et al., 2018; Makovec, 2019). Besides their role in drug 
resistance and adverse effects such as nephrotoxicity (Englinger et al., 
2019; Makovec, 2019; Riddell, 2018), there is increasing evidence that 
such protein targets are central to the activity of several metal or 
metalloid drugs (Bose, 2002; Cubo et al., 2010; Flocke et al., 2016; 
Roder and Thomson, 2015; Tomaz et al., 2012). In line with the 
assumption that DNA damage is not the only mode of action of metal 
drugs, it has become progressively clear that many metal drugs exert 
complex and distinct impacts on the patient’s immune system. As one 
impressive example, oxaliplatin must be mentioned, which has 
distinctly reduced anticancer activity under immunosuppressed condi
tions (Englinger et al., 2019). 

In general, one needs to discriminate between simple metal salts and 
coordination complexes. In the latter respect, the central metal is bound 
to ligands in a mono- or multidentate fashion by heteroatoms such as O, 
N, S, Cl (see for example cisplatin, Fig. 1). In addition, there is an 
important subclass of coordination compounds, namely organometallic 
compounds, containing at least one bond between a carbon atom and a 
metal (sometimes broadened to include metalloids), such as e.g. ruthe
nium(II) arene compounds. The choice of ligands to complete the co
ordination sphere of the metal compounds also dictates their overall 
solubility, stability, ligand exchange kinetics, as well as their ability to 
interact with biological targets. 

However, the underlying biological modes of action appear to 
strongly depend on the chemical/physical properties of the central 
metal ion. Especially the hardness/softness of a metal ion has a strong 
impact on the behavior of the complexes in biological systems (LoPachin 
et al., 2019). In more detail, transition metals (“acids’’) as well as the 
donor atoms of the potential ligands (“bases’’) can be classified into soft 
(low charge/large ionic radius), intermediate, and hard (high char
ge/small ionic radius) according to the “hard and soft acids and bases’’ 
(HSAB) concept (Jungwirth et al., 2011; LoPachin et al., 2019). Conse
quently, soft acids react more easily and form stronger bonds with soft 
bases, whereas hard acids have a preference for hard bases. The bio
logical consequence of this chemical concept is, for example, that soft 
acids like Pt(II), As(III), or Au(I) easily react with soft bases like the 
sulfur-containing tri-peptide glutathione (GSH) or other cysteine-rich 
molecules, such as thioredoxin (Trx) and metallothioneins (MT) (Raab 
and Feldmann, 2019). 

One central characteristic in the mode of action of several metal 
drugs is their redox reactivity, as in contrast to most organic anticancer 
therapeutics being redox-inactive in the cellular environment, many 
metal-containing drugs can undergo redox processes and/or interact 
with the redox homeostasis of the cancer cell (Jungwirth et al., 2011). 
Noteworthy, reduction/oxidation often significantly influences and al
ters the physiological properties of some metal complexes (e.g. platinum 
(IV), ruthenium(III), cobalt(III)) including geometry, charge and reac
tivity. Consequently, there are several metal-based prodrug systems, 
which are currently exploited to enhance the tumor specificity of ther
apy and to allow selective targeting of resistant tumors (Johnstone et al., 
2016; Jungwirth et al., 2011; Simpson et al., 2019). Here, the concept 
named “activation by reduction” is of special importance (Fig. 2). In a 
nutshell, this concept is based on the idea of a less cytotoxic prodrug, 

which is then activated in the tumor tissue by reduction. Particularly in 
the case of platinum(IV), ruthenium(III), cobalt(III), and copper(II) 
drugs, activation by reduction is believed to be important for their 
modes of action. Noteworthy, reduction frequently results in labiliza
tion/dissociation of attached ligands, which is exploited with the aim of 
tumor-specific delivery and release of specific bioactive (inhibitory) li
gands. Hydrolysis too is a very common mechanism of bioactivation for 
drugs containing transition metals. This involves the displacement of 
weakly bound ligands by aqua ligand. The bestknown compound with 
such a mechanism of activation is cisplatin (Anthony et al., 2020). 

In addition to metal drugs, in the field of metal therapeutics there are 
several attempts to use metal or metalloid cores (e.g. gold and selenium) 
for the preparation of nanoformulations. However, as there are diverse 
excellent reviews on this subject area, metal-based nanoformulations are 
not discussed in the present review. Moreover, we would like to stress 
that in this introduction section, it was neither our aim to list all anti
cancer metal-based drugs that are currently used in clinical practice nor 
to describe all their known mechanisms of action. Many excellent re
views on these topics are available (for example (Anthony et al., 2020; 
Boros et al., 2020)). We have focused mainly on data that are relevant to 
the field of multidrug resistance (MDR). 

2. Common mechanisms of MDR 

As already mentioned, drug resistance is one of the major obstacles 
towards the curative treatment of advanced and disseminated cancers 
(Assaraf et al., 2019; Bar-Zeev et al., 2017; Das et al., 2021; Gonen and 
Assaraf, 2012; Li et al., 2016b; Livney and Assaraf, 2013; Zhitomirsky 
and Assaraf, 2016). In general, there are two types of drug resistance. On 
the one hand, cancer cells can be intrinsically resistant to therapy, which 
is often observed when the disease arises from a tissue that is already 
physiologically highly protected from toxins and metabolites such as the 
liver or the kidneys. On the other hand, initially (chemo)sensitive cancer 
cells can rapidly develop “acquired” drug resistance as a response to the 
applied therapy regimen. One very problematic phenomenon here is the 
so-called MDR, which indicates that the malignant cells become not only 
resistant against the applied antitumor agent but develop resistance to a 
broad array of compounds with different structures and modes of action 

Fig. 2. Consequences of reduction on the diverse metal drugs (“Activation by 
reduction principle”). 
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(Andrei et al., 2020; Assaraf et al., 2014; Cui et al., 2018; Lepeltier et al., 
2020; Li et al., 2016b; Robey et al., 2018; Szakacs et al., 2014; Wang 
et al., 2021). A summary of the most frequently emerging mechanisms of 
drug resistance against cisplatin is shown in Fig. 3. 

Anticancer drug resistance can arise from a multitude of underlying 
mechanisms including for example impaired drug uptake into the tumor 
(cell), enhanced drug efflux, altered drug target, changed damage 
recognition/enhanced DNA repair, impaired induction of apoptosis as 
well as drug sequestration away from its target (Fig. 4) (Marin et al., 
2019; Rottenberg et al., 2021; Zhou et al., 2020). Moreover, there is 
increasing evidence that not only alterations in cancer cells themselves 
mediate chemoresistance. The entire composition of the tumor micro
environment (TME), containing multiple cell types such as fibroblasts or 
immune cells, has a strong impact on therapy success and failure 
(Englinger et al., 2019; Petanidis et al., 2019; Rottenberg et al., 2021). 
As metal drugs are versatile tools to interact with multiple aspects of 
(multi)drug resistance, the following sub-chapters provide an overview 
of the most important factors which have been in the focus of metal drug 
design during recent years. Notably, two main areas of drug resistance 
reversal by metal or metalloid drugs exist: 1) overcoming resistance to 
platinum-based therapy, and 2) surmounting classical MDR. This review 
provides an overview regarding both aspects of drug design. 

2.1. Altered expression of proteins involved in metal uptake, efflux or 
intracellular distribution 

One of the main mechanisms of MDR is the marked decrease in the 
intracellular drug concentration that leads to diminished drug 

cytotoxicity. Membrane transporters are responsible for the bioavail
ability of different anticancer drugs through the regulation of drug up
take and efflux (DeGorter et al., 2012). Several transport mechanisms 
have been discussed for the uptake of metal drugs (Spreckelmeyer et al., 
2014; Zhitomirsky and Assaraf, 2016). For example, some studies have 
demonstrated that proteins controlling copper, for example CTR1, could 
be involved in the regulation of the cellular levels of basically all clini
cally used platinum drugs (Ferreira et al., 2016; Howell et al., 2010; Kuo 
et al., 2007; Lai et al., 2018; Song et al., 2004). CTR1 is a high-affinity 
transporter responsible for energy-independent copper transport (Lee 
et al., 2002). This transporter is abundantly expressed in the choroid 
plexus, renal tubules and connective tissues of the eye, ovary and testis 
(Kuo et al., 2001). A study by Larson et al., showed that mouse em
bryonic fibroblasts lacking CTR1 exhibited reduced uptake of cisplatin, 
carboplatin, and to a lesser extent, oxaliplatin (Larson et al., 2009). 
However, novel platinum drugs, such as satraplatin and JM118, were 
not transported by CTR1 (Safaei and Howell, 2005; Samimi and Howell, 
2006). Moreover, CTR1 plays a clinically important role in the cellular 
uptake of cisplatin (Kuo et al., 2007), and consequently, its expression is 
associated with the responsiveness of patients to platinum therapy (Sun 
et al., 2017; Zhitomirsky and Assaraf, 2016). In contrast, CTR1 showed 
only low transport activity for other metals such as iron or zinc. Other 
metal drugs were also suggested to be transported by CTR1 (Novoh
radsky et al., 2014), indicating that its downregulation as a mechanism 
of resistance could also impact these drugs. An additional transporter, 
which needs to be mentioned with respect to platinum drugs, is the 
copper-transporting exporter ATP7B. This protein, which is usually 
localized at the Golgi apparatus, has been also shown to facilitate 

Fig. 3. Overview on the most common mechanisms of drug resistance against platinum drugs.  
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lysosomal exocytosis, which in turn results in resistance to platinum 
drugs due to enhanced drug efflux (Lai et al., 2018; Zhitomirsky and 
Assaraf, 2016). Noteworthy, while there is some literature on platinum 
drugs, these aspects, especially with respect to drug resistance are 
widely unexplored for most non-platinum drugs. 

2.2. Enhanced drug efflux by ABC transporters 

ATP-binding cassette (ABC) transporters are the most extensively 
studied efflux transporters involved in MDR development. The human 
ABC transporter superfamily comprises 48 members distributed into 
seven subfamilies (ABCA-G) (Cui et al., 2018; Domenichini et al., 2019; 
Robey et al., 2018; Szakacs et al., 2014). These transmembrane proteins 
utilize the energy from ATP hydrolysis to transport xenobiotics, me
tabolites and signaling molecules against a concentration gradient 
across the cell membrane. Most common members of the ABC super
family that efflux anticancer drugs are ABCB1 (P-glyco
protein/P-gp/MDR1), ABCC1 (multidrug resistance protein 1/MRP1) 
and ABCG2 (breast cancer resistance protein/BCRP) (Dinic et al., 2018). 

The first described and maybe the best-characterized member of the 
ABC transporter superfamily is ABCB1 due to its important role in the 
development of MDR (Ambudkar et al., 1999). This 170 kDa glycopro
tein, encoded by the ABCB1 gene, is normally expressed at physiological 
barriers and in excretory tissues, including the blood-brain barrier, 

gastrointestinal tract, kidney, lung and liver (Fletcher et al., 2016). 
ABCB1 displays a broad substrate specificity with a multitude of com
pounds identified as its transport substrates. A highly flexible 
drug-binding pocket enables different compounds to bind ABCB1 
simultaneously, and the same compound could bind several distinct sites 
on ABCB1 (Stankovic et al., 2018). ABCB1 regulates the efflux of various 
neutral or positively charged hydrophobic compounds, including a wide 
range of clinically important chemotherapeutics such as paclitaxel or 
vincristine (Fletcher et al., 2016). 

ABCC1, a 190 kDa protein, plays an important role in protecting 
various tissues from xenobiotics and therefore is widely expressed in 
physiological barriers including oral epithelium, kidneys, testes, and 
peripheral blood mononuclear cells (Podolski-Renic et al., 2016; Wang 
et al., 2021). Due to its role in MDR and drug efflux, ABCC1 is also 
known as multidrug resistance protein 1 (MRP1). ABCB1 and ABCC1 
have broadly similar substrate specificity. However, besides hydropho
bic molecules, ABCC1 is also able to export organic anions conjugated to 
GSH, glucuronate or sulfates. Moreover, the efflux of many hydrophobic 
compounds by ABCC1 is highly dependent on GSH (Deeley and Cole, 
2006). Many important cancer chemotherapeutics are ABCC1 sub
strates, including etoposide, doxorubicin, vincristine, irinotecan, 
mitoxantrone and methotrexate (Fletcher et al., 2016). 

ABCG2, a small (70 kDa) half-transporter that functions as a homo
dimer, was first identified in a MDR breast cancer cell line and, 

Fig. 4. Cancer cells can develop drug resistance (against metal drugs) on all steps from drug entry to cell death induction.  
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therefore, is also called breast cancer resistance protein (BCRP) (Doyle 
et al., 1998). However, ABCG2 is expressed in various normal tissues 
including the gastrointestinal tract, excretory tissues and blood-tissue 
barriers with the highest levels found in the placenta (Podolski-Renic 
et al., 2016). Although ABCG2 transports a wide range of conventional 
chemotherapeutics such as doxorubicin, daunorubicin, mitoxatrone and 
irinotecan (Bram et al., 2009), it is also capable of transporting tyrosine 
kinase inhibitors (Hegedus et al., 2012; Mao and Unadkat, 2015). 
ABCG2 is also overexpressed in a subpopulation of cancer cells with 
stem cell-like properties such as self-renewal capacity and high che
moresistance (Podolski-Renic et al., 2016). 

Although metal-based compounds are generally poor substrates for 
ABC transporters, several studies suggested that ABCC2 and ABCC4 
might be involved in the transport of some platinum compounds 
(Heffeter et al., 2008; Lai et al., 2018; Martinez-Balibrea et al., 2015). 
Moreover, ABCB1-overexpressing cell lines displayed resistance to 
several ruthenium compounds (Aird et al., 2002; Heffeter et al., 2005). 
Noteworthy, ABCC1/2 transport could be of relevance for copper com
plexes, as we were able to show that some were able to form ternary 
complexes with GSH, in turn leading to their recognition by these 
GSH-conjugate transporters (Bormio Nunes et al., 2020). 

2.3. Alterations in metabolism of drug-resistant cancer cells 

Based on its enhanced proliferation rate, cancer is a disease char
acterized by the constant generation of new biomass. Consequently, to 
satisfy their high demand for new building blocks, it is not surprising 
that malignant cells differ in their nutrient acquisition and metabolic 
pathways from healthy tissues (Palm and Thompson, 2017). For 
example, a shift towards increased glycolytic metabolism even in the 
presence of oxygen (the so-called Warburg effect) is observed (Icard 
et al., 2018; Palm and Thompson, 2017), which is also associated with 
the upregulation of glucose uptake via the glucose transporters GLUT1 
or GLUT4. In addition, enhanced receptor-mediated endocytosis of 
nutrient carriers (e.g., the iron transport protein transferrin) or catab
olism of plasma proteins like albumin as an amino acid source are 
characteristic of malignant tissues (Palm and Thompson, 2017; Torti and 
Torti, 2013). Notably, there is increasing evidence that this shift in 
metabolism is also associated with therapy resistance (Icard et al., 
2018). For example, Harper et al., reported that drug-resistant cancer 
cells (cisplatin-resistant as well as MDR cells) were characterized by low 
mitochondrial potential and the use of non-glucose carbon sources (such 
as fatty acids) for mitochondrial oxygen consumption based on high 
levels of the mitochondrial uncoupling protein 2 (Harper et al., 2002). 
Moreover, in another study, cisplatin-resistant patient-derived xeno
grafts were characterized by a different metabolic make up (Ricci et al., 
2019). In detail, upregulation of glycolysis, tricarboxylic acid cycle and 
the urea cycle were found. In addition, the oxygen consumption rate and 
mitochondrial respiration were increased upon acute stress. Carboplatin 
resistance was shown to partially depend on enhanced glucose meta
bolism based on PKM2 overexpression (Liu et al., 2017b). In a study on 
ascitic cells collected from epithelial ovarian cancer patients, cancer 
cells with glucose-independent metabolism were characterized by car
boplatin resistance (Pasto et al., 2017). Finally, a recent study on 
cisplatin-resistant ovarian carcinoma cells showed that these cells un
dergo a shift towards a more oxidative metabolism together with a 
general increase in the mitochondrial compartment (Zampieri et al., 
2020). Collectively, these findings indicate that metabolic alterations 
might represent an Achilles heel, which could be exploited for the 
treatment of drug-resistant cancers. 

2.4. Altered thiol or redox homeostasis 

Redox homeostasis is essential for maintaining normal cellular 
functions. Imbalance in redox homeostasis leads to oxidative stress due 
to increased ROS production (Perry et al., 2000). Many types of cancer 

have increased ROS levels (Szatrowski and Nathan, 1991). In order to 
adapt to oxidative stress, cancer cells have developed an enhanced 
antioxidant capacity through activation of GSH detoxification and the 
Trx systems (Fig. 5) (Galadari et al., 2017). The GSH detoxification 
system is composed of GSH, GSH peroxidase (GPx), GSH reductase (GR), 
GSH-S-transferases (GSTs) as well as GSH export pumps (e.g. ABC 
transporters like ABCC1/2) (Bredel, 2001). GSH is a tripeptide 
(L-γ-glutamyl-L-cysteinyl-glycine) with various functions in living or
ganisms. As a carrier of the active thiol group in the form of a cysteine 
residue, GSH acts as an antioxidant directly, by interacting with reactive 
molecules or as a cofactor of numerous enzymes (Lushchak, 2012). 
Moreover, GSH can detoxify many metal drugs e.g. platinum or ruthe
nium complexes by direct interaction between its thiol and the metal 
center (Hrabeta et al., 2016; Jungwirth et al., 2011; Lai et al., 2018). 
Consequently, enhanced intracellular GSH levels have been frequently 
found in many metal drug-resistant cell models (Table 1). However, GSH 
is also discussed as an intracellular reducing agent responsible for 
activation via reduction of several metal drugs (Fig. 5) (Heffeter et al., 
2008; Jungwirth et al., 2011). Consequently, the role of GSH is not al
ways easy to assess and might even constitute an Achilles heel of cancer 
cells for drug targeting. 

GPx uses GSH as the substrate to reduce hydrogen peroxide and lipid 
hydroperoxides. GR then reduces the oxidized disulfide form of GSH 
(GSSG), thereby recycling the GSH molecule (Cui et al., 2018; Kearns 
and Hall, 1999). GSH participates in phase II metabolism of xenobiotics, 
including anticancer agents as well as in reactions catalyzed by GSTs 
(Lushchak, 2012), leading to the formation of less toxic and more sol
uble conjugates that are actively transported by GSH export proteins 
(including ABCC1/2). Therefore, the higher expression and activity of 
GSTs play a role in resistance to platinum compounds. This resistance is 
based on the enhanced formation of non-covalently bound complexes 
between platinum compounds and GSH, which produces more inactive 
metabolites and reduces intracellular concentration of active drugs 
(Bredel, 2001; Cui et al., 2018; Lai et al., 2018; Marin et al., 2019; 
Surowiak et al., 2005). 

Another enzyme involved in GSH metabolism is the γ-glutamyl
transferase (γGT), a transferase that catalyzes the transfer of γ-glutamyl 
groups from e.g. GSH to diverse acceptor molecules (Ramsay and Dilda, 
2014). Consequently, γGT has been linked to drug resistance, e.g. 
against platinum drugs (Fig. 5) (Corti et al., 2010). 

Trx, TrxR, and NADPH are components of a highly conserved system 
that has an important role in redox homeostasis and regulation of 
various cellular processes such as DNA replication, cell proliferation and 
cell growth (Zhang et al., 2017). Three isoforms of TrxR have been 
identified so far, cytosolic isoform TrxR1, mitochondrial isoform TrxR2 
and testis-specific isoform TrxR3 (Gasdaska et al., 1996). TrxR are 
selenoenzymes that maintain Trx in its reduced state (Fig. 5). In turn, Trx 
exerts its function by reducing peroxiredoxin (Prx), responsible for the 
detoxification of hydrogen peroxide, lipid peroxides, and peroxynitrite, 
or by reducing various target proteins and consequently affecting their 
activity (Zhang et al., 2017). TrxR1 contains a selenocysteine sequence 
at the C-terminal active site essential for the enzyme activity (Lu and 
Holmgren, 2009). Besides Trx, TrxR1 has several other substrates 
including selenium-containing compounds (Björnstedt et al., 1992). 
TrxR and Trx are overexpressed in cancer cells, contributing to cancer 
progression either via promotion of cell growth or inhibition of cell 
death (Berggren et al., 1996; Lincoln et al., 2003). Additionally, 
increased levels of the Trx protein system are associated with the 
development of resistance to various chemotherapeutic agents, 
including cisplatin (Cui et al., 2018; Sasada et al., 1996). Targeting the 
TrxR/Trx system in cancer cells has become a rational anticancer 
strategy (Cui et al., 2018; Kladnik et al., 2021; Kladnik et al., 2019). 
Currently, the gold complex auranofin, a known inhibitor of TrxR1, is 
under investigation as a potential anticancer drug (Li et al., 2016a). 

Finally, overexpression of MTs, a class of small cysteine-rich pro
teins, is observed as a physiological protection mechanism against 
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metal-induced stress (Golan and Assaraf, 2020; Golan et al., 2017). 
Consequently, it is not surprising that there are several reports indi
cating that resistance to metal chemotherapeutics is accompanied by 
upregulation of MTs (Fig. 3) (Holford et al., 2000; Hrabeta et al., 2016; 
Hrubisko et al., 1993; Perego et al., 2003; Surowiak et al., 2005). 

2.5. Altered DNA damage response and enhanced DNA repair 

Although there is increasing evidence that protein targets also play a 
significant role in the anticancer activity of metal drugs, DNA damage is 
still considered crucial in the mode of action of various anticancer agents 
including platinum drugs (especially cis-, carbo- and oxaliplatin) (Bra
bec and Kasparkova, 2005; Poti et al., 2019; Riddell, 2018). Moreover, 
in the case of several other metal and metalloid therapeutics, e.g. 
ruthenium, gallium and silver complexes as well as selenium drugs, in
duction of DNA damage has been reported at least in vitro (Allison et al., 
2017; Fast et al., 2019; Fischer-Fodor et al., 2014; Gandin et al., 2018; 
Kryeziu et al., 2013; Letavayova et al., 2006; Pluim et al., 2004; Stevens 
et al., 2013; Tanaka et al., 2013). Accordingly, in several cell 
culture-based resistance models, alterations in the DNA repair capacity 
have been reported (Jakupec et al., 2003; Kelland et al., 1993; Mellish 
and Kelland, 1994). Moreover, the nucleotide excision repair (NER) 
capacity of cancer cells (e.g. in the excision repair 
cross-complementation group 1 (ERCC1) or Xeroderma pigmentosum 
group proteins), or the BRCA 1/2 status have been repeatedly suggested 
as biomarkers for prediction of sensitivity or intrinsic resistance to 
platinum-based therapy in the clinics (Basourakos et al., 2017; Beheshti 
et al., 2018; Dabholkar et al., 2000; Damia and Broggini, 2019; Marti
nez-Balibrea et al., 2015; Tanaka et al., 2013). 

Besides increased DNA repair, increased tolerance to DNA damage 
plays a central role in platinum drug resistance. Loss of the mismatch 
repair pathway (MMR) has been shown to confer low-level resistance to 
cisplatin and carboplatin, as it helps the cells to avoid unsuccessful 
repair cycles leading to DNA strand breaks and apoptosis (Damia and 
Broggini, 2019; Martinez-Balibrea et al., 2015; Riddell, 2018). Inter
estingly, oxaliplatin seems to be less affected by MMR loss, which could 
be the reason for the enhanced efficiency of this drug in the frequently 
MMR-deficient colon cancer (Martinez-Balibrea et al., 2015; Riddell, 
2018). 

During the last decades there has been increasing evidence that DNA 
damage leads to upregulation of immunostimulatory signals (e.g. 
attracting natural killer cells) on cancer cells (Englinger et al., 2019). 
Consequently, it can be expected that resistance to metal drug-induced 
DNA damage, also results in drug resistance due to impaired activa
tion of the immune cells against the malignant cells. 

2.6. Impaired induction of apoptosis 

Dysfunction of apoptotic cell death is one of the main characteristics 
of cancer cells, thus posing a major obstacle to effective cancer treat
ment (Adams and Cory, 2007; Martinez-Balibrea et al., 2015; Shahar 
and Larisch, 2020). Chemotherapy initiates apoptosis mainly via two 
independent pathways: the extrinsic pathway activated through the 
death receptor on the cell membrane and the intrinsic or mitochondrial 
pathway mediated by the Bcl-2 protein family. The first pathway is 
stimulated by the binding of TNF-α or Fas ligand to their receptors 
(so-called death receptors) leading to activation of the initiator caspase 
8. This caspase transmits a pro-apoptotic signal to the effector caspases 3 
and 7, which induce apoptosis through proteolytic degradation of 
different enzymes (Ashe and Berry, 2003). The intrinsic pathway de
pends on the delicate balance between the pro-apoptotic (Bax, Bak, Bok, 
Bid, Bad, Bim, Taurus, Blk, Noxa and Puma) and anti-apoptotic (Bcl-2 
and Bcl-XL) members of the Bcl-2 protein family (Shahar and Larisch, 
2020; Youle and Strasser, 2008). The function of pro-apoptotic proteins 
is regulated by anti-apoptotic proteins. Pro-apoptotic proteins partici
pate in the opening of the mitochondrial permeabilization pores leading 
to the release of cytochrome C into the cytosol. Cytochrome C induces 
oligomerization of Apaf 1 into a caspase activation complex. In turn, 
Apaf 1 binds and promotes the activation of initiator caspase 9, which 
cleaves and activates caspase 3 and 7, thus triggering apoptotic cell 
death (Adams and Cory, 2007; Shahar and Larisch, 2020). In either case 
of apoptotic cell death, activation of caspases results in chromatin 
condensation, fragmentation of the nucleus and formation of apoptotic 
bodies with intact organelles (Green, 2005). Since the balance between 
members of the Bcl-2 protein family is required for proper apoptotic 
signaling, alterations in the balance between these proteins leads to the 
development of drug resistance. Increased expression of anti-apoptotic 
proteins and/or reduced expression of pro-apoptotic proteins limit the 
effectiveness of most chemotherapeutics (Longley and Johnston, 2005; 
Martinez-Balibrea et al., 2015), including metal drugs such as oxali
platin (Gourdier et al., 2004), picoplatin (Pestell et al., 1998) or 
BBR-3464 (Harris et al., 2006; Perego et al., 2003). Moreover, 
drug-resistant cancer cells express so-called inhibitors of apoptosis 
proteins (IAPs) which can be exploited by specific combination therapy 
(Thibault et al., 2018). 

One of the key molecules in the regulation of apoptosis is the zinc- 
finger protein and transcription factor p53, which upon stabilization e. 
g. by DNA damage, leads to cell cycle arrest, activation of DNA repair 
proteins and, if the stress persists, induction of apoptosis via the mito
chondrial pathway (Cao et al., 2020; Stiewe and Haran, 2018). Conse
quently, mutations in the p53 gene that impair the function of this 
important tumor suppressor are widespread in cancer. As dysfunctional 

Fig. 5. Metal drugs and the redox homeostasis of the (cancer) cell.  
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Table 1 
Overview on diverse tumor cell lines with acquired resistance to platinum drugs.  

Cell model Mode of 
resistance 

Sensitive to (Cross)resistant 
to 

41 McisR changed drug 
uptake (Holford 
et al., 1998b)  

- picoplatin (Holford et al., 
1998b)  

- trans-platinum acetonimine 
complexes (Boccarelli et al., 
2006) 

Cisplatin 
transplatin 

A2780/cisR enhanced GSH 
levels, reduced 
drug uptake and 
increased DNA 
damage repair/ 
tolerance ( 
Holford et al., 
1998b)  

- albumin adducts of PL-04 
and PL-07 (Garmann et al., 
2008)  

- picoplatin (Holford et al., 
1998b)  

- trans-platinum acetonimine 
complexes (Boccarelli et al., 
2006)  

- RAED-type compounds 
(Aird et al., 2002)  

- ruthenium 
cyclopentadienyl 
compounds with bipyridine 
based ligands (Corte-Real 
et al., 2018; Morais et al., 
2016; Moreira et al., 2019; 
Tomaz et al., 2012)  

- ruthenium(II) and osmium 
(II) iodide complexes of (p- 
cymene)(azo/imino- 
pyridine) (Romero-Canelon 
et al., 2013)  

- rhenium(I) tricarbonyl 
complexes bearing diimine 
ligands (Konkankit et al., 
2019)  

- gold complexes based on 
phosphane and thionate 
co‒ligands (Vergara et al., 
2010)  

- [(η5-Cp*)Ir(bq)]Cl 
(Novohradsky et al., 2014)  

- copper(II) 
thiosemicarbazone 
complexes (Ohui et al., 
2020) 

cisplatin 
transplatin (in 
part 
ethacraplatin) 

A2780cp8 Loss of MMR 
proteins (hMLH1 
and hPMS2) 

BBR-3464 (Colella et al., 
2001) 

cisplatin 

A2780/ 
CP70 

Reduced drug 
uptake due to 
reduced 
expression of 
hCTR1 and 
enhanced levels of 
ABCB1, ERCC1, 
ATP7A/B (Peng 
et al., 2017)  

- transferrin-bound cisplatin 
(Peng et al., 2017)  

- Non-covalent albumin- 
binding platinum(IV) drugs 
(Zheng et al., 2014)  

- [Pt(BDIQQ)]Cl 
(Suntharalingam et al., 
2014)  

- rhenium(V) oxo complexes 
(Suntharalingam et al., 
2015) 

cisplatin 

A2780R unknown  - gold(I) complexes with NHC 
1,3-substituted imidazole-2- 
ylidene and benzimidazole- 
2-ylidene ligands (Schuh 
et al., 2012).  

- silver(I) NHC complexes 
bearing a fluorescent 
anthracenyl ligand (Citta 
et al., 2013) 

cisplatin 

A2780/DDP Reduced uptake 
due to reduced 
hCTR expression, 
increase GSH 
levels and 
enhanced repair 
capacity (Zhang 
et al., 2015) 

DCA-releasing platinum(II) ( 
Zhang et al., 2015) 

cisplatin 
carboplatin 

A431‒Pt cisplatin  

Table 1 (continued ) 

Cell model Mode of 
resistance 

Sensitive to (Cross)resistant 
to 

decreased 
cisplatin 
accumulation and 
increased DNA 
damage repair/ 
tolerance (Lanzi 
et al., 1998) 

gold complexes based on [Au 
(PEt3)]+ synthon and 
additional simple co‒ligands ( 
Gandin et al., 2010). 

A549R 

Enhanced GSH 
levels (Han et al., 
2018)  

- platinum(IV) complexes 
with a protected lactose 
ligand (Ma et al., 2018)  

- asplatin (Cheng et al., 2014)  
- [Ru(7,8- 

benzoquinoline)2(PIP)]2+

(Zeng et al., 2016)  
- rhenium(I) dinuclear 

compounds with 
phenanthroline based 
ligands and a bridged 1,2- 
bis(4-pyridyl)-ethane (Ye 
et al., 2016)  

- heteroleptic ruthenium(II) 
organometallic complex 
with three bidentate ligands 
(Zeng et al., 2016)  

- hetero-binuclear iridium 
(III)-platinum(II) complex 
[(ppy)2Ir(dpp)PtCl2]+

(Ouyang et al., 2018)  
- cyclometalated iridium(III) 

complexes with 
benzothiazole substituted 
ligands (Guan et al., 2018) 

cisplatin, 
oxaliplatin, 
satraplatin 

Resistance to 
apoptosis and 
induction of 
autophagy (Wang 
et al., 2019) 

BEL7404/ 
CP20 

decreased 
cisplatin 
accumulation and 
DNA damage 
tolerance ( 
Johnson et al., 
1996) 

ethacraplatin (Li et al., 2017b) cisplatin 

Overexpression of 
GST-P (Li et al., 
2017b) 

CH1cisR 

increased DNA 
damage repair/ 
tolerance ( 
Holford et al., 
1998b) 

picoplatin (Holford et al., 
1998b) cisplatin 

HCT116Ox unknown 

ruthenium(II) and osmium(II) 
iodide or chlorido complexes 
of (p-cymene)(azo/imino- 
pyridine) (Romero-Canelon 
et al., 2013) 

Oxaliplatin 
cisplatin 

MKN28 
(CDDP) 

unknown  

- Pt-Oqn (Hayashi et al., 
2016)  

- glycoconjugated PdCl2(L) (L 
= 2-deoxy-2- 
[(2pyridinylmethyllene) 
amino-α-D-glucopyranose) 
(Tanaka et al., 2013) 

cisplatin 
carboplatin 
glycoconjugated 
PtCl2(L) 

MKN45 
(CDDP) 

increased mRNA 
levels of ABCB1 
and DNA damage 
repair genes ( 
Tanaka et al., 
2013)  

- Pt-Oqn (Hayashi et al., 
2016)  

- glycoconjugated PdCl2(L)  
- (L = 2-deoxy-2- 

(2pyridinylmethyllene) 
amino-α-D-glucopyranose) 
(Tanaka et al., 2013) 

Cisplatin 
carboplatin 
glycoconjugated 
PtCl2(L) 

MM98R unknown ethacraplatin (Zanellato et al., 
2011) 

cisplatin 

OAW42MER 

loss of MMR 
proteins (hMLH1 
and hPMS2) and 
enhanced NER 
(ERCC1/2 mRNA 
levels) 

BBR3464 (Colella et al., 2001; 
Orlandi et al., 2001) 

Mephalan 
cisplatin 

cisplatin 

(continued on next page) 

A. Valente et al.                                                                                                                                                                                                                                 



Drug Resistance Updates 58 (2021) 100778

9

p53 protein changes the sensitivity of cancer cells to chemotherapy, it 
also plays an important role in (intrinsic) drug resistance (Cao et al., 
2020; Lowe et al., 2004; Martinez-Balibrea et al., 2015; Stiewe and 
Haran, 2018). There are currently some attempts to use (metal-based) 
chaperon drugs to restore the wild-type function of p53 (Yu et al., 2017; 
Zaman et al., 2019). In addition, induction of non-apoptotic cell death 
forms might be a possible approach to overcome apoptosis resistance. 
One such form of cell death could be necrosis, which is characterized by 
cytoplasmic swelling, the rupture of the plasma membrane and cell lysis, 
followed by inflammatory reactions. Unlike apoptosis, necrosis is typi
cally not associated with the activation of caspases (Leist and Jaattela, 
2001). However, necrosis can also function as a programmed cell death, 
called necroptosis, and is triggered by the same death signals that induce 
apoptosis. Several death receptors that typically induce apoptosis, such 
as TNFR1, FAS, TNFR2, TRAILR1 and TRAILR2, have also been shown to 
induce necroptosis via distinct signaling pathways (Nikoletopoulou 
et al., 2013). Namely, upon TNFR1 activation, PARP1 and AKT are 
directly activated by RIP1, contributing to the necroptosis by reducing 
ATP levels and activating JNK, respectively (Nikoletopoulou et al., 
2013). Another non-apoptotic form of cell death discussed for the 
circumvention of apoptosis resistance is paraptosis, a form of pro
grammed, caspase-independent cell death that is morphologically 
characterized by the formation of perinuclear vesicles originating from 
the ER (Fontana et al., 2020; Lee et al., 2016). It was first mentioned by 
Sperandio et al., in 2000, who described paraptosis as inducible by 
overexpression of insulin-like growth factor I receptor (Sperandio et al., 
2000). This cell death was characterized by cytoplasmic ER-derived 
vesicles, mitochondrial swelling, resistance to caspase inhibitors and 
lack of typical apoptotic morphology (Sperandio et al., 2000). Finally, 
oncosis is also a type of programmed cell death, which differs from 
apoptosis in both morphological changes and inner pathways. This type 
of cell death is characterized by whole cell swelling, accompanied by 
severe damage to mitochondria, vacuolization of cytoplasm, blebbing of 
the plasma membrane and collapse of cytoskeleton (Guan et al., 2018). 
The calcium-activated protease calpain and the surface receptor porimin 
are the key molecules mediating oncotic cell death (Guan et al., 2018). 

2.7. Alterations in interaction with the immune system 

During the last decades, there was an increasing awareness, that 

avoidance of recognition by the patient’s immune system is a funda
mental trait in cancer development (Hanahan and Weinberg, 2011). 
Consequently, all cancer cells can be assumed as “intrinsically resistant 
to immune recognition”. Noteworthy, diverse therapeutic options such 
as platinum drugs also help to re-activate and re-direct immune cells 
against the malignant tissues (Guan et al., 2018). For example, as 
already mentioned above, apoptotic stress signals, e.g. after DNA dam
age, lead to attraction of natural killer (NK) cells (Englinger et al., 2019). 
On the other hand, several treatment options including oxaliplatin, 
doxorubicin or radiation therapy, lead to the induction of immunogenic 
cell death (ICD), which finally results not only in enhanced 
immune-based clearance of the cancer cells but also a long-lasting 
memory effect (vaccination) against the cancer cells (Galluzzi et al., 
2017; Tesniere et al., 2010). Moreover, immunosuppressive players of 
the tumor immune cell population such as regulatory T-cells (Tregs) and 
myeloid-derived suppressor cells (MDSC) are especially sensitive to 
several metal therapeutics (Chang et al., 2013; Montani et al., 2016; Xu 
et al., 2018). Consequently, a shift to a more anti-tumorigenic immune 
cell population has been observed in several studies in platinum-treated 
patients (Englinger et al., 2019). Finally, most recently, platinum-based 
therapy has been suggested to induce the expression of neo-antigens on 
the cancer cells, which support their recognition by the immune system. 
That these effects can also be efficiently exploited for combination 
therapies has been impressively shown by the recent approval of im
mune checkpoint inhibitors (ICIs) such as pembrolizumab together with 
cisplatin or carboplatin in NSCLC and SCLC (Diesendruck and Benhar, 
2017; Hays and Bonavida, 2019; Kon and Benhar, 2019; Leonetti et al., 
2019; Perez-Ruiz et al., 2020). 

Evidence exists that the development of drug resistance can influ
ence the sensitivity of the malignant tissue to immune recognition in 
both directions. For example, a cisplatin-resistant ovarian carcinoma 
cell line (SKOV3-A2) displayed higher levels of several MHC class I- 
presented peptides and an altered resistance-specific peptide repertoire. 
These selected resistance-associated epitopes were significantly better 
recognized by cytotoxic T-cells in the cisplatin-resistant subline as 
compared to the sensitive parental model (Shetty et al., 2012). On the 
other hand, chemoresistance in mesenchymal lung cancer tissues was 
correlated with high Treg presence in the TME (Zhang et al., 2019). 
Moreover, there are several reports that alterations in the chemokine 
profile of the malignant tissue lead to drug resistance (e.g. against 
platinum drugs) (Reyes et al., 2020); for example, by interleukin-6- and 
prostaglandin E2-induced monocyte differentiation into 
tumor-promoting M2 macrophages (Dijkgraaf et al., 2013). Finally, it 
seems logical that resistance to apoptosis by enhanced DNA damage 
repair will protect cells from attack by immune cells (Bonavida and 
Chouaib, 2017; Englinger et al., 2019). However, all in all, the changes 
in and contributions of the immune cell composition to the development 
of drug resistance are surprisingly underexplored and warrant more 
in-depth studies. 

3. Novel drugs to treat drug-resistant cancer cells 

3.1. General comments 

As platinum drugs have been successfully used in the clinic for de
cades and as drug resistance represents a major obstacle for the suc
cessful application of these drugs, new platinum drugs, but also many 
other metal candidates, are frequently tested in cell models with 
intrinsic or acquired platinum resistance (Cheng et al., 2014; Gupta 
et al., 2013; Hoffmann et al., 2017; Konig et al., 2018; Lord et al., 2015; 
Margiotta et al., 2006; Morais et al., 2016; Novohradsky et al., 2014; 
Ohui et al., 2020; Pellei et al., 2011; Romero-Canelon et al., 2013; 
Santini et al., 2011; Song et al., 2017; Starha et al., 2018a; Tomaz et al., 
2012; Wang et al., 2015; Wang et al., 2020; Ye et al., 2017a). Thus, in 
many cases the compounds are not especially designed to circumvent a 
specific form of drug resistance. Moreover, the tumor cell lines used 

Table 1 (continued ) 

Cell model Mode of 
resistance 

Sensitive to (Cross)resistant 
to 

OV2008/ 
C13* 

low 
mitochondrial 
potential (Hirama 
et al., 2006), 
increased glucose 
uptake and 
consumption ( 
Catanzaro et al., 
2015)  

- gold complexes based on 
[Au(PEt3)]+ synthon and 
additional simple co‒ 
ligands (Gandin et al., 
2010).  

- azolate gold(I) phosphane 
complexes (Galassi et al., 
2012)  

- gold(III)/palladium(II) 
pincer complexes with bis 
(diphenylphosphino) 
ferrocene/non-ferrocene- 
based ligands (Tabrizi and 
Chiniforoshan, 2017) 

SK-OV-3/ 
DDP 

unknown DCA-releasing platinum(II) 
drugs, where the DCA moiety 
is attached to the leaving 
group via an ester bond (Liu 
et al., 2015; Liu et al., 2013) 

Cisplatin 
carboplatin 

Bq, 7,8-benzoquinoline; DCA…dichloroacetate, NHC…N-heterocyclic carbine, 
PIP… 2-phenylimidazo[4,5-f][1,10]phenanthroline, ppy…2-phenylpyridine, 
dpp… 2,3-bis(2-pyridyl)pyrazine, oqn… N-(8-hydroxoquinoline-2-ylmethyli
dene)-β-D-glucosamine, BDIQQ… N-((1Z,3E)-3-(quinoline-8-ylimino)prop-1-en- 
1-yl)quinolin-8-amine 
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often have not been characterized for the mechanisms underlying their 
drug resistance, or the selected cell model is not resistant via the 
mechanism, which is inhibited by the new drug. This unspecific 
approach is useful to discover promising drug candidates for further 
preclinical development and to obtain indications for interesting patient 
collectives for clinical trials. However, this also means that we often do 
not know why certain drug-resistant tumor cell lines might be hyper
sensitive to specific therapeutics. This knowledge-gap could be 
improved by better characterization of the cell models employed. In fact, 
many publications on the biology of the tested cell models exist, which 
would allow a meta-analysis of the available data. In the current article, 
in order to allow the generation of such mechanistic hypothesis, we 
generated a summary Table 1 on platinum-resistant models. 

However, we need to point out, that very often the exact source of the 
tumor cell model is missing in the manuscripts. In addition, several cell 
line names (e.g. A549R or A2870cis) are repeatedly used in the litera
ture to describe independently generated cell clones (Hsieh et al., 2012; 
Liu et al., 2017b; Mihatsch et al., 2011), as well as different terms being 
used for the same cell line (e.g. A2780R, A2780cis, A2780/cis, 
A2780/cisR). Consequently, one cannot always guarantee that the same 
cell model has indeed been used for the biological analysis and the 
investigation of the new drugs. 

Finally, there are publications where the compounds of interest have 
been analyzed in-depth only in the drug-resistant cell clone without 
using the chemosensitive parental cells as a reference. Such reports do 
not allow any assessment of the role of the resistance-associated changes 
of the cell models. Hence, data has only been included in this review for 
analyses that have been performed in both drug-resistant and cognate 
parental cell line. 

In addition to the rather unbiased approaches, several attempts to 
rationally design novel metal drugs to specifically circumvent the most 
frequently emerging modalities of platinum or multidrug resistance will 
be discussed in the subsequent chapters. 

3.2. Metal drugs to overcome impaired drug uptake or enhanced efflux in 
platinum-resistant cancer cells 

An attractive modality to circumvent drug resistance and at the same 
time enhance tumor-specific drug uptake into cancer cells is the use of 
alternative uptake mechanisms. As mentioned in the introduction, 
(platinum)-resistant cancer cells are frequently characterized by 
reduced levels of hCRT, OATs or enhanced drug efflux; in the case of 
platinum, for example, ATP7B and ABCC1/2 (Buß et al., 2018; Choi and 
Kim, 2006; Heffeter et al., 2008; Oguri et al., 2016; Spreckelmeyer et al., 
2014; Ueda et al., 1999). At the same time, cancer cells are known for 
their enhanced requirement and consumption of nutrients, including 
glucose, fatty acids, amino acids and nucleosides, resulting in frequently 
occurring alterations in their metabolism (Harper et al., 2002; Pasto 
et al., 2017; Ricci et al., 2019). Hence, exploiting these mechanisms is 
especially attractive for the targeting of drug-resistant cancer cells. To 
this end, there have been multiple attempts to design platinum(II) and 
platinum(IV) drugs, which enter the cancer cell in a glucose-dependent 
manner (Johnstone et al., 2016; Kenny and Marmion, 2019; Liu et al., 
2017a; Patra et al., 2016). Interestingly, despite the expectation that 
such drugs could be more effective in drug-resistant cancer cells (Liu 
et al., 2017a), only a few derivatives have also been investigated with 
respect to platinum resistance. Among these is a panel of diverse plat
inum(IV) glycoconjugates containing different mono- or disaccharides 
(Ma et al., 2018), which were compared for their biological activity also 
against the platinum-resistant cell model A549R (Fig. 6). In this study, 
the authors convincingly showed that a glucose derivative (6d) is taken 
up by MCF-7 breast cancer cells via the glucose uptake transporter 
(GLUT). This drug (as well as a mannose and a rhamnose derivative) was 
also able to circumvent the cisplatin- and oxaliplatin-resistance of 
A549R cells, at least to some extent. However, as the GLUT expression 
level in the drug resistance model has not been evaluated, it is unclear 

whether this is based on differences in the drug uptake. Interestingly, the 
resistant cell clone displayed strong collateral sensitivity against two 
derivatives carrying a protected lactose ligand. Likewise, the group of 
Joh et al., investigated the efficacy of several glycosylated platinum(II) 
and palladium(II) complexes in two platinum-resistant models of gastric 
cancer for which it is unknown whether impaired platinum uptake is 
involved in the mode of resistance. [PtCl(Onq)] (Onq = N-(8-hydrox
oquinoline-2-ylmethylidene)-β-D-glucosamine (Hayashi et al., 2016), as 
well as [PdCl2(L)] (L = 2-deoxy-2-[(2pyridinylmethyllene)amino]-
α-D-glucopyranose) efficiently circumvented platinum resistance in vitro 
and in vivo, while [PtCl2(L)] remained significantly less efficient in the 
drug-resistant cell line model (Tanaka et al., 2013). 

Several ruthenium glycoconjugates have been reported in the last 
years (Berger et al., 2008; Böge et al., 2015; Florindo et al., 2014; Flo
rindo et al., 2015; Valente et al., 2013). However, only one study on a 
series of Ru(II)-cyclopentadienyl glycoconjugates explored their 
GLUT-mediated cellular uptake in cancer cells (Fig. 6) (Florindo et al., 
2016). The findings revealed that the cellular uptake of the derivatives 
with methyl α-D-mannopyranoside or methyl α-D-glucopyranoside was 
indeed D-glucose-dependent (but not L-glucose-dependent) suggesting 
that these glycoconjugates might enter the cell via a GLUT-dependent 
uptake. However, it remains unclear whether this route of drug uptake 
is also able to circumvent drug resistance for ruthenium drugs. 

Apart from the attachment of sugar moieties, the design of drugs 
with specific protein-binding properties has recently attracted attention, 
as this would also achieve the circumvention of drug resistance based on 
drug accumulation via another mode of drug uptake into the cancer cell. 
The promising activity of such strategies has already been indicated for 
diverse organic drugs (Daniels et al., 2012). For example, conjugation to 
the iron transport protein transferrin, the receptor of which has been 
reported to be upregulated in some drug-resistant cancer models, proved 
to be successful (Kazan et al., 2017). Conjugation of doxorubicin to 
transferrin and, consequently, transferrin receptor-dependent drug up
take was able to circumvent resistance mediated by ABCB1 (Fritzer 
et al., 1992; Fritzer et al., 1996). This effect could even be enhanced by 
using a doxorubicin-gallium-transferrin conjugate (Wang et al., 2000). 
The first attempt to use such a strategy for platinum drugs was in the 
1990’s with MPTC-63, where cisplatin was chemically conjugated to 
transferrin (Elliott et al., 1988). This conjugate showed promising 
anticancer activity in tumor cell culture and rat tumor models in vivo. 
Subsequent analysis also revealed strong activity in several breast cancer 
patients, including several complete remissions based on enhanced 
platinum accumulation in the malignant tissue (Elliott and Head, 2006; 
Elliott et al., 1988). However, this conjugate was never tested with 
respect to drug resistance. More recently, Peng et al., developed a new 
technique to stably load up to 41 cisplatin molecules onto one trans
ferrin protein (Tf-cisplatin) (Peng et al., 2017). This new preparation 
was subsequently more efficient against A2780/CP40 cells compared to 
their chemosensitive parental counterpart, based on enhanced drug 
uptake and consequently increased induction of apoptotic cell death in 
cell culture. Moreover, it showed significantly improved activity 
compared to free cisplatin in A2780/CP40 xenografts in vivo. 
Transferrin-mediated drug targeting has also been investigated for 
several ruthenium(II) cyclopentadienyl compounds with heteroaromatic 
ligands (Corte-Real et al., 2014), however, not in association with drug 
resistance. 

Another interesting serum protein in this respect is the human serum 
albumin (HSA), as there is strong evidence that cancer cells differ in 
their albumin uptake and catabolism from healthy tissues (Finicle et al., 
2018; Palm and Thompson, 2017). There are several examples of metal 
drugs where non-covalent binding to albumin is considered crucial for 
their anticancer activity. Here, KP1019 and its sodium salt KP1339, 
which efficiently and rapidly bind to serum albumin in mice, as well as 
in cancer patients, might be the best-studied drug candidates (Trondl 
et al., 2014). Moreover, several ruthenium(II) arene compounds with 
heteroaromatic ligands have exhibited the potential to use non-covalent 
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albumin binding for the selective tumor delivery (Kladnik et al., 2019; 
Markovic et al., 2020; Morais et al., 2013; Tomaz et al., 2012). In this 
case, the interaction is expected to result in an increase or retention of 
cytotoxicity towards cancer cells for the Ru-HSA adducts compared to 
the free complexes. The use of the A2780/A2780cisR cells for some 
complexes confirmed that the uptake is retained even in the 
drug-resistant strain. 

In order to allow for more specific and controlled binding to albumin, 
several strategies have been explored in metal drug design over the 
years. One example is the synthesis of drugs able to bind albumin due to 
fatty acid mimetic properties such as the platinum(IV) drug 7 (Fig. 6), 
which then results in non-covalent albumin binding (Zheng et al., 2014). 

This strategy efficiently circumvented cisplatin resistance in 
A2780/CP70 cells. The most specific targeting of albumin is probably 
the introduction of maleimide moieties into the molecule, which results 
in reaction with the free thiol group at the cysteine 34 and, conse
quently, a covalent attachment of the compounds to the albumin 
molecule (Hoogenboezem and Duvall, 2018; Kratz, 2008). Here, several 
drug candidates have been evaluated (Fig. 6). On the one hand, there are 
platinum(II) compounds, such as PL04 and PL07, where the maleimide 
moiety is attached to the leaving group (Garmann et al., 2008). On the 
other hand, several platinum(IV) drugs (e.g. KP2156 (Pichler et al., 
2013) and KP2299 (Mayr et al., 2017)) have been designed, where the 
maleimide moiety is attached to the axial leaving group, which allows 

Fig. 6. Metal drugs with changed uptake routes circumventing reduced drug uptake or enhanced efflux in platinum-resistant cancer cells.  
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the release of the unmodified platinum(II) species from the albumin 
molecule after reduction of the platinum core (Fig. 6). Due to the 
distinctly improved anticancer activity of such drug candidates, two 
platinum(IV) drugs have been developed following this approach for 
clinical use (BTP-114 by Placon Therapeutics and Albuplatin by P4 
Therapeutics, however, in both cases the structures are not disclosed). 
Thus, BTP-114 is currently tested in a phase I study (NCT02950064) in 
patients with advanced solid tumors with BRCA mutations (Moreau 
et al., 2015). 

In addition to platinum, several attempts have been made to use 
maleimide-mediated albumin targeting for selective tumor delivery of 
other metal compounds such as ruthenium and osmium η6-arene com
plexes (den Heeten et al., 2010; Hanif et al., 2016; Hanif et al., 2012). 
Unfortunately, in most cases, these compounds were not tested with 
respect to drug resistance. Some [RuCl(η6-arene)(NN)]Cl compounds 
(arene = 4-formylphenoxyacetyl-η6-benzylamide; NN =

cyclin-dependent kinase (Cdk) inhibitor) were covalently attached to 
HSA through an hydrazone linkage formed between the succinimidyl 
4-hydrazidoterephthalate hydrochloride (SHTH) linker of the recombi
nant protein2 and the aldehyde of the (η6-arene) ligand. It was shown 
that this significantly increased the cytotoxicity of the drugs against 
A2780 cells as well as its resistant variant A2780cisR (Fig. 6) (Stepa
nenko et al., 2011). These studies therefore indicate that albumin 
binding has the potential to overcome metal drugs resistance and should 
be further investigated in future studies. 

3.3. Development of metal-based ABC efflux inhibitors 

As already discussed, ABCB1 and ABCC family members are impor
tant players in cancer MDR. Surprisingly, there is no literature on 
platinum-based compounds developed to selectively inhibit the trans
port function of ABC efflux pumps (either directly or by the release of 
attached modulatory ligands). In contrast, for other metals (especially 
ruthenium), a great deal of research has been dedicated to the devel
opment of MDR modulators that could block the drug efflux out of 
cancer cells. In this respect, Juillerat-Jeanneret, Dyson and coworkers 
used modified phenoxazine- and anthracene-based MDR modulator li
gands bound to a ruthenium(II) organometallic scaffold to originate new 
MDR-reverting agents (Fig. 7) (Vock et al., 2007). The resulting com
pounds showed moderate to good cytotoxicity against A549 lung, HT29 
colon, and T47D breast carcinoma. ABCB1 inhibition assays in the A549 
cell line revealed that the compound with the anthracene derivative was 
the best at a concentration of 80 μM showing similar efficiency as the 
pioneering ABCB1 and ABCC1 inhibitor verapamil. Overall, the coor
dination of the anthracene-based MDR modulator ligand to the ruthe
nium(II) organometallic scaffold led to an increase in the cytotoxic 
activity and ABCB1 inhibition, however, at the expense of in vitro 
selectivity towards cancer cells. 

In another approach, Valente and coworkers developed a family of 
compounds aimed at blocking ABC efflux pumps with the general for
mula [Ru(η5-CpR)(PPh3)(4,4′-R’-2,2′-bpy)]+ (Fig. 7) (Corte-Real et al., 
2019; Corte-Real et al., 2018; Moreira et al., 2019). Studies with the 
pump proteins ABCB1, ABCC1/2 and ABCG2 for a set of compounds 
allowed structure-activity relationships to be deciphered: the substitu
tion on the bipyridine ligand dictates, whether the ruthenium compound 
behaves like a substrate or an inhibitor of these ABC pumps. This was 
found to be also related to the compounds’ cytotoxicity. Thus, when the 
η5-methylcyclopentadienyl ligand is used and the substituent on the 
bipyridine is a more hydrophobic group (CH3), the compound is an in
hibitor of ABCC1/2. In contrast, when CH3 is replaced by H or a 
hydroxymethyl group, the compounds become ABC pump substrates 
(either for ABCB1 or for all the pumps tested, respectively) (Corte-Real 

et al., 2018). The behavior as a substrate observed for the hydrox
ymethyl group was also confirmed, when η5-C5H5 was used instead 
(pmc79) (Corte-Real et al., 2019; Moreira et al., 2019). In this respect, 
the studies revealed that the presence of a long leg substituent on the 
bipyridine (such as biotin (LCR134) or polylactide (pmc78)) is key to 
afford compounds acting as strong ABCB1 inhibitors. Importantly, re
sults also confirmed that these two compounds are no substrates for any 
other ABC pumps. Overall, these studies disclosed a family of com
pounds with a dual-action as cytotoxic agents that can also overcome 
MDR caused by ABC transporters. Additional studies in NSCLC 
confirmed the involvement of ABC pumps in the mechanism of action of 
these compounds and revealed unprecedented collateral sensitivity for 
cisplatin-resistant lung cancer cells (Teixeira et al., 2021), which will be 
discussed in the next section. 

Finally, a ruthenium coordination compound (RuF, Fig. 7) was 
designed to inhibit ABCG2 (Zeng et al., 2019). In this study the authors 
showed that RuF was able to overcome mitoxantrone resistance in 
H460/MX20 cells by down-regulating ABCG2 expression and inhibiting 
ABCG2 ATPase activity. Preliminary in vivo studies in athymic nude 
mice xenografted with H460/MX20 cancer cells and treated with RuF 
via intratumoral injection, showed a slower tumor growth compared to 
controls together with a good tolerability of the drug. 

Besides these examples for ruthenium drugs, the copper complex, 
copper N-(2-hydroxy acetophenone)glycinate (CuNG, Fig. 7) is note
worthy. This drug was found to inhibit drug efflux by direct binding to 
the ABCB1 molecule. Consequently, CuNG increased cellular accumu
lation of doxorubicin in ABCB1-expressing cells and significantly stim
ulated ABCB1 ATPase activity in isolated membrane preparations from 
NIH MDR1-G185 cells. However, CuNG did not compete with ABCB1 
substrate binding in a photoaffinity labeling assay. Thus, the drug seems 
to have a different interaction site to verapamil, vinblastine and pro
gesterone on the ABCB1 protein. As treatment with CuNG resulted in 
downregulation of the transporter expression on both the mRNA and 
protein levels (Ghosh et al., 2012; Majumder et al., 2006b), this com
pound (together with similar complexes formed with other metals) will 
be discussed in this aspect in the following chapter on collateral sensi
tivity. Based on the interesting properties, the same group also prepared 
the manganese and zinc derivatives of CuNG (Ghosh et al., 2013). Here 
too, ZnNG was able to enhance the activity of the ABCB1 substrate 
vincristine in MDR cells (Ghosh et al., 2011). In contrast, MnNG led to 
rapid reduction of ABCB1 expression in the drug-resistant cell clone but 
had no “modulatory” activity, as it did not sensitize 
ABCB1-overexpressing CEM/adr cells to vincristine. 

Domínguez-Álvarez et al. reported a series of selenoanhydrides and 
selenoesters (Fig. 7) with cytotoxic activities against MDR mouse T- 
lymphoma cells within the low micromolar-submicromolar activity 
range (Dominguez-Alvarez et al., 2016) with enhanced activity 
compared to sensitive tumor cell lines, as well as good cancer cell 
selectivity. Furthermore, an MDR-reversing effect was also observed in 
rhodamine 123 accumulation assays. Interestingly, synergistic 
pro-apoptotic activity and inhibition of the ABCB1 efflux pump were 
found to be the key modes of action, leading to an improvement in the 
inhibitory properties (1.7-3.6-fold) compared to verapamil, used as a 
reference inhibitor (Gajdacs et al., 2017). These findings suggest that 
apart from being potent cytotoxic agents, organoselenium derivatives 
could also be used as adjuvants for reducing the resistance of classical 
chemotherapeutic agents. 

3.4. Collateral sensitivity of ABC transporter-overexpressing cells to 
certain metal drugs 

Collateral sensitivity (CS) is the ability of compounds to be more 
efficient in MDR cancer cells than in their drug-sensitive counterparts. 
Thus, CS constitutes an “Achilles’ heel”, which can be exploited as a 
target for developing MDR-selective compounds (Gottesman et al., 
2006; Szakacs et al., 2014). Although there are reports on CS of 

2 The SHTH linker is attached to the amine groups on the lysine residues of 
HSA. 
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platinum-resistant cells (Gatti et al., 2004; Kotoh et al., 1994; Perego 
et al., 1998), in most cases, the term CS is used for targeting ABC 
transporter (mainly ABCB1)-overexpressing cancer cells. Notably, there 
are reports that drug-resistant cancer cells display CS to treatment with 
diverse MDR modulators, which inhibit (ABCB1) transport function 
(Karwatsky et al., 2003). Moreover, there is increasing evidence that not 
all forms of CS are dependent on the ABCB1 function per se but could be 
associated with general alterations in the course of the resistance 
development (ABCB1-dependent vs ABCB1-associated CS). However, it 
is not always easy to differentiate between effects associated with direct 
ABC transporter interactions and CS of MDR cancer cells due to more 
indirect mechanisms. The picture is even more complicated as, up to 
now, the mechanisms underlying the observed effects are still heavily 
disputed (although there are multiple reports on drugs against which 
MDR cells are collateral-sensitive to). Thus, several mechanisms have 
been proposed to account for CS. For example, modification of intra
cellular redox status yielding the production of reactive oxygen species 
(ROS), increased sensitivity to changes in energy levels, extrusion of an 
endogenous substrate (for instance, verapamil dramatically increased 
GSH efflux in ABCC1-overexpressing cells, causing ROS generation and 
subsequent apoptosis). Further examples include membrane perturba
tion (Pluchino et al., 2012) and changes/interaction with the cellular 
iron homeostasis (Turk et al., 2009). All in all, the underlying mecha
nisms of CS presumably depend on cell type and/or applied drug 
(family). 

Interestingly, although there are some rather old reports on CS of 
specific MDR cells to platinum drugs (Cho et al., 1995; Doherty et al., 
2014), this aspect never seemed to be a major focus in the design of new 
platinum derivatives. In contrast, there are multiple reports on novel 
metal-based complexes which elicited CS in ABCB1- or 
ABCC1-overexpressing cell lines (Ganguly et al., 2010; Heffeter et al., 
2007; Majumder et al., 2006b; Teixeira et al., 2021). This chapter 
together with Table 2 gives an overview of diverse metal drug systems 
inducing CS in ABC transporter-overexpressing tumor cells. 

One mechanism, which is frequently discussed for CS of MDR cells, is 
an enhanced sensitivity to oxidative stress, as the MDR1 gene expression 
seems to be influenced by ROS (Cort et al., 2016). There are several 
examples of ROS-inducing drugs characterized by CS induction, such as 
the ferrocene-quinidine epimers, which exerted significant selectivity 

towards MDR colorectal carcinoma DLD1-TxR and glioblastoma 
U87-TxR cells compared to their sensitive cells DLD1 and U87, respec
tively (Podolski-Renić et al., 2017). In more detail, ferrocene complexes 
displayed greater potential to increase ROS production and provoke 
mitochondrial damage in MDR cancer cells. This effect was accompa
nied by inhibition of autophagy and induction of apoptosis. Addition
ally, simultaneous treatments of ferrocene-quinidine epimers with 
paclitaxel increased the sensitivity of MDR cancer cells to the conven
tional chemotherapeutic and ABCB1 substrate paclitaxel 
(Podolski-Renić et al., 2017). 

Another example was reported by Palanichamy and coworkers, who 
prepared a gold(III) polypyridyl complex [Au(DPPZ)Cl2][PF6], (DPPZ =
dipyrido[3,2-a:2′,3′-c] phenazine), which showed an ability to circum
vent platinum-resistance in human ovarian carcinoma A2780/CP70 
cells thus resulting in CS (Palanichamy et al., 2012). However, this 
ability to overcome platinum-resistance was not based on enhanced 
drug accumulation, which is noteworthy, as A2780/CP70 cells are 
characterized by reduced CTR1 and increased ABCB1 expression. In 
contrast, this compound increased ROS production in both cell clones. 
Consequently, the CS could be explained by the very low basal ROS level 
in A2780/CP70, which could render them more vulnerable to changes in 
the redox homeostasis induced by [Au(DPPZ)Cl2][PF6] (Palanichamy 
et al., 2012). 

The intracellular redox balance can also be impacted by the down
regulation of antioxidant molecules such as GSH. Thus, it is not sur
prising that several CS-inducing compounds have been reported to 
deplete intracellular GSH, thus supporting the formation of ROS 
(Ganguly et al., 2010; Majumder et al., 2003; Mookerjee et al., 2006b)). 
However, theoretically, these agents could generate ROS in both MDR 
and non-MDR cancer cells, indicating the inherent vulnerability of some 
MDR cells to increased ROS level. This might be especially true for 
selenodrugs as mechanistic studies revealed that selenocompounds 
could downregulate the expression of GST genes and reduce the levels of 
GSH, which is conjugated to various xenobiotics, allowing their elimi
nation (Wang et al., 2017). In this context, Choi and coworkers showed 
that sodium selenate (Na2SeO4) induced higher cell growth inhibition in 
MDR oral squamous carcinoma cells KBV20C compared to their parental 
KB cells. Selenate provoked cell growth inhibition in a dose- and 
time-dependent manner in ABCB1-overexpressing KBV20C cells, 

Fig. 7. Metal drugs targeting ABC transporter-overexpressing cancer cells and metal-based ABC transporter inhibitors.  
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without inhibitory effect on ABCB1. Cell growth inhibition was 
accompanied by G2/M phase cell cycle arrest and an increase in early 
apoptosis (Choi et al., 2015). 

Sodium selenite (Na2SeO3) also proved to be more efficient against 
doxorubicin-resistant ABCC1-overexpressing SCLC U-1285dox and GLC 
(4)/ADR cell lines than in sensitive U-1285 and GLC(4) cell lines. The 
main difference between sensitive and drug-resistant tumor cell lines 
was the higher activity of TrxR in drug-resistant cell lines, while GR 
activity was practically the same between sensitive and resistant cell 
lines. However, selenite significantly increased the activities of both 
TrxR and GR in sensitive U-1285 cells, whereas, in resistant U-1285dox 
cells, activities of these enzymes were unaltered. Upregulation of the key 
enzymes in selenium metabolism after selenite exposure probably lead 
to a survival advantage in sensitive cells. This could be a possible 
mechanism explaining the differential cytotoxicity of sodium selenite in 
sensitive and resistant cancer cells (Björkhem-Bergman et al., 2002). 

Interestingly, there is a considerable amount of literature on CS- 
inducing metal complexes containing Schiff base-derived ligands: 1) 
several metal complexes contain the aforementioned NG ligand or its 
derivatives. Here, the metals are coordinated via an O,N,O coordination 
sphere. The most-investigated representative of this compound class is 
the above described CuNG, which is assumed to target MDR cells mainly 
via direct interaction with the ABCB1 protein. However, this drug also 
displayed CS-inducing properties. In contrast, MnNG had no ABCB1- 
modulatory properties, but CS of ABCB1-overexpressing CEM/adr cells 
in vitro and ABCC1-overexpressing AEC/Dox cells in female Swiss albino 
mice was observed (Ghosh et al., 2013). Concerning the mode of action, 
ROS induction was suggested for MnNG. However, as no direct com
parison between resistant and sensitive cancer cells has been performed 
yet, it is difficult to estimate whether this is the mode of action under
lying the CS of MDR cancer cells to this drug. Similarly, the redox-active 
iron complex, FeNG, displayed cytotoxic activity in the 
doxorubicin-resistant T lymphoblastic leukemia cells CEM/ADR5000 
(Ganguly et al., 2010). FeNG also provoked ROS and intracellular GSH 

depletion in these resistant cells. Induction of redox imbalance led to 
nuclear fragmentation, DNA condensation and apoptosis through 
mitochondrial pathway (Ganguly et al., 2010). Additionally, FeNG 
potentiated the cytotoxic effect of doxorubicin in EAC/DOX cancer cells 
in vitro and increased survival of ABCC1-overexpressing EAC/DOX xe
nografts (Ganguly et al., 2012). In vivo administration of FeNG induced 
GSH depletion and ROS production in EAC/Dox cancer cells, without 
alteration in ABCC1 expression. FeNG also enhanced intracellular 
doxorubicin accumulation in EAC/Dox cells in a time-dependent 
manner in vivo (Ganguly et al., 2012). Derivatives of CuNG, copper(II) 
N-(2-hydroxy-3-methoxy-benzaldehyde)-alaninate (CuPHMBA, Fig. 8) 
and copper(II) N-(2-hydroxy-5-methoxy-acetophenone) glycinate 
(Cu-5-SMAG, Fig. 8), also showed redox activity and potential to over
come MDR in doxorubicin-resistant cell lines expressing ABCB1 based 
on CS (Banerjee et al., 2016a; Banerjee et al., 2016b). While in the case 
of CuPHMBA, most experiments on the mode of action of this drug were 
performed in the drug-resistant cell model only, there is a more elabo
rated study on Cu-5-SMAG. Here, the data indicated that the CS of 
ABCB1-overexpressing CEM/ADR5000 cells (in comparison to their 
chemosensitive counterpart) is based on more rapid and pronounced 
induction of apoptosis. Interestingly, while there are some indications 
that the ROS induction was similar between drug-resistant and -sensitive 
cell lines with CuPHMBA, regarding Cu-5-SMAG, drug-resistant cells 
experienced stronger GSH depletion together with slightly increased 
redox stress. Finally, ABCC1-overexpressing EAC/Dox cells were char
acterized by CS (in comparison to EAC/S cells) in Swiss albino mice in 
vivo. All in all, this makes this class of compounds interesting for further 
development against drug-resistant cancer cells. 

2) There are some reports on thiosemicarbazone complexes, where 
the metal center is coordinated via a N,N,S donor set (Turk et al., 2009). 
Examples are the iron(III) complex of the clinically investigated COTI-2 
(Bormio Nunes et al., 2020) but also several copper(II) complexes of, e.g. 
Dp44mT and the clinically tested DpC (Fig. 8) (Hager et al., 2020; Park 
et al., 2016). In more detail, CS of ABCB1-overexpressing KBV-1 cells to 

Table 2 
Metal drugs inducing CS in ABC transporter-overexpressing cancer cells.  

Cell model Overexpression of (Collateral)Sensitive to Selected against 

A2780/CP70 reduced CTR1 and enhanced ABCB1 expression ( 
Palanichamy et al., 2012) 

gold(III) polypyridyl complex [Au(DPPZ)Cl2]PF6 (Palanichamy et al., 2012) cisplatin 

A549 ABCB1 and ABCC1 (Teixeira et al., 2021) ruthenium cyclopentadienyl compounds with bipyridine based ligands (Teixeira 
et al., 2021) 

cisplatin 

BJAB BiBo ABCB1 [Re(CO)3(bpm)]+ (Konig et al., 2018) vincristine 
Calu-3 ABCB1 (Teixeira et al., 2021) ruthenium cyclopentadienyl compounds with bipyridine based ligands (Teixeira 

et al., 2021) 
cisplatin 

CEM/ 
ADR5000 

ABCB1 (Efferth et al., 2008)  - CuPHMBA (Banerjee et al., 2016a) and Cu-5-SMAG (Banerjee et al., 2016b)  
- FeNG (Ganguly et al., 2010) 

doxorubicin 

DLD1-TxR ABCB1 (Podolski-Renic et al., 2013) ferrocene-quinidine epimers (Podolski-Renić et al., 2017) paclitaxel 
EAC/Dox ABCC1 (Mookerjee et al., 2006b)  - CuPHMBA (Banerjee et al., 2016a)  

- FeNG (Ganguly et al., 2012) 
doxorubicin 

GLC(4)/ADR ABCC1 (Versantvoort et al., 1995) sodium selenite (Björkhem-Bergman et al., 2002) doxorubicin 
HCT15/ 

CLO2 
enhanced ABCB1 expression?? (Lee et al., 2003) arene–ruthenium metallarectangle bearing a 5,8-dihydroxy-1,4-naphthaquino

nato unit (Dubey et al., 2013) 
doxorubicin, 
cisplatin 

H460/MX20 ABCG2 RuF (Zeng et al., 2019) mitoxantrone 
KBC-1 ABCB1 KP772 (Heffeter et al., 2007) colchicine 
KB-V1 ABCB1  - platinum-phenanthroline and KP772 (Turk et al., 2009)  

- Cu-Dp44mT (Jansson et al., 2015)  
- Cu-DpC (Seebacher et al., 2016) 

colchicine 

KBV20C ABCB1 (Kim et al., 2007) sodium selenate (Choi et al., 2015) vincristine 
MES-SA/Dx5 ABCB1 (Wesolowska et al., 2005) ruthenium and rhodium complexes of 8-hydroxyquinoline derivatives (Domotor 

et al., 2017) 
doxorubicin 

Nalm-6/DAU ABCB1 [Re(CO)3(bpm)]+ (Konig et al., 2018) daunomycin 
NCI-H228 ABCB1 and ABCC1 ruthenium cyclopentadienyl compounds with bipyridine based ligands (Teixeira 

et al., 2021) 
cisplatin 

SW480/Tria 
ABCB1 (Miklos et al., 2015) 

iron(III) complex of COTI-2 (Bormio Nunes et al., 2020) triapine Loss of PDE4D (Miklos et al., 2016) 
U-1285dox ABCC1 (Jonsson-Videsater et al., 2003) sodium selenite (Björkhem-Bergman et al., 2002) doxorubicin 
U87-TxR ABCB1 (Podolski-Renic et al., 2013) ferrocene-quinidine epimers (Podolski-Renić et al., 2017) paclitaxel 

Bpm … 4-[(bis(6-phenanthridinylmethyl)amino)methyl]benzoic acid methyl ester, DPPZ … dipyrido[3,2-a:2′,3′-c] phenazine, NG = N-(2-hydroxy acetophenone) 
glycinate, PHMBA … N-(2-hydroxy-3-methoxy-benzaldehyde)-alaninate, SMAG … N-(2-hydroxy-5metoxy-acetophenone) glycinate; 
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Cu-Dp44mT and Cu-DpC was ABCB1-dependent and characterized by 
enhanced loss of lysosomal integrity (Jansson et al., 2015; Seebacher 
et al., 2016). In contrast, Fe-Dp44mT did not induce such effects in 
resistant or sensitive cell clones. In general, there is far more literature 
on CS of ABCB1-overexpressing cells for metal-free thiosemicarbazone 
derivatives (Heffeter et al., 2019). However, based on the very strong 
metal-chelating properties of this compound class, an important role of 
intracellularly formed metal complexes in these CS-inducing effects can 
be hypothesized. Interestingly, the phenomenon of CS in 
ABCB1-overexpressing cancer cells is not a general feature of thio
semicarbazones (Bormio Nunes et al., 2020; Hager et al., 2020; Turk 
et al., 2009). In contrast, this feature seems to be associated with specific 
physicochemical properties of the respective thiosemicarbazone ligands. 
Overall, the structure-activity relationships predicting chemical features 
responsible for thiosemicarbazone-mediated CS are still not entirely 
understood. For example, it has been suggested that only α-N-heter
ocyclic thiosemicarbazones with electron-withdrawing substituents at 
the imine carbon mediate enhanced ABCB1-dependent cytotoxicity 
(Stacy et al., 2016). Also, for isatin-β-thiosemicarbazones, a specific 
pharmacophore model was suggested to identify chemical features that 
fine-tune selective toxicity towards ABCB1-expressing cells (Hall et al., 
2011; Hall et al., 2009). However, it should be noted that this model 
could not be validated in a more extended library of more diverse thi
osemicarbazones (Pape et al., 2016), suggesting that a more complex 
structure-activity relationship exists for the class of thiosemicarbazones 
as a whole. Interestingly, in addition to their induction of CS, several 
metal thiosemicarbazone complexes (e.g. copper and iron complexes of 
Dp44mT, Bp44mT, DpC, and Triapine) were shown to directly interact 

with the ABCB1 protein resulting in stimulation of its ATPase activity 
comparable to the known substrate and competitive inhibitor verapamil 
(Jansson et al., 2015; Stacy et al., 2016). 

In addition to metal complexes containing Schiff base-derived li
gands, there are also several drugs containing an N,N-coordination 
sphere (e.g. bipyridine-, phenanthroline-, pyrimidinylhydrazone- 
derived ligands), for which CS of MDR cells has been reported (Heffeter 
et al., 2007; Law et al., 2017; Turk et al., 2009). For example, the po
tential of a family of cobalt(II) and cobalt(III) tris(bipyridine) com
pounds to induce CS in ABCB1-overexpressing cancer cell models has 
been disclosed (Law et al., 2017). In contrast, in several 
platinum-resistant models the compounds were equally effective in the 
parental and resistant subclones (Law et al., 2017). Subsequent analysis 
of [Co(4,4ʼ-dimethyl-2,2ʼ-bipyridine)3]3+ (Fig. 8) demonstrated that in 
addition to its CS-inducing potential, this drug also had an 
ABCB1-inhibitory potential. Concerning its mode of action, the authors 
showed that [Co(4,4ʼ-dimethyl-2,2ʼ-bipyridine)3]3+ inhibited cell cycle 
progression and induced autophagy in an Atg7-dependent manner. 

4,4ʼ-Dimethyl-2,2ʼ-bipyridine has also been identified as a potential 
ligand to endow [Ru(η5-CpR)(PPh3)(4,4′-R’-2,2′-bpy)]+-based com
pounds with ABCC1/2-inhibitory properties (Corte-Real et al., 2018). 
The importance of the methyl substituent was further confirmed for a 
new set of compounds where the substituent at the cyclopentadienyl 
ring (R) is a formyl or a hydroxyl group (Fig. 8) (Teixeira et al., 2021). In 
this study, the ruthenium(II) compounds exhibited CS for NSCLC cells 
resistant to cisplatin expressing high levels of ABCC1 (A549 and 
NCI-H228) and ABCB1 (Calu-3), being non-cytotoxic for the 
cisplatin-sensitive cell line, NCI-H1975. When co-administered at 

Fig. 8. Metal drugs inducing CS in ABC transporter-overexpressing cancer cells.  
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non-cytotoxic doses (IC25) with cisplatin, these compounds increased 
cisplatin cytotoxicity up to ~1400-fold by directly impairing the cata
lytic activity of ABCC1 and ABCB1. 

Similarly to [Co(4,4ʼ-dimethyl-2,2ʼ-bipyridine)3]3+, the lanthanum 
1,10-phenantroline complex KP772 (Fig. 8) also induced strong cell 
cycle arrest in G0/G1 (based on inhibition of ribonucleotide reductase) 
together with pronounced apoptosis induction in ABCB1- as well as 
ABCC1-overexpressing cell lines (Heffeter et al., 2007). Interestingly, in 
contrast to the ROS production described for several CS-inducing com
pounds above, KP772 did not induce oxidative stress but rather had 
ROS-scavenging properties (Heffeter et al., 2009). Finally, Pape et al., 
reported potent CS-inducing properties for the copper complex of a new 
pyrimidylhydrazone derivative (Pape et al., 2015). In a rare study, the 
authors also investigated the dependency of these effects on functional 
ABCB1, characterizing this compound as an ABCB1-associated CS 
inducer. Interestingly, the CS-inducing potential was also shared already 
by the metal-free ligand, and the effect of ROS scavenging was similar in 
chemosensitive and -resistant cells. 

CS of ABCB1-overexpressing MDR cancer cells has also been 
described for several 8- hydroxyquinoline-based iron chelators (Turk 
et al., 2009). Here, comparable to reports on thiosemicarbazones, in
duction of CS was not a general feature but occurred only for selected 
derivatives indicating a specific structure-activity relationship. 
Although most of the reports focus on metal-free ligands, e.g. 
NSC29736, there are indications that the formation of intracellular iron 
complexes plays a crucial role in CS of ABCB1-overexpressing cancer 
cells (Cserepes et al., 2020). In more detail, the iron complex of 
NSC29736 (but not the metal-free ligand) was demonstrated to be, in 
fact, an ABCB1 substrate. Consequently, it is currently hypothesized that 
the continuous efflux of the iron complex leads to selective iron deple
tion in ABCB1-overexpressing cells. In line with this hypothesis, the iron 
complex of NSC29736 did not induce CS per se (Cserepes et al., 2020). 
On the other hand, the complexation of ruthenium even enhanced the 
CS-inducing potential of a (η6-p-cymene) 8-hydroxyquinoline complex, 
while the ruthenium (η6-p-cymene) complex of the substituted 
7-(1-piperidinylmethyl) derivate appeared to be an ABCB1 substrate 
(Domotor et al., 2017). 

These data, taken together, indicate that metal complexes as well as 
interaction with the metal homeostasis, have the potential to induce CS 
in MDR cancer cells. However, the exact mechanisms underlying these 
effects are widely unknown and urgently warrant further investigations. 
The precise mechanism is even more complicated because there seems to 
be complex structure-activity relationships and probably multiple 
modes of action, which are currently unexplored in most cases. 

3.5. Targeting altered tumor metabolism in drug-resistant cells 

As described above, cancer drug resistance is frequently associated 
with changes in the metabolic profile (Bhattacharya et al., 2016; Harper 
et al., 2002; Ricci et al., 2019). This central aspect in cancer biology 
could be exploited for anticancer therapy, as indicated in several studies 
on metformin (Saraei et al., 2019). Metformin inhibits mTOR activity 
and subsequently adenosine monophosphate-activated kinase (AMPK), 
a central pathway in the metabolic shift associated with the Warburg 
effect (Saraei et al., 2019). Metformin is currently clinically tested in 
combination with several approved drugs including platinum com
pounds (Saraei et al., 2019). Metformin is highly synergistic with plat
inum drugs in chemosensitive but also in drug-resistant cell models in 
cell cultures and in xenograft models (Liu et al., 2017b; Ricci et al., 
2019). Interestingly, although there are some attempts to co-deliver 
metformin with cisplatin using nanocarriers (Saber et al., 2018; Xiong 
et al., 2016), no dual-action platinum drug currently exists. However, 
first complexes with other metals such as ruthenium (Gopalakrishnan 
et al., 2017), nickel (Elshami et al., 2020), and gold (Babak et al., 2021) 
have been designed and it will be interesting to see, how they act against 
drug-resistant cancer cells. 

For several years, diverse metal compounds with dichloroacetate 
(DCA) ligands have been designed to specifically target drug-resistant 
cancer cells with mitochondrial dysfunction. DCA is a drug that has 
been clinically tested for diverse metabolic disorders based on its py
ruvate dehydrogenase kinase (PDK)-inhibitory properties (Kankotia and 
Stacpoole, 2014). PDK1 is an enzyme that inhibits pyruvate dehydro
genase by shifting the metabolism from oxidative to reductive (e.g. the 
fermentation of glucose into lactate) (Icard et al., 2018). One of the first 
DCA-releasing drugs was mitaplatin, a cisplatin-releasing platinum(IV) 
drug with two DCA ligands in axial position (Fig. 9) (Dhar and Lippard, 
2009). Indeed, mitaplatin was able to partly overcome the resistance of 
several cisplatin-resistant cell lines (KB/CP20, BEL7404/CP20, 
A2780/CP20, characterized among others, by changes in their mito
chondrial activity) based on enhanced drug accumulation, changes in 
the mitochondrial integrity and reduction of the cellular glucose con
sumption (Dhar and Lippard, 2009; Xue et al., 2012). However, it was 
reported by Wexselblatt et al., that platinum(IV) derivatives of cisplatin, 
carboplatin or oxaliplatin having two axial ligands of DCA are not stable 
under biological conditions, e.g. in cell culture medium (Wexselblatt 
et al., 2015). Thus, these complexes undergo hydrolysis, which results in 
premature loss of one or both axial DCA ligands. Regarding mitaplatin, 
its half-life was less than 1 h. Similar behavior was also reported in the 
case of a DCA-releasing platinum(IV) derivative of kiteplatin (Savino 
et al., 2018). To improve the pharmacological properties of mitoplatin, 
besides diverse nanoformulations (Johnstone et al., 2013; Yang et al., 
2016), several other DCA-releasing platinum drugs have been synthe
sized and tested for their chemical and biological properties. On the one 
hand, there are platinum(II) derivatives, where, e.g. the DCA moiety has 
been directly linked to the platinum center (Zhang et al., 2015) or 
attached to the leaving group via an ester bond (Liu et al., 2015; Liu 
et al., 2013). On the other hand, platinum(IV) drugs like oxaliplatin 
derivatives with axial hydroxido ligands (Zajac et al., 2016) or the 
biotinylated cisplatin variant DPB (Jin et al., 2019) have been designed. 
However, in most cases, the evaluation of their potential to overcome 
drug resistance was only preliminary evaluated by MTT assays in one 
platinum-resistant cell model or is still missing. Moreover, the selection 
of the tested drug resistance models was rarely based on alterations in 
metabolism. Thus the data generated do not allow the assessment of 
whether the new compounds are indeed more active in 
cisplatin-resistant cells due to their anti-metabolic activity. However, an 
in-depth understanding of these facets in the mode of action of these new 
drugs is urgently needed. For example, in the study on the platinum(IV) 
drugs with axial hydroxido ligands (Fig. 9) (Zajac et al., 2016), it was 
already shown that the improved efficacy against A2780/cis cells was at 
least in part due to conversion of oxaliplatin into its platinum(IV) 
analogue and, consequently, changed hydrophilicity, which allowed 
circumvention of the uptake deficiency of the used resistance model. 
With regard to other metal complexes, recently, Brabec and co-workers 
described the effect of metal-based, DCA-bearing half-sandwich com
plexes, [M(η6-pcym)(bphen)(DCA)][PF6] (M = Os or Ru; pcym =
p-cymene; bphen = 4,7-diphenyl-1,10-phenanthroline) on several can
cer cell lines, with the osmium compound being slightly better than the 
ruthenium derivative (Fig. 9) (Pracharova et al., 2018; Starha et al., 
2018b). The differences in activity were attributed to the quicker release 
of the DCA ligand for the ruthenium compound before entering the cells. 
Of particular relevance for this review is the fact that both compounds 
were equally cytotoxic in A2780 vs A2780/cis cells. Further mechanistic 
studies in MDA-MB-231 cells revealed that the osmium complex seems 
to behave like a glycolytic inhibitor by reversing the Warburg’s effect. 

3.6. Changed reactivity with thiols 

With the aim to design a new platinum(II) drug able to overcome 
thiol-mediated resistance of cisplatin-resistant cells, picoplatin 
(AMD473, JM-473, ZD0473) was designed by introducing a bulky 
methylpyridine ring which sterically hindered its interaction with GSH 
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(Fig. 10). Consequently, picoplatin has been shown to be less conjugated 
to GSH and MT than cisplatin in cell-free systems. Moreover, enhanced 
GSH levels (Holford et al., 1998a; Holford et al., 1998b) as well as 
overexpression of MT, had a significantly lower impact on the anticancer 
activity of picoplatin compared to cisplatin. The drug subsequently 
circumvented resistance in three models of acquired cisplatin resistance: 
41 M/41 McisR (resistance due to changed drug uptake), CH1/CH1cisR 
(resistance due to increased DNA damage repair/tolerance) and A2780/ 

A2780cisR (resistance due to enhanced GSH levels, reduced drug uptake 
and increased DNA damage repair/tolerance) (Holford et al., 1998b). 
Moreover, elevated MT levels did not protect cells from picoplatin ac
tivity (in contrast to cisplatin, carboplatin and satraplatin) (Holford 
et al., 2000). Based on promising anticancer activity of the drug also in 
vivo against cisplatin-resistant ovarian carcinoma models (Raynaud 
et al., 1997), the compound was clinically tested in several phase I and II 
studies on platinum-sensitive ovarian cancer and cisplatin-resistant 

Fig. 9. Metal drugs targeting the changed tumor metabolism in resistant cells.  

Fig. 10. Metal drugs with a changed reactivity with thiols or targeting changed thiol metabolism in resistant cells.  
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SCLC (Eckardt et al., 2009). However, a clinical phase III study in SCLC 
failed to show a significantly improved overall survival of 
picoplatin-treated patients (Ciuleanu et al., 2010; Hamilton, 2013). 
Noteworthy, this study did not assess the molecular characteristics be
tween responding and non-responding patients (Hamilton, 2013). 
Consequently, it is unknown, whether the failure of picoplatin is based 
on the selection of a too broad patient cohort without application of 
appropriate biomarkers, or on the general failure of the drug concept of 
circumventing GSH-mediated drug resistance. The latter would be 
supported by a study on acquired resistance to picoplatin, which 
revealed that resistance development was associated with significantly 
reduced cellular drug accumulation and, in the case of A2780ZD0473R 
cells, loss of the MMR protein hMLH1 as well as increased GSH levels 
(Holford et al., 2000). 

3.6.1. Targeting GST 
GST comprises an important class of enzymes, the main function of 

which is detoxification of toxic compounds, thus playing an important 
role in the cellular defense against exogenous toxic small molecules 
(Habig and Jakoby, 1981). Several studies correlated MDR with the 
overexpression of GST enzymes (Townsend et al., 2005). In particular, 
the GST P1-1 isozyme is known to regulate the mitogen-activated pro
tein (MAP) pathway, involved in cellular survival and death signaling 
(Tew and Ronai, 1999). Ethacrynic acid (EA) is a well-described and 
effective inhibitor of all GST isozymes (Hayes et al., 2005) and there 
have been several attempts to attach this molecule to metal-based (pro) 
drugs. In this respect, one of the most investigated drug candidates is 
ethacraplatin, a trans-platinum(IV) carboxylate prodrug that was 
designed to release two EA molecules from their axial positions upon 
reduction (Fig. 10) (Ang et al., 2005). Unexpectedly, however, etha
craplatin turned out to have GST-inhibitory properties, which were even 
superior to EA itself (~20-fold more active) (Parker et al., 2011). Sub
sequent studies revealed that ethacraplatin does not act as a prodrug, 
but instead, the intact EA-containing platinum(IV) complex strongly 
binds to the enzyme. Moreover, this interaction resulted in a reduction 
of the Pt center and subsequent binding of the platinum(II) complex at 
the dimer interface of the enzyme and the release of EA moieties at both 
H-sites (Parker et al., 2011). These direct “suicidal” interaction of the 
platinum(IV) complex could be prevented by preparation of a platinum 
(IV) derivative, which contained only one EA moiety and, thus, was 
characterized by a more easy reduction (Lee et al., 2018). In line with 
the cell-free experiments, ethacraplatin showed a strong GST inhibition 
and anticancer activity in GST-P1-overexpressing hepatocellular carci
noma BEL7404/CP20 cells, which led to the overcoming of the strong 
cisplatin resistance in this cell model (Li et al., 2017b). Interestingly, 
ethacraplatin as well as its platinum(II) analogue also circumvented the 
drug resistance of platinum-resistant MM98R mesothelioma cells, which 
did not display enhanced GST activity in comparison to its chemo
sensitive parental counterpart. This indicates that other factors might 
contribute to the efficacy of these drugs against platinum-resistant cells 
(Zanellato et al., 2011). An observation also supported by the reduced 
cross-resistance of A2780/cisR cells (Lee et al., 2018). One explanation 
could be that the attachment of the EA ligand(s) results in increased 
lipophilicity and thereby increased drug uptake in comparison to 
cisplatin (Lee et al., 2018). 

In addition to platinum, several ruthenium(II) and a few osmium(II) 
η6-arene complexes were conjugated to EA with the aim to develop new 
GST inhibitors (Ang et al., 2007). In more detail, EA was conjugated to 
the complexes either by using arene-, phosphane-, imidazole- or 
pyridine-based ligands or by direct coordination to the metal (Agonigi 
et al., 2016; Agonigi et al., 2015; Ang et al., 2007; Ang et al., 2009; 
Nowak-Sliwinska et al., 2011). Since not all studies reported on the 
ability of compounds to inhibit GST activity or investigated the cyto
toxicity in resistant cancer cell lines, it is not possible to perform an 
overall discussion in terms of structure-activity relationships. Yet, 
regarding the ability of compounds to inhibit GST activity, the first 

compound reported, RAIMID-EA (Fig. 10), seems the most potent GST 
P1-1 inhibitor with similar or slightly better inhibitory activity than EA, 
resulting in similar IC50 values for A2780cisR and A2780 cells (Ang 
et al., 2007). Using cysteine-modified GST P1-1 mutants and ESI-MS 
studies, the authors subsequently showed that there was a covalent 
binding between the ruthenium compound and the enzyme after loss of 
the chloride ligands. The functionalization of the η6-arene ligand with 
EA does not seem advantageous for GST inhibition (Ang et al., 2009). 
Functionalization of the pyridine and phosphane ligands in ruthenium 
and osmium compounds led to modest GST-inhibitory properties; 
however, no comparison with EA was shown (Agonigi et al., 2016; 
Agonigi et al., 2015). Finally, the impact of the presence of two EA or 
two metal centers (ruthenium or osmium) on the compounds’ structure 
was studied relatively to their cytotoxic activity in A2780 and 
A2780cisR cells, but, unfortunately, inhibitory studies were not reported 
(Nowak-Sliwinska et al., 2011). Thus, the improved cytotoxic activity 
observed when the compounds bear two EA entities cannot be directly 
correlated to their GST-inhibitory potential. Yet, this set of results sug
gests that these metal compounds conjugated to EA have potential as 
GST inhibitors. 

Besides conjugation to EA, metal compounds can also have intrinsic 
GST-inhibitory activity, which allows them to act against drug-resistant 
cancer cells by reducing the intracellular GSH levels. One example is the 
already mentioned CuNG (compare Fig. 7), which was reported to 
reduce cellular GSH levels in vivo even more efficiently than EA 
(Majumder et al., 2003). With regards to the mode of action, CuNG 
depletes cellular GSH levels at non-toxic concentrations through 
conjugation (Majumder et al., 2006a). Consequently, CuNG was able to 
overcome doxorubicin resistance and to increase the lifespan of EAC/
DOX xenograft mice, overexpressing GST and the GSH-conjugate efflux 
transporter ABCC1 (Majumder et al., 2006a). 

3.6.2. Targeting γGT-overexpressing cancer cells 
γGT is a key enzyme involved in GSH metabolism and its expression 

is often significantly increased in diverse human cancer types (Corti 
et al., 2010). Moreover, there is evidence that the development of drug 
resistance is associated with γGT, presumably due to its detoxification 
activity. Noteworthy, there have been several attempts to use the 
enzymatic functions of this membrane-located protein for the 
tumor-specific activation of prodrugs (Ramsay and Dilda, 2014). Con
cerning this review, three arsenicals need to be mentioned, three of 
which have been already tested in clinical trials: 4-(N-(S-glutathiony
lacetyl)amino)phenylarsonous acid (GSAO), 4-(N-(S-penicillaminyl)-a
mino)phenylarsonous acid (PENAO) and Darinaparsin 
(S-dimethylarsion-glutathione, ZIO-101, SP-02 L). The proposed mode 
of action of GSAO and PENAO is shown in Fig. 11. Briefly, the pro-drug 
is applied in a non-permeable form, which is activated by γGT at the cell 
surface by cleavage of the γ-glutamyl group. Subsequently, the dipeptide 
metabolite is able to enter the cancer cell, where it is further processed 
by dipeptidases to its single amino acid form. This, in turn, was shown to 
crosslink the cysteine residues of the mitochondrial adenine nucleotide 
translocator (ANT), resulting in loss of mitochondrial integrity and cell 
death (Ramsay and Dilda, 2014). However, although GSAO was inves
tigated with respect to γGT expression (Ramsay et al., 2014), no studies 
on its potential to act in drug-resistant cancer cells have been performed. 
Moreover, GSAO and PENAO were both ABCC1 substrates comparable 
to ATO (Dilda et al., 2009). 

Darinaparsin is an organic arsenical, which has been originally 
developed with the aim to design a better tolerated arsenic-based drug. 
Subsequent analysis revealed that Darinaparsin was not only more 
active against cancer cells than ATO in cell culture - but also exerted a 
different spectrum of activity (Matulis et al., 2009). Thus, while the 
PML/RARα fusion gene, a known ATO target, remained unaffected, 
Darinaparsin activity was based on ROS generation and oxidative 
damage in a manner different from ATO. Accordingly, the drug was also 
not affected by the acquired resistance of AR2 cells to ATO, and showed 
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similar apoptosis induction in ATO-resistant (AR2) as well as -sensitive 
(NB4) cell clones. Moreover, Darinaparsin was not a substrate of ABCC1, 
which is overexpressed in AR2 cells (Matulis et al., 2009). Darinaparsin 
was tested for its tolerability and anticancer activity in 14 clinical phase 
I/II trials. The latest multi-center phase II study in relapsed or refractory 
patients with peripheral T-cell lymphoma is still ongoing with expected 
results in 2021 (NCT02653976). It will be interesting to follow, whether 
Darinaparsin also has activity against drug-resistant cancer cells also in 
the clinical setting. 

3.6.3. Targeting the TrxR system 
As described in the introduction, drug resistance is frequently asso

ciated with increased levels of Trx or TrxR (Cui et al., 2018; Mohammadi 
et al., 2019; Sasada et al., 1996). Thus, targeting the Trx system might be 
an attractive approach to overcome cancer drug resistance. As 
mentioned above, the gold complex auranofin, a specific and 
well-known inhibitor of TrxR, has already been tested in several clinical 
phase I and II trials. In this chapter, we provide examples for several 
other gold complexes that also showed inhibitory activity of the Trx 
system. Moreover, these complexes were able to overcome platinum 
resistance in cancer cells. For instance, Gandin and coworkers (Gandin 
et al., 2010) prepared a series of linear „auranofin-like “gold complexes 
based on [Au(PEt3)]+ synthon and additional simple co‒ligands 
(Fig. 12). These compounds were able to circumvent resistance in two 
cell line pairs resistant to cisplatin (ovarian adenocarcinoma 
OV2008/C13* and cervix carcinoma A431‒Pt) and two tumor cell line 
pairs resistant to doxorubicin (SCLC U1285dox and colon 

adenocarcinoma LoVo MDR). All investigated compounds also showed 
nanomolar activity against rat cytosolic TrxR1 and mitochondrial TrxR2 
similar to values obtained for auranofin. On the other hand, the activity 
of all investigated compounds against GR and GPx was in the micro
molar range. In the case of complexes with xanthate and thiocyanate as 
co‒ligands, apoptosis was determined as the mode of cell death (Gandin 
et al., 2010). 

Similar behavior was noticed for a series of heteroleptic, water‒ 
soluble gold complexes based on phosphane and thionate co‒ligands 
(Fig. 12) (Vergara et al., 2010). The investigated compounds showed 
enhanced cytotoxicity in cisplatin-resistant human ovarian carcinoma 
A2780/cisR cells compared to their sensitive counterparts. These com
pounds were excellent inhibitors of both TrxR1 and TrxR2 with IC50 
values in the nanomolar range, while in the case of GR the IC50 values 
were in the micromolar range. Based on a biotin-conjugate iodoaceta
mide (BIAM) assay, the reported compounds were able to bind seleno
cysteine in the active site of the TrxR enzyme (Vergara et al., 2010). 

In a study by Galassi et al., the effect of azolate gold(I) phosphane 
complexes on TrxR was determined, as well as their cytotoxic activity 
against the cisplatin-sensitive and cisplatin-resistant ovarian adenocar
cinoma cell line pair OV2008 and OV2008/C13* (Galassi et al., 2012). 
Both tumor cell lines demonstrated similar sensitivity to the applied 
complexes, thus showing the absence of cross-resistance. Heteroleptic 
complexes (1), (2) and (7) based on 1H-pyrazolate/1H-imidazolate and 
triphenylphosphane ligands (Fig. 12) showed even higher cytotoxicity 
against cisplatin-resistant ovarian adenocarcinoma OV2008/C13* cells 
and were able to inhibit TrxR1 and TrxR2 at the nanomolar range. 

Fig. 11. Mode of action of γGT-targeting arsenicals.  
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Furthermore, complex (7) also significantly inhibited GR (Galassi et al., 
2012). 

Tabrizi and Chiniforoshan prepared two multinuclear gold(III)/ 
palladium(II) pincer complexes with bis(diphenylphosphino) ferrocene/ 
non-ferrocene ligands (Fig. 12) which showed the same level of activity 
in sensitive and cisplatin-resistant ovarian adenocarcinoma cancers cells 
(OV2008 vs. OV2008/C13*). These compounds showed nanomolar in
hibition of TrxR1 at a concentration that was comparable or even lower 
than auranofin, while TrxR2 appeared to be less sensitive. Both com
plexes displayed micromolar inhibition of GR. Since these complexes are 
not likely to be involved in ligand exchange reactions, the authors 
speculated that their activity might be related to their ability to inflict 
oxidative damage to proteins (Tabrizi and Chiniforoshan, 2017). 

Schuh and coworkers tested a series of gold(I) complexes with N- 

heterocyclic carbene (NHC) 1,3-substituted imidazole-2-ylidene and 
benzimidazole-2-ylidene ligands (Fig. 13) against ovarian carcinoma 
A2780S/ A2780R cell line pairs (Schuh et al., 2012). All investigated 
compounds showed an ability to surmount cisplatin resistance. The 
compounds showed potent and selective TrxR inhibition, particularly in 
cancer cell lines compared to normal cell lines. Based on the BIAM assay, 
these compounds bind to the selenocysteine at the redox-active motif of 
TrxR1. 1,3-Dimethyl-4,5-dichloroimidazole-2-ylidene-gold(I)-pyrimidi
ne-2-thiolate (3b, Fig. 13), one of the most cytotoxic compounds, 
showed similar behavior as auranofin regarding oxidation of Trx. 
Namely, oxidation of cytosolic Trx1 and mitochondrial Trx2 was 
detected, implying its capacity to target both intracellular compart
ments. The oxidation was more pronounced in the cisplatin-resistant cell 
line. Moreover, this compound was able to increase the level of 

Fig. 12. Metal drugs inhibiting the Trx system (I).  
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hydrogen peroxide only in A2780R cells (Schuh et al., 2012). Further
more, Citta and coworkers showed that a silver(I) NHC complex bearing 
a fluorescent anthracenyl ligand (Fig. 13) was even more potent in 
inhibiting TrxR1 and TrxR2 than its gold(I) analogue (Citta et al., 2013). 
Moreover, the silver(I) complex exhibited greater cytotoxicity in the 
A2780S/A2780R cell pair than in normal HEK-293 T cells. This complex 
was also able to overcome cisplatin resistance in the A2780/R cell line. 
In tumor cell extracts, the silver complex efficiently inhibited TrxR 

activity, while in normal cell extracts, the complex was practically 
ineffective. Notably, at a higher concentration, this complex showed 
more pronounced inhibition of TrxR in A2780R cells. Silver(I) NHC 
complexes also led to oxidation of the Trx1 and Trx2. In particular, the 
silver complex was more efficient in oxidizing Trx1 in cancer cells than 
in normal cells. In addition, the oxidation of mitochondrial Prx3 was 
also observed, demonstrating the ability of these compounds to reach 
their mitochondrial target. Moreover, in accordance with the 

Fig. 13. Metal drugs inhibiting the Trx system (II).  
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above-mentioned trends of TrxR1 inhibition and Trxs oxidation, the 
silver complex caused a more pronounced oxidation of Prx3 in cancer 
cell lines compared to normal cells. This complex also induced ROS 
formation in cancer cells, while its effect on ROS production in normal 
cells was negligible. 

Another silver-bis(NHC) complex also showed TrxR inhibition and 
overcame cisplatin resistance in cancer cells (Fig. 13) (Allison et al., 
2017). In detail, the silver-bis(NHC) complex (Ag8) was significantly 
more active against cisplatin-resistant A2780/CP70 cells compared to 
cisplatin-sensitive A2780 cells. Ag8 was a potent inhibitor of purified rat 
TrxR with IC50 values in the nanomolar range. Inhibition of TrxR led to 
induction of apoptosis via the JNK and p38 pathways in A2780 and 
A2780/CP70 cells. Ag8 induced DNA single- and double-strand breaks 
in both cell lines. Importantly, more extensive double-strand breaks 
were observed in A2780/CP70 cells. In contrast to cisplatin, no DNA 
crosslinking was detected in either cell line. Ag8 proved to be a potent 
inhibitor of both human topoisomerase I and II in cell-free assays. This 
silver complex was also a very potent inhibitor of purified human 
PARP-1 with nanomolar IC50 values. Therefore, by targeting multiple 
pathways, Ag8 is likely to account for its ability to overcome cisplatin 
resistance in A2780/CP70 cells. 

Apart from these examples for gold and silver complexes, the het
eroleptic ruthenium(II) organometallic complex with three bidentate 
ligands (complex 4, Fig. 13) also exhibited the potential to circumvent 
cisplatin resistance by inhibiting TrxR activity (Zeng et al., 2016). 
Complex 4 was highly active against cisplatin-resistant NSCLC A549R 
cells. This complex exhibited 178-fold better activity than cisplatin in 
A549R cells. 3D multicellular A549R tumor spheroids were also used to 
confirm the high proliferative and cytotoxic activity of complex 4. 
Notably, complex 4 was less cytotoxic in a normal human hepatocyte 
cell line (LO2) compared to cancer cells. A possible explanation for the 
selectivity towards cancer cells is the lower accumulation of complex 4 
in normal cells. This complex also showed a tendency to accumulate in 
mitochondria of A549R cells. Complex 4 exhibited strong inhibition of 
TrxR by decreasing its enzymatic activity and protein levels in A549R 
cells. Inhibition of TrxR led to an increase in intracellular ROS, mito
chondrial dysfunction, cell cycle arrest and apoptosis. 

Ethaselen (1,2-[bis(1,2-benzisoselenazolone 3(2H)-ketone)] ethane 
or BBSKE, Fig. 13), a symmetrical selenoheterocycle, is the best-studied 
organoselenium compound regarding anticancer properties. In fact, this 
compound was tested in a clinical phase I trial (NCT02166242) and the 
preparation of phase II in clinical trials (gastric, lung and colon cancer) 
was mentioned but not yet published (Ye et al., 2017). Ethaselen was 
found to be a promising antitumor agent, both in vitro and in mouse 
models, against various cancers of the lung, cervix, stomach, leukemia, 
colon, epithelial hepatoma and tongue (Ye et al., 2017). With regard to 
its mode of action, ethaselen is a strong mixed inhibitor of TrxR1 (at the 
submicromolar concentrations) by binding to the redox pair Sec498/ 
Cys497 at the C-terminal end of the enzyme. Accordingly, a good cor
relation between anti-proliferative activity and inhibition of TrxR1 was 
found It was postulated that the more nucleophilic Sec498 could initiate 
attack on ethaselen, leading to opening of one of the benzisoselenazol 
rings, and the formation of a disulfide bond (S–S); then, the resulting 
intermediate might approach Cys497 that could in turn, attack the 
second heterocyclic unit, yielding a selenylsulfide bond (Se–S) and 
provoking the inactivation of the enzyme (Wang et al., 2012). Inter
estingly, the anticancer activity of cisplatin in certain cancer cells was 
shown to be enhanced upon co-administration with ethaselen, suggest
ing a potential to reverse cisplatin chemoresistance (Tan et al., 2010; Ye 
et al., 2017b). Moreover, there are indications that certain 
cisplatin-resistant cancer cells might exhibit CS towards the selenium 
drug (Ye et al., 2017b). In more detail, erythroleukemia K562/CDDP 
cells were about 4-fold more sensitive to a 72 h ethaselen treatment than 
their chemosensitive parental counterpart. However, assessment of the 
mechanisms underlying these effects are still vacant, as the subsequent 
investigations were solely performed in combination with cisplatin. 

3.7. Metal drugs overcoming apoptosis resistance and inducing novel 
forms of cell death 

Ang and Gaiddon developed a family of compounds with the aim to 
overcome MDR by inducing alternative modes of cell death rather than 
apoptosis (Chow et al., 2016). Thus, two compounds of the general 
formula [Ru(η6-arene)(4-methoxy-N-(2-quinolinylmethylene)aniline] 
Cl, where the arene is a triisopropylbenzene (RAS-1 T) or a hexame
thylbenzene (RAS-1 H; Fig. 14), were synthesized and the structural 
changes introduced correlated with the modes of action. Both com
pounds induced non-apoptotic cell death through ER stress pathways. 
Yet, their modes of action were completely different. While RAS-1 T 
acted through ROS-mediated ER stress, RAS-1H was ROS-independent. 
To confirm that these complexes could circumvent apoptosis resis
tance, the authors used the apoptosis-resistant TC7 cell line (Chantret 
et al., 1994) as a functional cell model, using the colorectal cancer cell 
lines HCT116 and HT-29 as non-resistant models. The TC7 cell line is 
characterized by the loss of p53 along with a higher basal expression of 
anti-apoptotic Bcl-2 and Bcl-xL, as well as downregulation of 
pro-apoptotic Bax (Chantret et al., 1994). When compared to the 
chemotherapeutic drugs oxaliplatin, etoposide, 5-fluorouracil and 
doxorubicin, both ruthenium compounds (especially RAS-1 T) were the 
least affected by drug resistance of TC7 cells. Although there is still a 
need to identify the targets for these compounds, important clues on the 
design of compounds able to overcome apoptosis resistance were 
unveiled. 

The anticancer therapeutic potential of radioactive 186/188Re com
pounds has been already recognized for some compounds in clinical use. 
Yet, the area of non-radioactive Re complexes as anticancer agents is a 
relatively new field. Most of the compounds with cytotoxic activity are 
based on the ‘Re(CO)3’ core and the remaining coordination positions 
occupied by heteroaromatic ligands, phosphanes, halogens or η5-cyclo
pentadienyl derivatized arenes (Leonidova and Gasser, 2014). From the 
arena of known cytotoxic Re complexes, there are not yet sufficient 
studies concerning their potential to overcome MDR. Nevertheless, 
many Re compounds show an intrinsic ability to overcome cisplatin 
resistance which seems to be related to the different mechanism of cell 
death observed for many Re compounds (Knopf et al., 2017; Konkankit 
et al., 2019; Suntharalingam et al., 2015; Ye et al., 2016). For example, 
Re(I) and Re(V) complexes bearing phenanthroline-based ligands 
showed cross-resistance with cisplatin for KBCP20, A2780/CP70, 
A549CisR and/or H460CisR cells causing cell death by paraptosis or 
necroptosis (Fig. 14) (Knopf et al., 2017; Konkankit et al., 2019; Sun
tharalingam et al., 2015; Ye et al., 2016). Also, a rhenium(I) tricarbonyl 
complex bearing a diimine ligand (Fig. 14) was found to be equally 
active in both sensitive and cisplatin-resistant cancer cells 
(A2780/CP70), hence inducing cell death by necrosis (Konkankit et al., 
2019). 

Since platinum complexes that induce cell necrosis are rare, a hetero- 
binuclear iridium(III)-platinum(II) [(ppy)2Ir(dpp)PtCl2]+ (Ir-Pt) was 
constructed as a novel anticancer agent that is able to overcome cisplatin 
resistance by inducing necrosis (Fig. 14) (Ouyang et al., 2018). The 
iridium(III) moiety was introduced to increase the cellular accumulation 
of platinum and specifically target mitochondria. Ir-Pt complex was 
effective against cisplatin-resistant NSCLC A549R cells. This complex 
induced loss of mitochondrial membrane potential, a hallmark of 
mitochondrial dysfunction, resulting in altered metabolism, mitochon
drial DNA damage, and mitochondrial superoxide accumulation. Ir-Pt 
overcame cisplatin resistance in A549R cells via increased accumula
tion and decreased efflux compared to platinum alone, mitochondrial 
targeting which resulted in avoiding the nuclear DNA repair mechanism 
and inducing necrosis. Interestingly, a novel series of cyclometalated 
iridium(III) complexes with benzothiazole substituted ligands (Fig. 14) 
circumvented cisplatin-resistance in A549R cells by inducing oncosis, an 
alternative mode of cell death (Guan et al., 2018). The complexes 
entered the cells via endocytosis and were localized in mitochondria. 
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This resulted in increased ROS production and loss of mitochondrial 
membrane potential, followed by ATP depletion and an increased ratio 
of bcl-2/bax. Activation of protease calpain 1, a marker of oncotic cell 
death, resulted in cytoskeleton collapse. Increased expression of por
imin, another marker of oncosis, led to increased membrane perme
ability, directly caused the change of the shape and volume of the cell 
resulting in swelling and rounding of the cells, as well as blebbing of the 
plasma membrane. 

Besides the induction of oncosis, there are several reports on metal 
drugs inducing paraptotic cell death (cyclometalated iridium(III) com
plexes (He et al., 2018), phosphorescent rhenium(I) complexes (Ye et al., 
2016), (salen)ruthenium(III) complex (Li et al., 2017a), phosphane 

copper(I) complexes (Marzano et al., 2006), thioxotriazole copper(II) 
complex A0 (Tardito et al., 2009), copper and zinc 2-(pyridin-2-yl)imi
dazo[1,2-a]pyridine complexes (Dam et al., 2017), as well as an inokitiol 
copper complex (Chen et al., 2017)). However, in most cases, the proof 
that they can overcome apoptosis resistance is still missing. 

3.8. Overcoming p53-mediated resistance 

Inactivating p53 mutations are frequently associated with decreased 
sensitivity to clinically used platinum drugs (Brabec and Kasparkova, 
2005; Lowe et al., 2004; Manic et al., 2003; Martinez-Balibrea et al., 
2015; Stewart, 2007). However, in contrast to the prevalent assumption 

Fig. 14. Metal drugs overcoming apoptosis resistance and inducing new forms of cell death.  
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that mutated p53 confers resistance to all platinum drugs, the activity of 
neither picoplatin (Pestell et al., 1998; Sharp et al., 2002), satraplatin 
(Fokkema et al., 2002; Martelli et al., 2007), nor LA-12 (Horvath et al., 
2006) or [Pt(BDIQQ)]Cl (Suntharalingam et al., 2014) was affected by 
cellular p53 status. BBR-3464 treatment too did not induce p53, and 
p53-mutated xenografts were even hypersensitive to this drug (Gatti 
et al., 2002; Pratesi et al., 1999). In contrast, p53/KO cells displayed 
resistance to BBR-3464-induced apoptosis (Harris et al., 2006). These 
findings are in accordance with data indicating that BBR-3464 and 
cisplatin differentially influence the binding of p53 to modified DNA 
(Kasparkova et al., 2004). In the case of the new oxaliplatin derivatives 
KP1537 and KP1691, a reduced impact of p53 loss on the anticancer 
activity against human colon cancer cells was described (Jungwirth 
et al., 2012). Regarding ruthenium compounds, the impact of the p53 
status seems largely dependent on the ligand sphere, oxidation state and 
structure of the ruthenium complex. Thus, for example, downregulation 
of p53 has been shown to significantly reduce the apoptosis induction of 
several ruthenium arene compounds (Gaiddon et al., 2005; Hayward 
et al., 2005; Smalley et al., 2007). In contrast, the p53 status seems to 
have only a minor impact on ruthenium(II) and osmium(II) iodide 
complexes of (p-cymene)(azo/imino-pyridine) (Romero-Canelon et al., 
2013). Moreover, KP1019 activity was not affected by the loss of p53 
(Heffeter et al., 2005). 

The abovementioned family of cobalt(II) and cobalt(III) tris(bipyr
idine) compounds tested by (Law et al., 2017) are also of interest with 
respect to p53. Here, several drugs, including [Co(4,4ʼ-dimethyl-2, 
2ʼ-bipyridine)3]3+ (compare Fig. 8), had significantly higher anticancer 
activity in HCT116 cells with p53/KO status than in the wild type 
counterpart. Finally, the anticancer activities of gallium maltolate 
(Chitambar et al., 2007), the lanthanum compound KP772 (Heffeter 
et al., 2006), and titanocene dichloride (Christodoulou et al., 1998) were 
not significantly influenced by the cellular p53 status suggesting a po
tential to overcome drug resistance associated with inactivating p53 
mutations. 

3.9. Overcoming drug resistance based on enhanced DNA damage repair 

In the 1970’s, it was already discovered that certain 1,2-diaminocy
clohexane (DACH)-containing platinum drugs were more active in cells 
with acquired platinum resistance (Jakupec et al., 2003). Subsequently, 
it was recognized that the bulky DACH ligand has substantial conse
quences on the processing of the formed DNA lesions resulting enhanced 
activity in MMR-deficient cancer cells. Thus, the approval of oxaliplatin 
against colon cancer can be considered a successful attempt to target 
(platinum) drug resistance based on reduced tolerance of DNA adducts 
(Jakupec et al., 2003). However, there are also indications that distinct 
differences in the uptake between cisplatin and oxaliplatin exist (as the 
latter seems to be primarily accumulated via organic anion transporter 
(Buß et al., 2018)), which could contribute to the variable activity 
profile of oxaliplatin. 

One drug that has been clinically developed specifically to treat 
drug-resistant cancer is BBR3464 (Fig. 15). This avenue was stimulated 
by the discovery that the multinuclear platinum complex exhibits a 
unique DNA-binding pattern distinct from other platinum drugs such as 
cisplatin. Consequently, BBR3464 was active in several cell models with 
acquired (platinum) drug resistance based on enhanced DNA damage 
tolerance (MMR loss) and repair (enhanced ERCC1/2 levels) such as the 
human ovarian carcinomas OAW42MER (Colella et al., 2001; Orlandi 
et al., 2001). BBR3464 was tested in several clinical phase I and II 
studies, e.g. in sensitive or refractory SCLC (NCT00014547), pancreatic 
(NCT00024362) and gastric/ gastro-esophageal adenocarcinoma 
(Hensing et al., 2006; Jodrell et al., 2004). However, the lack of activity 
based on a relatively small therapeutic window finally resulted in the 
discontinuation of its development. With the aim to design an improved 
version of the compound, a few years ago several “picoplatin de
rivatives” of BBR3464 were synthesized and biologically evaluated. 

Unfortunately, none of them could circumvent the resistance of 
A2780/cp70 cells (Brown et al., 2012). 

3.10. Overcoming resistance based on altered recognition by immune cells 

Based on the somewhat limited knowledge on the role of immune 
cells in the resistance against chemotherapy in general and metallodrugs 
in particular, it is not surprising that there are only very few attempts to 
specifically address this issue for new therapeutic approaches. One of 
them is the design of novel platinum drugs which are releasing immu
nomodulatory ligands. The rationale is that cancer cells are known to 
actively inhibit immune recognition through diverse mechanisms, 
including loss of the antigen-presenting machinery or expression of 
inhibitory molecules and enzymes that induce T cell suppression 
(Thommen and Schumacher, 2018). One such enzyme is indoleamine 2, 
3-dioxygenase (IDO) which catabolizes the amino acid tryptophan (Trp) 
to kynurenine (Kyn), a process which activates the aryl hydrocarbon 
receptor. This, in turn, inhibits T-cell activation and supports regulatory 
T-cell proliferation (Yentz and Smith, 2018). IDO expression in tumors 
has been frequently observed, and the interest in this enzyme is also 
reflected by the clinical development of several IDO inhibitors such as 
1-methyltryptophan (1-MT) (Coletti et al., 2017). Concerning platinum 
drugs, there is strong evidence that the combination with IDO inhibition 
(e.g. 1-MT) is highly synergistic (Lu et al., 2017; Muller et al., 2005; 
Wang et al., 2018). There are already some reports on 
nano-formulations combining platinum-based chemotherapy with IDO 
inhibitors (Awuah et al., 2015; Lu et al., 2017; Wang et al., 2018). 
However, two platinum-based prodrug approaches have also been re
ported (Awuah et al., 2015 and Poetsch et al 2021 in press. Yet, these 
drugs have not been tested in drug-resistant tumors. 

The only compound which has been investigated for its immuno
regulatory activity in drug-resistant cancer is CuNG (compare Fig. 7), 
which has been identified as potent immune modulator (Chakraborty 
et al., 2014). In more detail, the drug resulted in downregulation of both 
immune-suppressive Tregs (Mookerjee et al., 2006a) and MDSCs 
(Chakraborty et al., 2014) in ascites of doxorubicin-resistant EAC/
dox-bearing mice. This effect was tumor-specific as no suppression was 
detected in the bone marrow or spleen of the treated animals. Subse
quent analysis indicated that the downregulation of MDSC is not based 
on changed differentiation or inhibition of MDSC expansion but on T 
cell-induced apoptosis via the Fas/FasL axis (Chakraborty et al., 2014). 
Moreover, CuNG treatment increased the interferon γ-producing T cell 
population in the ascites of EAC/dox-bearing mice and splenic mono
nuclear cells from these animals induced apoptotic cell death in resistant 
cancer cells in cell culture in an interferon γ-dependent manner (Moo
kerjee et al., 2006a). In a follow-up study, the authors could show that 
these effects were based on CuNG-induced reprograming of 
tumor-associated macrophages (Chatterjee et al., 2009). Thus, CuNG 
treatment stimulated interleukin 12 release from macrophages (together 
with downregulation of interleukin 10 and tumor growth factor β), 
which in turn induced a shift from immunosuppressive Tregs towards an 
active Th1 cell population. Similar effects were also observed in pe
ripheral blood monocytes from patients with drug-resistant metastatic 
cancer. The CuNG-induced effects on macrophages were based on 
ROS-induced stimulation of the P38 and ERK signaling pathway 
(Chakraborty et al., 2012). Although there is no doubt that CuNG has a 
strong immunological component in its activity, the proof that this is 

Fig. 15. Metal drug overcoming resistance to enhanced DNA-damage repair.  
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especially true for drug-resistant cancer types is missing, as all studies 
have been performed solely in the resistant subclones without compar
ison to, e.g. chemosensitive EAC cells. 

4. Conclusions and future perspectives 

Drug resistance is one of the dominant obstacles for treatment suc
cess, especially at the late stage of the disease, resulting in death of 
numerous cancer patients worldwide. New metal complexes are 
continuously synthesized with the aim to improve anticancer therapy 
and surmount drug resistance. However, despite the fact that metal 
complexes can cover very different chemical properties and display a 
variety of mechanisms of actions, unlike organic compounds, the in
vestigations of their activity against drug-resistant cancer cells are rare 
and often at the very early stage of research. Consequently, the majority 
of metal complexes are only tested based on a “trial and error” approach. 
Thus, in most cases the data are not connected with the mechanisms 
underlying drug resistance of the tested cancer cell models. Moreover, 
the rational design of compounds with the aim to overcome/circumvent 
a specific form of drug resistance is rare resulting only in a small number 
of compounds which have been (pre)clinically developed. Finally, even 
in such cases, the respective cellular alteration(s) are usually not used as 
a biomarker in clinical trials. This seems surprising, considering that in 
case of (oncogene)-targeted therapy - like for example small-molecule 
tyrosine kinase inhibitors of the epithermal growth factor receptor 
(EGFR), it is state-of-the-art that the drugs are applied only to a specific 
patient subset that is positive for this biomarker (e.g. activating EGFR 
mutations) (Juchum et al., 2015; Xu et al., 2017). In contrast, in the case 
of many cytotoxic drugs including platinum therapeutics, no such 
clear-cut biomarkers are available. The rational design of (metal) drugs 
to circumvent or break specific forms of drug resistance might offer the 
chance to develop new drugs for improved therapy in a personalized 
manner. However, this will require a more tailored and rational drug 
evaluation process. 

The phenomenon of CS shows that drug resistance can even be 
exploited for anticancer therapy. This observation, that the acquisition 
of drug resistance features (such as overexpression of ABC pumps) 
renders cancer cells more collaterally sensitive to other drugs, has been 
addressed in diverse studies and inspired the development of multiple 
new compounds. Noteworthy, the compound classes associated with CS- 
inducing potential are very different and the mode of action of the 
observed CS of drug-resistant cancer cells are heavily discussed. This 
already indicates that the mechanisms underlying CS might be multi- 
facetted just as the mechanisms underlying drug resistance per se. As 
already stated above, in most cases, the term CS is used for targeting ABC 
transporter (mainly ABCB1)-overexpressing cancer cells. However, it 
can be expected that resistance to platinum drugs too will result in 
sensitivity to certain drugs. This needs to be addressed in future studies. 
Again, the elucidation of the mode of action underlying the specific 
forms of CS needs to result in a rational and tailored form of drug 
development resulting in personalized and biomarker-driven forms of 
anticancer therapy. 

In this review, we focused mainly on metal complexes, for which at 
least some promising details about their mechanism of action are re
ported. The reviewed data represent the first collection of metal com
plexes which exhibit an ability to surmount drug resistance. In most 
cases, this is only based on cell culture data and an in vivo confirmation is 
still missing. By this approach, we want to draw the attention to open 
research questions in the field. Future investigations are needed to 
provide more molecular insights into the mechanisms of action of the 
most potent compounds considering specific forms of drug resistance. 
This will provide a solid basis for the design of more potent derivatives. 
As metal drugs are very versatile compounds, they would offer the 
possibility to develop drugs with enhanced anticancer activity especially 
for late stage patients which have already developed highly drug- 
resistant forms of the disease. However, to this end, the individual 

modalities of drug resistance need to be carefully considered allowing 
the selection of the most appropriate patient cohort for successful clin
ical studies. This requires both a better understanding of the mecha
nisms responsible for drug resistance in the patient as well as a rational 
design and evaluation of new drugs based on the cumulated biological 
understanding. 
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Assaraf, Y.G., Pešić, M., 2020. Advanced technological tools to study multidrug 
resistance in cancer. Drug Resist Updat 48, 100658. 

Ang, W.H., De Luca, A., Chapuis-Bernasconi, C., Juillerat-Jeanneret, L., Lo Bello, M., 
Dyson, P.J., 2007. Organometallic ruthenium inhibitors of glutathione-S-transferase 
P1-1 as anticancer drugs. ChemMedChem 2, 1799–1806. 

Ang, W.H., Khalaila, I., Allardyce, C.S., Juillerat-Jeanneret, L., Dyson, P.J., 2005. 
Rational design of platinum(IV) compounds to overcome glutathione-S-transferase 
mediated drug resistance. J Am Chem Soc 127, 1382–1383. 

Ang, W.H., Parker, L.J., De Luca, A., Juillerat-Jeanneret, L., Morton, C.J., Lo Bello, M., 
Parker, M.W., Dyson, P.J., 2009. Rational Design of an Organometallic Glutathione 
Transferase Inhibitor. Angew Chem Int Ed 48, 3854–3857. 

Anthony, E.J., Bolitho, E.M., Bridgewater, H.E., Carter, O.W.L., Donnelly, J.M., 
Imberti, C., Lant, E.C., Lermyte, F., Needham, R.J., Palau, M., Sadler, P.J., Shi, H., 
Wang, F.X., Zhang, W.-Y., Zhang, Z., 2020. Metallodrugs are unique: opportunities 
and challenges of discovery and development. Chem Sci 11, 12888–12917. 

Ashe, P.C., Berry, M.D., 2003. Apoptotic signaling cascades. Prog 
Neuropsychopharmacol Biol Psychiatry 27, 199–214. 

Assaraf, Y.G., Brozovic, A., Gonçalves, A.C., Jurkovicova, D., Linē, A., Machuqueiro, M., 
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Stefanelli, A., Berger, W., Keppler, B.K., Heffeter, P., Kowol, C.R., 2020. Cancer Cell 
Resistance Against the Clinically Investigated Thiosemicarbazone COTI-2 Is Based on 
Formation of Intracellular Copper Complex Glutathione Adducts and ABCC1- 
Mediated Efflux. J Med Chem 63, 13719–13732. 

Boros, E., Dyson, P.J., Gasser, G., 2020. Classification of Metal-based Drugs According to 
Their Mechanisms of Action. Chem 6, 41–60. 

Bose, R.N., 2002. Biomolecular targets for platinum antitumor drugs. Mini Rev Med 
Chem 2, 103–111. 

Brabec, V., Kasparkova, J., 2005. Modifications of DNA by platinum complexes. Relation 
to resistance of tumors to platinum antitumor drugs. Drug Resist Updat 8, 131–146. 

Bram, E.E., Adar, Y., Mesika, N., Sabisz, M., Skladanowski, A., Assaraf, Y.G., 2009. 
Structural Determinants of Imidazoacridinones Facilitating Antitumor Activity Are 
Crucial for Substrate Recognition by ABCG2. Mol Pharmacol 75, 1149–1159. 

Bredel, M., 2001. Anticancer drug resistance in primary human brain tumors. Brain Res 
Brain Res Rev 35, 161–204. 

Brown, S.D., Trotter, K.D., Sutcliffe, O.B., Plumb, J.A., Waddell, B., Briggs, N.E.B., 
Wheate, N.J., 2012. Combining aspects of the platinum anticancer drugs picoplatin 
and BBR3464 to synthesize a new family of sterically hindered dinuclear complexes; 
their synthesis, binding kinetics and cytotoxicity. Dalton Trans 41, 11330–11339. 

Buß, I., Hamacher, A., Sarin, N., Kassack, M.U., Kalayda, G.V., 2018. Relevance of copper 
transporter 1 and organic cation transporters 1-3 for oxaliplatin uptake and drug 
resistance in colorectal cancer cells. Metallomics 10, 414–425. 

Cao, X., Hou, J., An, Q., Assaraf, Y.G., Wang, X., 2020. Towards the overcoming of 
anticancer drug resistance mediated by p53 mutations. Drug Resist Updat 49, 
100671. 

Catanzaro, D., Gaude, E., Orso, G., Giordano, C., Guzzo, G., Rasola, A., Ragazzi, E., 
Caparrotta, L., Frezza, C., Montopoli, M., 2015. Inhibition of glucose-6-phosphate 
dehydrogenase sensitizes cisplatin-resistant cells to death. Oncotarget 6, 
30102–30114. 

Chakraborty, P., Chatterjee, S., Ganguly, A., Saha, P., Adhikary, A., Das, T., 
Chatterjee, M., Choudhuri, S.K., 2012. Reprogramming of TAM toward 
proimmunogenic type through regulation of MAP kinases using a redox-active 
copper chelate. J Leukoc Biol 91, 609–619. 

Chakraborty, P., Das, S., Banerjee, K., Sinha, A., Roy, S., Chatterjee, M., Choudhuri, S.K., 
2014. A copper chelate selectively triggers apoptosis in myeloid-derived suppressor 
cells in a drug-resistant tumor model and enhances antitumor immune response. 
Immunopharmacol Immunotoxicol 36, 165–175. 

Chang, C.L., Hsu, Y.T., Wu, C.C., Lai, Y.Z., Wang, C., Yang, Y.C., Wu, T.C., Hung, C.F., 
2013. Dose-dense chemotherapy improves mechanisms of antitumor immune 
response. Cancer Res 73, 119–127. 

Chantret, I., Rodolosse, A., Barbat, A., Dussaulx, E., Brotlaroche, E., Zweibaum, A., 
Rousset, M., 1994. Differential Expression of Sucrase-Isomaltase in Clones Isolated 
from Early and Late Passages of the Cell-Line Caco-2 - Evidence for Glucose- 
Dependent Negative Regulation. J Cell Sci 107, 213–225. 

Chatterjee, S., Mookerjee, A., Basu, J.M., Chakraborty, P., Ganguly, A., Adhikary, A., 
Mukhopadhyay, D., Ganguli, S., Banerjee, R., Ashraf, M., Biswas, J., Das, P.K., Sa, G., 
Chatterjee, M., Das, T., Choudhuri, S.K., 2009. A novel copper chelate modulates 
tumor associated macrophages to promote anti-tumor response of T cells. PLoS One 
4, e7048. 

Cheff, D.M., Hall, M.D., 2018. Correction to A Drug of Such Damned Nature. Challenges 
and Opportunities in Translational Platinum Drug Research. J Med Chem 61, 8944. 

Chen, X., Zhang, X., Chen, J., Yang, Q., Yang, L., Xu, D., Zhang, P., Wang, X., Liu, J., 
2017. Hinokitiol copper complex inhibits proteasomal deubiquitination and induces 
paraptosis-like cell death in human cancer cells. Eur J Pharmacol 815, 147–155. 

Cheng, Q., Shi, H., Wang, H., Min, Y., Wang, J., Liu, Y., 2014. The ligation of aspirin to 
cisplatin demonstrates significant synergistic effects on tumor cells. Chem Commun 
50, 7427–7430. 

Chitambar, C.R., Purpi, D.P., Woodliff, J., Yang, M., Wereley, J.P., 2007. Development of 
gallium compounds for treatment of lymphoma: gallium maltolate, a novel 
hydroxypyrone gallium compound, induces apoptosis and circumvents lymphoma 
cell resistance to gallium nitrate. J Pharmacol Exp Ther 322, 1228–1236. 

Cho, J., Lee, Y., Lutzky, J., Redpath, L., Slater, L., 1995. Collateral sensitivity to radiation 
and cis-platinum in a multidrug-resistant human leukemia cell line. Cancer 
Chemother Pharmacol 37, 168–172. 

Choi, A.R., Jee Jo, M., Jung, M.J., Sik Kim, H., Yoon, S., 2015. Selenate specifically 
sensitizes drug-resistant cancer cells by increasing apoptosis via G2 phase cell cycle 
arrest without P-GP inhibition. Eur J Pharmacol 764, 63–69. 

Choi, M.K., Kim, D.D., 2006. Platinum transporters and drug resistance. Arch Pharm Res 
29, 1067–1073. 

Chow, M.J., Licona, C., Pastorin, G., Mellitzer, G., Ang, W.H., Gaiddon, C., 2016. 
Structural tuning of organoruthenium compounds allows oxidative switch to control 
ER stress pathways and bypass multidrug resistance. Chem Sci 7, 4117–4124. 

Choy, H., Park, C., Yao, M., 2008. Current status and future prospects for satraplatin, an 
oral platinum analogue. Clin Cancer Res 14, 1633–1638. 

Christodoulou, C.V., Eliopoulos, A.G., Young, L.S., Hodgkins, L., Ferry, D.R., Kerr, D.J., 
1998. Anti-proliferative activity and mechanism of action of titanocene dichloride. 
Br J Cancer 77, 2088–2097. 

Citta, A., Schuh, E., Mohr, F., Folda, A., Massimino, M.L., Bindoli, A., Casini, A., 
Rigobello, M.P., 2013. Fluorescent silver(I) and gold(I)-N-heterocyclic carbene 
complexes with cytotoxic properties: mechanistic insights. Metallomics 5, 
1006–1015. 

Ciuleanu, T., Samarzjia, M., Demidchik, Y., Beliakouski, V., Rancic, M., Bentsion, D.L., 
Orlov, S.V., Schaeffier, B.A., De Jager, R.L., Breitz, H.B., 2010. Randomized phase III 
study (SPEAR) of picoplatin plus best supportive care (BSC) or BSC alone in patients 
(pts) with SCLC refractory or progressive within 6 months after first-line platinum- 
based chemotherapy. J Clini Oncol 28. 

Colella, G., Pennati, M., Bearzatto, A., Leone, R., Colangelo, D., Manzotti, C., Daidone, M. 
G., Zaffaroni, N., 2001. Activity of a trinuclear platinum complex in human ovarian 
cancer cell lines sensitive and resistant to cisplatin: cytotoxicity and induction and 
gene-specific repair of DNA lesions. Brit J Cancer 84, 1387–1390. 

Coletti, A., Greco, F.A., Dolciami, D., Camaioni, E., Sardella, R., Pallotta, M.T., Volpi, C., 
Orabona, C., Grohmann, U., Macchiarulo, A., 2017. Advances in indoleamine 2,3- 
dioxygenase 1 medicinal chemistry. MedChemComm 8, 1378–1392. 

Cort, A., Ozben, T., Saso, L., De Luca, C., Korkina, L., 2016. Redox Control of Multidrug 
Resistance and Its Possible Modulation by Antioxidants. Oxid Med Cell Longev 
(2016), 4251912. 

Corte-Real, L., Karas, B., Girio, P., Moreno, A., Avecilla, F., Marques, F., Buckley, B.T., 
Cooper, K.R., Doherty, C., Falson, P., Garcia, M.H., Valente, A., 2019. Unprecedented 
inhibition of P-gp activity by a novel ruthenium-cyclopentadienyl compound bearing 
a bipyridine-biotin ligand. Eur J Med Chem 163, 853–863. 

Corte-Real, L., Mendes, F., Coimbra, J., Morais, T.S., Tomaz, A.I., Valente, A., Garcia, M. 
H., Santos, I., Bicho, M., Marques, F., 2014. Anticancer activity of structurally 
related ruthenium(II) cyclopentadienyl complexes. J Biol Inorg Chem 19, 853–867. 

Corte-Real, L., Teixeira, R.G., Girio, P., Comsa, E., Moreno, A., Nasr, R., Baubichon- 
Cortay, H., Avecilla, F., Marques, F., Robalo, M.P., Mendes, P., Ramalho, J.P.P., 
Garcia, M.H., Falson, P., Valente, A., 2018. Methyl-cyclopentadienyl Ruthenium 
Compounds with 2,2’-Bipyridine Derivatives Display Strong Anticancer Activity and 
Multidrug Resistance Potential. Inorg Chem 57, 4629–4639. 

Corti, A., Franzini, M., Paolicchi, A., Pompella, A., 2010. Gamma-glutamyltransferase of 
Cancer Cells at the Crossroads of Tumor Progression, Drug Resistance and Drug 
Targeting. Anticancer Res 30, 1169–1181. 

Cserepes, M., Turk, D., Toth, S., Pape, V.F.S., Gaal, A., Gera, M., Szabo, J.E., Kucsma, N., 
Varady, G., Vertessy, B.G., Streli, C., Szabo, P.T., Tovari, J., Szoboszlai, N., 
Szakacs, G., 2020. Unshielding Multidrug Resistant Cancer through Selective Iron 
Depletion of P-Glycoprotein-Expressing Cells. Cancer Res 80, 663–674. 

Cubo, L., Groessl, M., Dyson, P.J., Quiroga, A.G., Navarro-Ranninger, C., Casini, A., 
2010. Proteins as Possible Targets for Cytotoxic trans-Platinum(II) Complexes with 
Aliphatic Amine Ligands: Further Exceptions to the DNA Paradigm. ChemMedChem 
5, 1335–1343. 

A. Valente et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0085
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0085
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0085
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0085
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0085
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0090
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0090
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0090
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0095
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0095
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0095
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0095
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0100
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0100
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0100
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0105
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0105
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0105
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0110
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0110
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0110
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0110
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0115
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0115
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0115
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0115
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0115
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0120
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0120
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0120
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0120
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0125
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0125
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0130
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0130
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0130
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0130
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0135
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0135
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0135
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0140
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0140
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0140
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0145
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0145
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0145
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0150
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0150
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0160
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0160
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0165
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0165
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0170
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0170
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0175
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0175
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0175
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0180
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0180
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0185
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0185
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0185
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0185
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0190
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0190
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0190
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0195
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0195
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0195
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0200
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0200
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0200
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0200
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0205
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0205
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0205
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0205
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0210
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0210
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0210
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0210
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0215
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0215
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0215
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0220
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0220
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0220
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0220
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0225
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0225
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0225
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0225
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0225
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0230
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0230
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0235
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0235
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0235
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0240
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0240
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0240
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0250
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0250
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0250
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0255
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0255
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0255
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0260
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0260
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0265
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0265
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0265
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0270
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0270
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0275
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0275
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0275
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0280
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0280
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0280
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0280
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0285
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0285
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0285
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0285
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0285
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0290
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0290
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0290
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0290
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0295
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0295
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0295
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0300
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0300
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0300
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0305
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0305
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0305
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0305
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0310
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0310
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0310
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0320
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0320
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0320
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0325
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0325
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0325
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0325
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0330
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0330
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0330
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0330


Drug Resistance Updates 58 (2021) 100778

27

Cui, Q., Wang, J.Q., Assaraf, Y.G., Ren, L., Gupta, P., Wei, L., Ashby Jr., C.R., Yang, D.H., 
Chen, Z.S., 2018. Modulating ROS to overcome multidrug resistance in cancer. Drug 
Resist Updat 41, 1–25. 

Dabholkar, M., Thornton, K., Vionnet, J., Bostick-Bruton, F., Yu, J.J., Reed, E., 2000. 
Increased mRNA levels of xeroderma pigmentosum complementation group B (XPB) 
and Cockayne’s syndrome complementation group B (CSB) without increased mRNA 
levels of multidrug-resistance gene (MDR1) or metallothionein-II (MT-II) in 
platinum-resistant human ovarian cancer tissues. Biochem Pharmacol 60, 
1611–1619. 

Dam, J., Ismail, Z., Kurebwa, T., Gangat, N., Harmse, L., Marques, H.M., Lemmerer, A., 
Bode, M.L., de Koning, C.B., 2017. Synthesis of copper and zinc 2-(pyridin-2-yl) 
imidazo[1,2-a]pyridine complexes and their potential anticancer activity. Eur J Med 
Chem 126, 353–368. 

Damia, G., Broggini, M., 2019. Platinum Resistance in Ovarian Cancer: Role of DNA 
Repair. Cancers 11, 119. 

Daniels, T.R., Bernabeu, E., Rodriguez, J.A., Patel, S., Kozman, M., Chiappetta, D.A., 
Holler, E., Ljubimova, J.Y., Helguera, G., Penichet, M.L., 2012. The transferrin 
receptor and the targeted delivery of therapeutic agents against cancer. Biochim 
Biophys Acta 1820, 291–317. 

Das, T., Anand, U., Pandey, S.K., Ashby, C.R., Assaraf, Y.G., Chen, Z.S., Dey, A., 2021. 
Therapeutic strategies to overcome taxane resistance in cancer. Drug Resist Updat 
55, 100754. 

Deeley, R.G., Cole, S.P., 2006. Substrate recognition and transport by multidrug 
resistance protein 1 (ABCC1). FEBS Lett 580, 1103–1111. 

DeGorter, M.K., Xia, C.Q., Yang, J.J., Kim, R.B., 2012. Drug transporters in drug efficacy 
and toxicity. Annu Rev Pharmacol Toxicol 52, 249–273. 

den Heeten, R., Munoz, B.K., Popa, G., Laan, W., Kamer, P.C., 2010. Synthesis of hybrid 
transition-metalloproteins via thiol-selective covalent anchoring of Rh-phosphine 
and Ru-phenanthroline complexes. Dalton Trans 39, 8477–8483. 

Dhar, S., Lippard, S.J., 2009. Mitaplatin, a potent fusion of cisplatin and the orphan drug 
dichloroacetate. Proc Natl Acad Sci U S A 106, 22199–22204. 

Diesendruck, Y., Benhar, I., 2017. Novel immune check point inhibiting antibodies in 
cancer therapy-Opportunities and challenges. Drug Resist Updat 30, 39–47. 

Dijkgraaf, E.M., Heusinkveld, M., Tummers, B., Vogelpoel, L.T., Goedemans, R., Jha, V., 
Nortier, J.W., Welters, M.J., Kroep, J.R., van der Burg, S.H., 2013. Chemotherapy 
alters monocyte differentiation to favor generation of cancer-supporting M2 
macrophages in the tumor microenvironment. Cancer Res 73, 2480–2492. 

Dilda, P.J., Decollogne, S., Weerakoon, L., Norris, M.D., Haber, M., Allen, J.D., Hogg, P. 
J., 2009. Optimization of the Antitumor Efficacy of a Synthetic Mitochondrial Toxin 
by Increasing the Residence Time in the Cytosol. J Med Chem 52, 6209–6216. 

Dinic, J., Podolski-Renic, A., Jeremic, M., Pesic, M., 2018. Potential of Natural-Based 
Anticancer Compounds for P-Glycoprotein Inhibition. Curr Pharm Des 24, 
4334–4354. 

Doherty, B., Lawlor, D., Gillet, J.P., Gottesman, M., O’Leary, J.J., Stordal, B., 2014. 
Collateral sensitivity to cisplatin in KB-8-5-11 drug-resistant cancer cells. Anticancer 
Res 34, 503–507. 

Domenichini, A., Adamska, A., Falasca, M., 2019. ABC transporters as cancer drivers: 
Potential functions in cancer development. Biochim Biophys Acta Gen Subj 1863, 
52–60. 

Dominguez-Alvarez, E., Gajdacs, M., Spengler, G., Palop, J.A., Marc, M.A., Kiec- 
Kononowicz, K., Amaral, L., Molnar, J., Jacob, C., Handzlik, J., Sanmartin, C., 2016. 
Identification of selenocompounds with promising properties to reverse cancer 
multidrug resistance. Bioorg Med Chem Lett 26, 2821–2824. 

Domotor, O., Pape, V.F.S., May, N.V., Szakacs, G., Enyedy, E.A., 2017. Comparative 
solution equilibrium studies of antitumor ruthenium(eta(6)-p-cymene) and rhodium 
(eta(5)-C5Me5) complexes of 8-hydroxyquinolines. Dalton Trans 46, 4382–4396. 

Doyle, L.A., Yang, W., Abruzzo, L.V., Krogmann, T., Gao, Y., Rishi, A.K., Ross, D.D., 1998. 
A multidrug resistance transporter from human MCF-7 breast cancer cells. Proc Natl 
Acad Sci U S A 95, 15665–15670. 

Eckardt, J.R., Bentsion, D.L., Lipatov, O.N., Polyakov, I.S., Mackintosh, F.R., Karlin, D.A., 
Baker, G.S., Breitz, H.B., 2009. Phase II study of picoplatin as second-line therapy for 
patients with small-cell lung cancer. J Clin Oncol 27, 2046–2051. 

Efferth, T., Konkimalla, V.B., Wang, Y.F., Sauerbrey, A., Meinhardt, S., Zintl, F., 
Mattern, J., Volm, M., 2008. Prediction of broad spectrum resistance of tumors 
towards anticancer drugs. Clin Cancer Res 14, 2405–2412. 

Elliott, R.L., Head, J.F., 2006. Complete resolution of malignant ascites in stage IV breast 
cancer by peritoneal drainage and innovative chemoimmunotherapy: A case report. 
Cancer Biother Radiopharm 21, 138–145. 

Elliott, R.L., Stjernholm, R., Elliott, M.C., 1988. Preliminary Evaluation of Platinum 
Transferrin (Mptc-63) as a Potential Nontoxic Treatment for Breast-Cancer. Cancer 
Detect Prev 12, 469–480. 

Elshami, F.I., Ramadan, A.M., Ibrahim, M.M., El-Mehasseb, I.M., Al-Juaid, S., Shaban, S. 
Y., 2020. Metformin Containing Nickel (II) Complexes: Synthesis, Structural 
Characterization, Binding and Kinetic Interactions with BSA, Antibacterial and in- 
vitro Cytotoxicity Studies. Appl Organomet Chem 34. 

Englinger, B., Pirker, C., Heffeter, P., Terenzi, A., Kowol, C.R., Keppler, B.K., Berger, W., 
2019. Metal Drugs and the Anticancer Immune Response. Chem Rev 119, 
1519–1624. 

Faa, G., Gerosa, C., Fanni, D., Lachowicz, J.I., Nurchi, V.M., 2018. Gold - Old Drug with 
New Potentials. Curr Med Chem 25, 75–84. 

Fast, O.G., Gentry, B., Strouth, L., Niece, M.B., Beckford, F.A., Shell, S.M., 2019. 
Polynuclear ruthenium organometallic compounds induce DNA damage in human 
cells identified by the nucleotide excision repair factor XPC. Biosci Rep 39. 
BSR20190378.  

Ferreira, J.A., Peixoto, A., Neves, M., Gaiteiro, C., Reis, C.A., Assaraf, Y.G., Santos, L.L., 
2016. Mechanisms of cisplatin resistance and targeting of cancer stem cells: Adding 
glycosylation to the equation. Drug Resist Updat 24, 34–54. 

Finicle, B.T., Jayashankar, V., Edinger, A.L., 2018. Nutrient scavenging in cancer. Nat 
Rev Cancer 18, 619–633. 

Fischer-Fodor, E., Valean, A.M., Virag, P., Ilea, P., Tatomir, C., Imre-Lucaci, F., 
Schrepler, M.P., Krausz, L.T., Tudoran, L.B., Precup, C.G., Lupan, I., Hey- 
Hawkins, E., Silaghi-Dumitrescu, L., 2014. Gallium phosphinoarylbisthiolato 
complexes counteract drug resistance of cancer cells. Metallomics 6, 833–844. 

Fletcher, J.I., Williams, R.T., Henderson, M.J., Norris, M.D., Haber, M., 2016. ABC 
transporters as mediators of drug resistance and contributors to cancer cell biology. 
Drug Resist Updat 26, 1–9. 

Flocke, L.S., Trondl, R., Jakupec, M.A., Keppler, B.K., 2016. Molecular mode of action of 
NKP-1339 - a clinically investigated ruthenium-based drug - involves ER- and ROS- 
related effects in colon carcinoma cell lines. Invest New Drugs 34, 261–268. 

Florindo, P., Marques, I.J., Nunes, C.D., Fernandes, A.C., 2014. Synthesis, 
characterization and cytotoxicity of cyclopentadienyl ruthenium (II) complexes 
containing carbohydrate-derived ligands. J Organometal Chem 760, 240–247. 

Florindo, P.R., Pereira, D.M., Borralho, P.M., Costa, P.J., Piedade, M., Rodrigues, C.M., 
Fernandes, A.C., 2016. New [(η 5-C 5 H 5) Ru (N–N)(PPh 3)][PF 6] compounds: 
colon anticancer activity and GLUT-mediated cellular uptake of carbohydrate- 
appended complexes. Dalton Trans 45, 11926–11930. 

Florindo, P.R., Pereira, D.M., Borralho, P.M., Rodrigues, C.M., Piedade, M., Fernandes, A. 
C., 2015. Cyclopentadienyl–ruthenium (II) and iron (II) organometallic compounds 
with carbohydrate derivative ligands as good colorectal anticancer agents. J Med 
Chem 58, 4339–4347. 

Fokkema, E., Groen, H.J., Helder, M.N., de Vries, E.G., Meijer, C., 2002. JM216-, JM118-, 
and cisplatin-induced cytotoxicity in relation to platinum-DNA adduct formation, 
glutathione levels and p53 status in human tumour cell lines with different 
sensitivities to cisplatin. Biochem Pharmacol 63, 1989–1996. 

Fontana, F., Raimondi, M., Marzagalli, M., Di Domizio, A., Limonta, P., 2020. The 
emerging role of paraptosis in tumor cell biology: Perspectives for cancer prevention 
and therapy with natural compounds. Biochim Biophys Acta Rev Cancer 1873, 
188338. 

Fritzer, M., Barabas, K., Szuts, V., Berczi, A., Szekeres, T., Faulk, W.P., Goldenberg, H., 
1992. Cytotoxicity of a transferrin-adriamycin conjugate to anthracycline-resistant 
cells. Int J Cancer 52, 619–623. 

Fritzer, M., Szekeres, T., Szuts, V., Jarayam, H.N., Goldenberg, H., 1996. Cytotoxic 
effects of a doxorubicin-transferrin conjugate in multidrug-resistant KB cells. 
Biochem Pharmacol 51, 489–493. 

Gaiddon, C., Jeannequin, P., Bischoff, P., Pfeffer, M., Sirlin, C., Loeffler, J.P., 2005. 
Ruthenium (II)-derived organometallic compounds induce cytostatic and cytotoxic 
effects on mammalian cancer cell lines through p53-dependent and p53-independent 
mechanisms. J Pharmacol Exp Ther 315, 1403–1411. 

Gajdacs, M., Spengler, G., Sanmartin, C., Marc, M.A., Handzlik, J., Dominguez- 
Alvarez, E., 2017. Selenoesters and selenoanhydrides as novel multidrug resistance 
reversing agents: A confirmation study in a colon cancer MDR cell line. Bioorg Med 
Chem Lett 27, 797–802. 

Galadari, S., Rahman, A., Pallichankandy, S., Thayyullathil, F., 2017. Reactive oxygen 
species and cancer paradox: To promote or to suppress? Free Radic Biol Med 104, 
144–164. 

Galassi, R., Burini, A., Ricci, S., Pellei, M., Rigobello, M.P., Citta, A., Dolmella, A., 
Gandin, V., Marzano, C., 2012. Synthesis and characterization of azolate gold(I) 
phosphane complexes as thioredoxin reductase inhibiting antitumor agents. Dalton 
Trans 41, 5307–5318. 

Galluzzi, L., Buque, A., Kepp, O., Zitvogel, L., Kroemer, G., 2017. Immunogenic cell death 
in cancer and infectious disease. Nat Rev Immunol 17, 97–111. 

Gandin, V., Fernandes, A.P., Rigobello, M.P., Dani, B., Sorrentino, F., Tisato, F., 
Bjornstedt, M., Bindoli, A., Sturaro, A., Rella, R., Marzano, C., 2010. Cancer cell 
death induced by phosphine gold(I) compounds targeting thioredoxin reductase. 
Biochem Pharmacol 79, 90–101. 

Gandin, V., Khalkar, P., Braude, J., Fernandes, A.P., 2018. Organic selenium compounds 
as potential chemotherapeutic agents for improved cancer treatment. Free Radic Biol 
Med 127, 80–97. 

Ganguly, A., Basu, S., Chakraborty, P., Chatterjee, S., Sarkar, A., Chatterjee, M., 
Choudhuri, S.K., 2010. Targeting mitochondrial cell death pathway to overcome 
drug resistance with a newly developed iron chelate. PLoS One 5, e11253. 

Ganguly, A., Chakraborty, P., Banerjee, K., Chatterjee, S., Basu, S., Sarkar, A., 
Chatterjee, M., Choudhuri, S.K., 2012. Iron N-(2-hydroxy acetophenone) glycinate 
(FeNG), a non-toxic glutathione depletor circumvents doxorubicin resistance in 
Ehrlich ascites carcinoma cells in vivo. Biometals 25, 149–163. 

Garmann, D., Warnecke, A., Kalayda, G.V., Kratz, F., Jaehde, U., 2008. Cellular 
accumulation and cytotoxicity of macromolecular platinum complexes in cisplatin- 
resistant tumor cells. J Control Release 131, 100–106. 

Gasdaska, J.R., Gasdaska, P.Y., Gallegos, A., Powis, G., 1996. Human thioredoxin 
reductase gene localization to chromosomal position 12q23-q24.1 and mRNA 
distribution in human tissue. Genomics 37, 257–259. 

Gatti, L., Beretta, G.L., Carenini, N., Corna, E., Zunino, F., Perego, P., 2004. Gene 
expression profiles in the cellular response to a multinuclear platinum complexe. Cell 
Mol Life Sci 61, 973–981. 

Gatti, L., Supino, R., Perego, P., Pavesi, R., Caserini, C., Carenini, N., Righetti, S.C., 
Zuco, V., Zunino, F., 2002. Apoptosis and growth arrest induced by platinum 
compounds in U2-OS cells reflect a specific DNA damage recognition associated with 
a different p53-mediated response. Cell Death Diff 9, 1352–1359. 

Ghosh, R.D., Banerjee, K., Das, S., Ganguly, A., Chakraborty, P., Sarkar, A., 
Chatterjee, M., Choudhuri, S.K., 2013. A novel manganese complex, Mn-(II) N-(2- 

A. Valente et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0335
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0335
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0335
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0345
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0345
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0345
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0345
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0350
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0350
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0355
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0355
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0355
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0355
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0360
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0360
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0360
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0365
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0365
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0370
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0370
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0375
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0375
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0375
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0380
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0380
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0385
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0385
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0390
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0390
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0390
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0390
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0395
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0395
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0395
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0400
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0400
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0400
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0405
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0405
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0405
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0410
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0410
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0410
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0415
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0415
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0415
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0415
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0420
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0420
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0420
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0425
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0425
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0425
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0430
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0430
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0430
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0435
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0435
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0435
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0440
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0440
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0440
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0445
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0445
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0445
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0450
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0450
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0450
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0450
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0455
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0455
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0455
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0460
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0460
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0465
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0465
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0465
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0465
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0470
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0470
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0470
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0475
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0475
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0480
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0480
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0480
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0480
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0485
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0485
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0485
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0490
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0490
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0490
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0495
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0495
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0495
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0500
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0500
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0500
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0500
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0505
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0505
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0505
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0505
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0510
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0510
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0510
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0510
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0515
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0515
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0515
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0515
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0520
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0520
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0520
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0525
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0525
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0525
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0530
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0530
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0530
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0530
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0535
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0535
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0535
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0535
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0540
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0540
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0540
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0545
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0545
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0545
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0545
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0550
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0550
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0555
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0555
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0555
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0555
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0560
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0560
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0560
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0565
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0565
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0565
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0570
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0570
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0570
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0570
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0575
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0575
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0575
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0580
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0580
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0580
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0585
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0585
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0585
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0590
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0590
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0590
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0590
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0595
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0595


Drug Resistance Updates 58 (2021) 100778

28

hydroxy acetophenone) glycinate overcomes multidrug-resistance in cancer. Eur J 
Pharm Sci 49, 737–747. 

Ghosh, R.D., Chakraborty, P., Banerjee, K., Adhikary, A., Sarkar, A., Chatterjee, M., 
Das, T., Choudhuri, S.K., 2012. The molecular interaction of a copper chelate with 
human P-glycoprotein. Mol Cell Biochem 364, 309–320. 

Ghosh, R.D., Das, S., Ganguly, A., Banerjee, K., Chakraborty, P., Sarkar, A., 
Chatterjee, M., Nanda, A., Pradhan, K., Choudhuri, S.K., 2011. An in vitro and in 
vivo study of a novel zinc complex, zinc N-(2-hydroxyacetophenone)glycinate to 
overcome multidrug resistance in cancer. Dalton Trans 40, 10873–10884. 

Gibson, D., 2019. Multi-action Pt(IV) anticancer agents; do we understand how they 
work? J Inorg Biochem 191, 77–84. 

Golan, Y., Assaraf, Y.G., 2020. Genetic and Physiological Factors Affecting Human Milk 
Production and Composition. Nutrients 12. 

Golan, Y., Kambe, T., Assaraf, Y.G., 2017. The role of the zinc transporter SLC30A2/ZnT2 
in transient neonatal zinc deficiency. Metallomics 9, 1352–1366. 

Gonen, N., Assaraf, Y.G., 2012. Antifolates in cancer therapy: Structure, activity and 
mechanisms of drug resistance. Drug Resist Updat 15, 183–210. 

Gopalakrishnan, D., Ganeshpandian, M., Loganathan, R., Bhuvanesh, N.S.P., Sabina, X.J., 
Karthikeyan, J., 2017. Water soluble Ru(II)-arene complexes of the antidiabetic drug 
metformin: DNA and protein binding, molecular docking, cytotoxicity and apoptosis- 
inducing activity. RSC Adv 7, 37706–37719. 

Gottesman, M.M., Ludwig, J., Xia, D., Szakacs, G., 2006. Defeating drug resistance in 
cancer. Discov Med 6, 18–23. 

Gourdier, I., Crabbe, L., Andreau, K., Pau, B., Kroemer, G., 2004. Oxaliplatin-induced 
mitochondrial apoptotic response of colon carcinoma cells does not require nuclear 
DNA. Oncogene 23, 7449–7457. 

Green, D.R., 2005. Apoptotic pathways: ten minutes to dead. Cell 121, 671–674. 
Guan, R.L., Chen, Y., Zeng, L.L., Rees, T.W., Jin, C.Z., Huang, J.J., Chen, Z.S., Ji, L.N., 

Chao, H., 2018. Oncosis-inducing cyclometalated iridium(III) complexes. Chem Sci 
9, 5183–5190. 

Gupta, G., Garci, A., Murray, B.S., Dyson, P.J., Fabre, G., Trouillas, P., Giannini, F., 
Furrer, J., Suss-Fink, G., Therrien, B., 2013. Synthesis, molecular structure, 
computational study and in vitro anticancer activity of dinuclear thiolato-bridged 
pentamethylcyclopentadienyl Rh(III) and Ir(III) complexes. Dalton Trans 42, 
15457–15463. 

Habig, W.H., Jakoby, W.B., 1981. Glutathione S-transferases (rat and human). Methods 
Enzymol 77, 218–231. 

Hager, S., Pape, V.F.S., Posa, V., Montsch, B., Uhlik, L., Szakacs, G., Toth, S., 
Jabronka, N., Keppler, B.K., Kowol, C.R., Enyedy, E.A., Heffeter, P., 2020. High 
Copper Complex Stability and Slow Reduction Kinetics as Key Parameters for 
Improved Activity, Paraptosis Induction, and Impact on Drug-Resistant Cells of 
Anticancer Thiosemicarbazones. Antioxid Redox Signal 33, 395–414. 

Hall, M.D., Brimacombe, K.R., Varonka, M.S., Pluchino, K.M., Monda, J.K., Li, J., 
Walsh, M.J., Boxer, M.B., Warren, T.H., Fales, H.M., Gottesman, M.M., 2011. 
Synthesis and structure-activity evaluation of isatin-beta-thiosemicarbazones with 
improved selective activity toward multidrug-resistant cells expressing P- 
glycoprotein. J Med Chem 54, 5878–5889. 

Hall, M.D., Salam, N.K., Hellawell, J.L., Fales, H.M., Kensler, C.B., Ludwig, J.A., 
Szakacs, G., Hibbs, D.E., Gottesman, M.M., 2009. Synthesis, activity, and 
pharmacophore development for isatin-beta-thiosemicarbazones with selective 
activity toward multidrug-resistant cells. J Med Chem 52, 3191–3204. 

Hamilton, G., 2013. Picoplatin pharmacokinetics and chemotherapy of non-small cell 
lung cancer. Expert Opin Drug Metab Toxicol 9, 1381–1390. 

Han, Y., Yin, W., Li, J., Zhao, H., Zha, Z., Ke, W., Wang, Y., He, C., Ge, Z., 2018. 
Intracellular glutathione-depleting polymeric micelles for cisplatin prodrug delivery 
to overcome cisplatin resistance of cancers. J Control Release 273, 30–39. 

Hanahan, D., Weinberg, R.A., 2011. Hallmarks of cancer: the next generation. Cell 144, 
646–674. 

Hanif, M., Moon, S., Sullivan, M.P., Movassaghi, S., Kubanik, M., Goldstone, D.C., 
Sohnel, T., Jamieson, S.M., Hartinger, C.G., 2016. Anticancer activity of Ru- and Os 
(arene) compounds of a maleimide-functionalized bioactive pyridinecarbothioamide 
ligand. J Inorg Biochem 165, 100–107. 

Hanif, M., Nazarov, A.A., Legin, A., Groessl, M., Arion, V.B., Jakupec, M.A., Tsybin, Y.O., 
Dyson, P.J., Keppler, B.K., Hartinger, C.G., 2012. Maleimide-functionalised 
organoruthenium anticancer agents and their binding to thiol-containing 
biomolecules. Chem Comm 48, 1475–1477. 

Harper, M.E., Antoniou, A., Villalobos-Menuey, E., Russo, A., Trauger, R., 
Vendemelio, M., George, A., Bartholomew, R., Carlo, D., Shaikh, A., Kupperman, J., 
Newell, E.W., Bespalov, I.A., Wallace, S.S., Liu, Y., Rogers, J.R., Gibbs, G.L., Leahy, J. 
L., Camley, R.E., Melamede, R., Newell, M.K., 2002. Characterization of a novel 
metabolic strategy used by drug-resistant tumor cells. FASEB J 16, 1550–1557. 

Harris, A.L., Ryan, J.J., Farrell, N., 2006. Biological consequences of trinuclear platinum 
complexes: comparison of [[trans-PtCl(NH3)2]2mu-(trans-Pt(NH3)2(H2N(CH2)6- 
NH2)2)]4+ (BBR 3464) with its noncovalent congeners. Mol Pharmacol 69, 
666–672. 

Hayashi, N., Kataoka, H., Yano, S., Kikuchi, J.I., Tanaka, M., Nishie, H., Kinoshita, Y., 
Hatano, M., Nomoto, A., Ogawa, A., Inoue, M., Mizoshita, T., Shimura, T., Mori, Y., 
Kubota, E., Tanida, S., Joh, T., 2016. Anticancer Effects of a New Aminosugar- 
conjugated Platinum Complex Agent Against Cisplatin-resistant Gastric Cancer. 
Anticancer Res 36, 6005–6009. 

Hayes, J.D., Flanagan, J.U., Jowsey, I.R., 2005. GLUTATHIONE TRANSFERASES. Ann 
Rev Pharmacol Toxicol 45, 51–88. 

Hays, E., Bonavida, B., 2019. YY1 regulates cancer cell immune resistance by modulating 
PD-L1 expression. Drug Resist Updat 43, 10–28. 

Hayward, R.L., Schornagel, Q.C., Tente, R., Macpherson, J.S., Aird, R.E., Guichard, S., 
Habtemariam, A., Sadler, P., Jodrell, D.I., 2005. Investigation of the role of Bax, 

p21/Waf1 and p53 as determinants of cellular responses in HCT116 colorectal 
cancer cells exposed to the novel cytotoxic ruthenium(II) organometallic agent, 
RM175. Cancer Chemother Pharmacol 55, 577–583. 

He, L., Wang, K.N., Zheng, Y., Cao, J.J., Zhang, M.F., Tan, C.P., Ji, L.N., Mao, Z.W., 2018. 
Cyclometalated iridium(iii) complexes induce mitochondria-derived paraptotic cell 
death and inhibit tumor growth in vivo. Dalton Trans 47, 6942–6953. 

Heffeter, P., Jakupec, M.A., Korner, W., Chiba, P., Pirker, C., Dornetshuber, R., 
Elbling, L., Sutterluty, H., Micksche, M., Keppler, B.K., Berger, W., 2007. Multidrug- 
resistant cancer cells are preferential targets of the new antineoplastic lanthanum 
compound KP772 (FFC24). Biochem Pharmacol 73, 1873–1886. 

Heffeter, P., Jakupec, M.A., Korner, W., Wild, S., von Keyserlingk, N.G., Elbling, L., 
Zorbas, H., Korynevska, A., Knasmuller, S., Sutterluty, H., Micksche, M., Keppler, B. 
K., Berger, W., 2006. Anticancer activity of the lanthanum compound [tris(1,10- 
phenanthroline)lanthanum(III)]trithiocyanate (KP772; FFC24). Biochem Pharmacol 
71, 426–440. 

Heffeter, P., Jungwirth, U., Jakupec, M., Hartinger, C., Galanski, M., Elbling, L., 
Micksche, M., Keppler, B., Berger, W., 2008. Resistance against novel anticancer 
metal compounds: differences and similarities. Drug Resist Updat 11, 1–16. 

Heffeter, P., Pape, V.F.S., Enyedy, E.A., Keppler, B.K., Szakacs, G., Kowol, C.R., 2019. 
Anticancer Thiosemicarbazones: Chemical Properties, Interaction with Iron 
Metabolism, and Resistance Development. Antioxid Redox Signal 30, 1062–1082. 

Heffeter, P., Pongratz, M., Steiner, E., Chiba, P., Jakupec, M.A., Elbling, L., Marian, B., 
Korner, W., Sevelda, F., Micksche, M., Keppler, B.K., Berger, W., 2005. Intrinsic and 
acquired forms of resistance against the anticancer ruthenium compound KP1019 
[indazolium trans-[tetrachlorobis(1H-indazole)ruthenate (III)] (FFC14A). 
J Pharmacol Exp Ther 312, 281–289. 

Heffeter, P., Popovic-Bijelic, A., Saiko, P., Dornetshuber, R., Jungwirth, U., 
Voevodskaya, N., Biglino, D., Jakupec, M.A., Elbling, L., Micksche, M., Szekeres, T., 
Keppler, B.K., Graslund, A., Berger, W., 2009. Ribonucleotide reductase as one 
important target of [Tris(1,10-phenanthroline)lanthanum(III)] trithiocyanate 
(KP772). Curr Cancer Drug Targets 9, 595–607. 

Hegedus, C., Truta-Feles, K., Antalffy, G., Varady, G., Nemet, K., Ozvegy-Laczka, C., 
Keri, G., Orfi, L., Szakacs, G., Settleman, J., Varadi, A., Sarkadi, B., 2012. Interaction 
of the EGFR inhibitors gefitinib, vandetanib, pelitinib and neratinib with the ABCG2 
multidrug transporter: implications for the emergence and reversal of cancer drug 
resistance. Biochem Pharmacol 84, 260–267. 

Hensing, T.A., Hanna, N.H., Gillenwater, H.H., Camboni, M.G., Allievi, C., Socinski, M. 
A., 2006. Phase II study of BBR 3464 as treatment in patients with sensitive or 
refractory small cell lung cancer. Anti-Cancer Drug 17, 697–704. 

Hirama, M., Isonishi, S., Yasuda, M., Ishikawa, H., 2006. Characterization of 
mitochondria in cisplatin-resistant human ovarian carcinoma cells. Oncol Rep 16, 
997–1002. 

Hoffmann, K., Wisniewska, J., Wojtczak, A., Sitkowski, J., Denslow, A., Wietrzyk, J., 
Jakubowski, M., Lakomska, I., 2017. Rational design of dicarboxylato platinum(II) 
complexes with purine-mimetic ligands as novel anticancer agents. J Inorg Biochem 
172, 34–45. 

Holford, J., Beale, P.J., Boxall, F.E., Sharp, S.Y., Kelland, L.R., 2000. Mechanisms of drug 
resistance to the platinum complex ZD0473 in ovarian cancer cell lines. Eur J Cancer 
36, 1984–1990. 

Holford, J., Raynaud, F., Murrer, B.A., Grimaldi, K., Hartley, J.A., Abrams, M., Kelland, L. 
R., 1998a. Chemical, biochemical and pharmacological activity of the novel 
sterically hindered platinum co-ordination complex, cis-[amminedichloro(2- 
methylpyridine)] platinum(II) (AMD473). Anticancer Drug Des 13, 1–18. 

Holford, J., Sharp, S.Y., Murrer, B.A., Abrams, M., Kelland, L.R., 1998b. In vitro 
circumvention of cisplatin resistance by the novel sterically hindered platinum 
complex AMD473. Br J Cancer 77, 366–373. 

Hoogenboezem, E.N., Duvall, C.L., 2018. Harnessing albumin as a carrier for cancer 
therapies. Adv Drug Deliver Rev 130, 73–89. 

Horvath, V., Blanarova, O., Svihalkova-Sindlerova, L., Soucek, K., Hofmanova, J., 
Sova, P., Kroutil, A., Fedorocko, P., Kozubik, A., 2006. Platinum(IV) complex with 
adamantylamine overcomes intrinsic resistance to cisplatin in ovarian cancer cells. 
Gynecol Oncol 102, 32–40. 

Howell, S.B., Safaei, R., Larson, C.A., Sailor, M.J., 2010. Copper transporters and the 
cellular pharmacology of the platinum-containing cancer drugs. Mol Pharmacol 77, 
887–894. 

Hrabeta, J., Adam, V., Eckschlager, T., Frei, E., Stiborova, M., Kizek, R., 2016. Metal 
Containing Cytostatics and Their Interaction with Cellular Thiol Compounds Causing 
Chemoresistance. Anti Cancer Agent Med Chem 16, 686–698. 

Hrubisko, M., McGown, A.T., Fox, B.W., 1993. The role of metallothionein, glutathione, 
glutathione S-transferases and DNA repair in resistance to platinum drugs in a series 
of L1210 cell lines made resistant to anticancer platinum agents. Biochem Pharmacol 
45, 253–256. 

Hsieh, J.L., Lu, C.S., Huang, C.L., Shieh, G.S., Su, B.H., Su, Y.C., Lee, C.H., Chang, M.Y., 
Wu, C.L., Shiau, A.L., 2012. Acquisition of an enhanced aggressive phenotype in 
human lung cancer cells selected by suboptimal doses of cisplatin following cell 
deattachment and reattachment. Cancer Lett 321, 36–44. 

Icard, P., Shulman, S., Farhat, D., Steyaert, J.M., Alifano, M., Lincet, H., 2018. How the 
Warburg effect supports aggressiveness and drug resistance of cancer cells? Drug 
Resist Updat 38, 1–11. 

Jakupec, M.A., Galanski, M., Keppler, B.K., 2003. Tumour-inhibiting platinum 
complexes-state of the art and future perspectives. Rev Physiol Biochem Pharmacol 
146, 1–53. 

Jansson, P.J., Yamagishi, T., Arvind, A., Seebacher, N., Gutierrez, E., Stacy, A., 
Maleki, S., Sharp, D., Sahni, S., Richardson, D.R., 2015. Di-2-pyridylketone 4,4- 
dimethyl-3-thiosemicarbazone (Dp44mT) overcomes multidrug resistance by a novel 

A. Valente et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0595
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0595
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0600
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0600
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0600
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0605
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0605
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0605
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0605
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0610
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0610
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0615
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0615
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0620
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0620
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0625
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0625
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0630
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0630
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0630
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0630
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0635
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0635
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0640
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0640
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0640
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0645
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0650
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0650
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0650
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0655
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0655
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0655
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0655
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0655
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0660
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0660
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0665
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0665
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0665
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0665
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0665
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0670
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0670
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0670
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0670
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0670
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0675
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0675
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0675
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0675
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0680
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0680
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0685
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0685
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0685
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0690
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0690
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0695
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0695
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0695
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0695
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0700
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0700
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0700
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0700
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0705
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0705
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0705
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0705
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0705
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0710
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0710
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0710
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0710
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0715
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0715
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0715
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0715
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0715
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0720
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0720
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0725
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0725
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0730
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0730
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0730
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0730
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0730
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0735
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0735
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0735
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0740
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0740
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0740
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0740
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0745
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0745
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0745
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0745
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0745
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0750
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0750
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0750
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0755
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0755
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0755
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0760
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0760
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0760
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0760
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0760
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0765
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0765
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0765
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0765
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0765
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0770
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0770
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0770
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0770
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0770
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0775
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0775
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0775
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0780
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0780
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0780
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0785
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0785
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0785
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0785
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0790
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0790
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0790
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0795
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0795
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0795
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0795
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0800
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0800
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0800
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0805
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0805
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0810
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0810
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0810
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0810
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0815
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0815
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0815
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0820
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0820
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0820
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0825
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0825
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0825
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0825
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0830
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0830
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0830
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0830
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0835
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0835
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0835
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0840
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0840
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0840
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0845
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0845
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0845


Drug Resistance Updates 58 (2021) 100778

29

mechanism involving the hijacking of lysosomal P-glycoprotein (Pgp). J Biol Chem 
290, 9588–9603. 

Jin, S.X., Guo, Y., Song, D.F., Zhu, Z.Z., Zhang, Z.Q., Sun, Y.W., Yang, T., Guo, Z.J., 
Wang, X.Y., 2019. Targeting Energy Metabolism by a Platinum(IV) Prodrug as an 
Alternative Pathway for Cancer Suppression. Inorg Chem 58, 6507–6516. 

Jodrell, D.I., Evans, T.R.J., Steward, W., Cameron, D., Prendiville, J., Aschele, C., 
Noberasco, C., Lind, M., Carmichael, J., Dobbs, N., Camboni, G., Gatti, B., De 
Braud, F., 2004. Phase II studies of BBR3464, a novel tri-nuclear platinum complex, 
in patients with gastric or gastro-oesopliageal adenocarcinoma. Eur J Can 40, 
1872–1877. 

Johnson, S.W., Shen, D., Pastan, I., Gottesman, M.M., Hamilton, T.C., 1996. Cross- 
resistance, cisplatin accumulation, and platinum-DNA adduct formation and removal 
in cisplatin-sensitive and -resistant human hepatoma cell lines. Exp Cell Res 226, 
133–139. 

Johnstone, T.C., Kulak, N., Pridgen, E.M., Farokhzad, O.C., Langer, R., Lippard, S.J., 
2013. Nanoparticle Encapsulation of Mitaplatin and the Effect Thereof on In Vivo 
Properties. ACS Nano 7, 5675–5683. 

Johnstone, T.C., Suntharalingam, K., Lippard, S.J., 2016. The Next Generation of 
Platinum Drugs: Targeted Pt(II) Agents, Nanoparticle Delivery, and Pt(IV) Prodrugs. 
Chem Rev 116, 3436–3486. 

Jonsson-Videsater, K., Andersson, G., Bergh, J., Paul, C., 2003. Doxorubicin-resistant, 
MRP1-expressing U-1285 cells are sensitive to idarubicin. Ther Drug Monit 25, 
331–339. 

Juchum, M., Gunther, M., Laufer, S.A., 2015. Fighting cancer drug resistance: 
Opportunities and challenges for mutation-specific EGFR inhibitors. Drug Resist 
Updat 20, 12–28. 

Jungwirth, U., Kowol, C.R., Keppler, B.K., Hartinger, C.G., Berger, W., Heffeter, P., 2011. 
Anticancer activity of metal complexes: involvement of redox processes. Antioxid 
Redox Signal 15, 1085–1127. 

Jungwirth, U., Xanthos, D.N., Gojo, J., Bytzek, A.K., Korner, W., Heffeter, P., 
Abramkin, S.A., Jakupec, M.A., Hartinger, C.G., Windberger, U., Galanski, M., 
Keppler, B.K., Berger, W., 2012. Anticancer activity of methyl-substituted oxaliplatin 
analogs. Mol Pharmacol 81, 719–728. 

Kankotia, S., Stacpoole, P.W., 2014. Dichloroacetate and cancer: new home for an 
orphan drug? Biochim Biophys Acta 1846, 617–629. 

Karwatsky, J., Lincoln, M.C., Georges, E., 2003. A mechanism for P-glycoprotein- 
mediated apoptosis as revealed by verapamil hypersensitivity. Biochem 42, 
12163–12173. 

Kasparkova, J., Fojta, M., Farrell, N., Brabec, V., 2004. Differential recognition by the 
tumor suppressor protein p53 of DNA modified by the novel antitumor trinuclear 
platinum drug BBR3464 and cisplatin. Nucleic Acids Res 32, 5546–5552. 

Kazan, H.H., Urfali-Mamatoglu, C., Gunduz, U., 2017. Iron metabolism and drug 
resistance in cancer. Biometals 30, 629–641. 

Kearns, P.R., Hall, A.G., 1999. Microtiter plate technique for the measurement of 
glutathione in fresh and cryopreserved lymphoblasts using the enzyme recycling 
method. Methods Mol Med 28, 83–90. 

Kelland, L.R., Abel, G., McKeage, M.J., Jones, M., Goddard, P.M., Valenti, M., Murrer, B. 
A., Harrap, K.R., 1993. Preclinical antitumor evaluation of bis-acetato-ammine- 
dichloro-cyclohexylamine platinum(IV): an orally active platinum drug. Cancer Res 
53, 2581–2586. 

Kenny, R.G., Marmion, C.J., 2019. Toward Multi-Targeted Platinum and Ruthenium 
Drugs-A New Paradigm in Cancer Drug Treatment Regimens? Chem Rev 119, 
1058–1137. 

Kim, Y.K., Song, Y.J., Seo, D.W., Kang, D.W., Lee, H.Y., Rhee, D.K., Han, J.W., Ahn, C.M., 
Lee, S., Kim, S.N., 2007. Reversal of multidrug resistance by 4-chloro-N-(3-((E)-3-(4- 
hydroxy-3-methoxyphenyl)acryloyl)phenyl)benzamide through the reversible 
inhibition of P-glycoprotein. Biochem Biophys Res Commun 355, 136–142. 

Kladnik, J., Coverdale, J.P.C., Kljun, J., Burmeister, H., Lippman, P., Ellis, F.G., Jones, A. 
M., Ott, I., Romero-Canelon, I., Turel, I., 2021. Organoruthenium Complexes with 
Benzo-Fused Pyrithiones Overcome Platinum Resistance in Ovarian Cancer Cells. 
Cancers 13, 2493. 

Kladnik, J., Kljun, J., Burmeister, H., Ott, I., Romero-Canelon, I., Turel, I., 2019. Towards 
Identification of Essential Structural Elements of Organoruthenium(II)-Pyrithionato 
Complexes for Anticancer Activity. Chem Eur J 25, 14169–14182. 

Knopf, K.M., Murphy, B.L., MacMillan, S.N., Baskin, J.M., Barr, M.P., Boros, E., Wilson, J. 
J., 2017. In vitro anticancer activity and in vivo biodistribution of rhenium (I) 
tricarbonyl aqua complexes. J AmChem Soc 139, 14302–14314. 

Kon, E., Benhar, I., 2019. Immune checkpoint inhibitor combinations: Current efforts and 
important aspects for success. Drug Resist Updat 45, 13–29. 

Konig, M., Siegmund, D., Raszeja, L.J., Prokop, A., Metzler-Nolte, N., 2018. Resistance- 
breaking profiling and gene expression analysis on an organometallic Re(I)- 
phenanthridine complex reveal parallel activation of two apoptotic pathways. 
MedChemComm 9, 173–180. 

Konkankit, C.C., Vaughn, B.A., MacMillan, S.N., Boros, E., Wilson, J.J., 2019. 
Combinatorial Synthesis to Identify a Potent, Necrosis-Inducing Rhenium Anticancer 
Agent. Inorg Chem 58, 3895–3909. 

Kotoh, S., Naito, S., Yokomizo, A., Kumazawa, J., Asakuno, K., Kohno, K., Kuwano, M., 
1994. Increased expression of DNA topoisomerase I gene and collateral sensitivity to 
camptothecin in human cisplatin-resistant bladder cancer cells. Cancer Res 54, 
3248–3252. 

Kratz, F., 2008. Albumin as a drug carrier: design of prodrugs, drug conjugates and 
nanoparticles. J Control Release 132, 171–183. 

Kryeziu, K., Jungwirth, U., Hoda, M.A., Ferk, F., Knasmuller, S., Karnthaler-Benbakka, C., 
Kowol, C.R., Berger, W., Heffeter, P., 2013. Synergistic anticancer activity of arsenic 
trioxide with erlotinib is based on inhibition of EGFR-mediated DNA double-strand 
break repair. Mol Cancer Ther 12, 1073–1084. 

Kuo, M.T., Chen, H.H., Song, I.S., Savaraj, N., Ishikawa, T., 2007. The roles of copper 
transporters in cisplatin resistance. Cancer Metastasis Rev 26, 71–83. 

Kuo, Y.M., Zhou, B., Cosco, D., Gitschier, J., 2001. The copper transporter CTR1 provides 
an essential function in mammalian embryonic development. Proc Natl Acad Sci U S 
A 98, 6836–6841. 

Lai, Y.H., Kuo, C., Kuo, M.T., Chen, H.H.W., 2018. Modulating Chemosensitivity of 
Tumors to Platinum-Based Antitumor Drugs by Transcriptional Regulation of Copper 
Homeostasis. Int J Mol Sci 19. 

Lanzi, C., Perego, P., Supino, R., Romanelli, S., Pensa, T., Carenini, N., Viano, I., 
Colangelo, D., Leone, R., Apostoli, P., Cassinelli, G., Gambetta, R.A., Zunino, F., 
1998. Decreased drug accumulation and increased tolerance to DNA damage in 
tumor cells with a low level of cisplatin resistance. Biochem Pharmacol 55, 
1247–1254. 

Larson, C.A., Blair, B.G., Safaei, R., Howell, S.B., 2009. The role of the mammalian 
copper transporter 1 in the cellular accumulation of platinum-based drugs. Mol 
Pharmacol 75, 324–330. 

Law, B.Y.K., Qu, Y.Q., Mok, S.W.F., Liu, H., Zeng, W., Han, Y., Gordillo-Martinez, F., 
Chan, W.K., Wong, K.M., Wong, V.K.W., 2017. New perspectives of cobalt tris 
(bipyridine) system: anti-cancer effect and its collateral sensitivity towards 
multidrug-resistant (MDR) cancers. Oncotarget 8, 55003–55021. 

Lee, B.H., Lee, C.O., Kwon, M.J., Yi, K.Y., Yoo, S.E., Choi, S.U., 2003. Differential effects 
of the optical isomers of KR30031 on cardiotoxicity and on multidrug resistance 
reversal activity. Anticancer Drugs 14, 175–181. 

Lee, D., Kim, I.Y., Saha, S., Choi, K.S., 2016. Paraptosis in the anti-cancer arsenal of 
natural products. Pharmacol Ther 162, 120–133. 

Lee, J., Pena, M.M., Nose, Y., Thiele, D.J., 2002. Biochemical characterization of the 
human copper transporter Ctr1. J Biol Chem 277, 4380–4387. 

Lee, K.G.Z., Babak, M.V., Weiss, A., Dyson, P.J., Nowak-Sliwinska, P., Montagner, D., 
Ang, W.H., 2018. Development of an Efficient Dual-Action GST-Inhibiting 
Anticancer Platinum(IV) Prodrug. ChemMedChem 13, 1210–1217. 

Leist, M., Jaattela, M., 2001. Four deaths and a funeral: from caspases to alternative 
mechanisms. Nat Rev Mol Cell Biol 2, 589–598. 

Leonetti, A., Wever, B., Mazzaschi, G., Assaraf, Y.G., Rolfo, C., Quaini, F., Tiseo, M., 
Giovannetti, E., 2019. Molecular basis and rationale for combining immune 
checkpoint inhibitors with chemotherapy in non-small cell lung cancer. Drug Resist 
Updat 46, 100644. 

Leonidova, A., Gasser, G., 2014. Underestimated potential of organometallic rhenium 
complexes as anticancer agents. ACS Chem Biol 9, 2180–2193. 

Lepeltier, E., Rijo, P., Rizzolio, F., Popovtzer, R., Petrikaite, V., Assaraf, Y.G., 
Passirani, C., 2020. Nanomedicine to target multidrug resistant tumors. Drug Resist 
Updat 52, 100704. 

Letavayova, L., Vlckova, V., Brozmanova, J., 2006. Selenium: from cancer prevention to 
DNA damage. Toxicology 227, 1–14. 

Li, C., Ip, K.W., Man, W.L., Song, D., He, M.L., Yiu, S.M., Lau, T.C., Zhu, G., 2017a. 
Cytotoxic (salen)ruthenium(iii) anticancer complexes exhibit different modes of cell 
death directed by axial ligands. Chem Sci 8, 6865–6870. 

Li, H., Hu, J., Wu, S., Wang, L., Cao, X., Zhang, X., Dai, B., Cao, M., Shao, R., Zhang, R., 
Majidi, M., Ji, L., Heymach, J.V., Wang, M., Pan, S., Minna, J., Mehran, R.J., 
Swisher, S.G., Roth, J.A., Fang, B., 2016a. Auranofin-mediated inhibition of PI3K/ 
AKT/mTOR axis and anticancer activity in non-small cell lung cancer cells. 
Oncotarget 7, 3548–3558. 

Li, S., Li, C., Jin, S., Liu, J., Xue, X., Eltahan, A.S., Sun, J., Tan, J., Dong, J., Liang, X.J., 
2017b. Overcoming resistance to cisplatin by inhibition of glutathione S-transferases 
(GSTs) with ethacraplatin micelles in vitro and in vivo. Biomaterials 144, 119–129. 

Li, W., Zhang, H., Assaraf, Y.G., Zhao, K., Xue, X.J., Xie, J.B., Yang, D.H., Chen, Z.S., 
2016b. Overcoming ABC transporter-mediated multidrug resistance: Molecular 
mechanisms and novel therapeutic drug strategies. Drug Resist Update 27, 14–29. 

Lincoln, D.T., Ali Emadi, E.M., Tonissen, K.F., Clarke, F.M., 2003. The thioredoxin- 
thioredoxin reductase system: over-expression in human cancer. Anticancer Res 23, 
2425–2433. 

Lipponer, K.G., Vogel, E., Keppler, B.K., 1996. Synthesis, Characterization and Solution 
Chemistry of trans-Indazoliumtetrachlorobis(Indazole)Ruthenate(III), a New 
Anticancer Ruthenium Complex. IR, UV, NMR, HPLC Investigations and Antitumor 
Activity. Crystal Structures of trans-1-Methyl-Indazoliumtetrachlorobis-(1- 
Methylindazole)Ruthenate(III) and its Hydrolysis Product trans- 
Monoaquatrichlorobis-(1-Methylindazole)-Ruthenate(III). Met Based Drugs 3, 
243–260. 

Liu, R., Fu, Z., Zhao, M., Gao, X., Li, H., Mi, Q., Liu, P., Yang, J., Yao, Z., Gao, Q., 2017a. 
GLUT1-mediated selective tumor targeting with fluorine containing platinum(II) 
glycoconjugates. Oncotarget 8, 39476–39496. 

Liu, W., Jiang, J., Xu, Y., Hou, S., Sun, L., Ye, Q., Lou, L., 2015. Design, synthesis and 
anticancer activity of diam(m)ine platinum(II) complexes bearing a small-molecular 
cell apoptosis inducer dichloroacetate. J Inorg Biochem 146, 14–18. 

Liu, W., Su, J., Jiang, J., Li, X., Ye, Q., Zhou, H., Chen, J., Li, Y., 2013. Two mixed-NH3/ 
amine platinum (II) anticancer complexes featuring a dichloroacetate moiety in the 
leaving group. Sci Rep 3, 2464. 

Liu, Y., He, C., Huang, X., 2017b. Metformin partially reverses the carboplatin-resistance 
in NSCLC by inhibiting glucose metabolism. Oncotarget 8, 75206–75216. 

Livney, Y.D., Assaraf, Y.G., 2013. Rationally designed nanovehicles to overcome cancer 
chemoresistance. Adv Drug Deliver Rev 65, 1716–1730. 

Longley, D.B., Johnston, P.G., 2005. Molecular mechanisms of drug resistance. J Pathol 
205, 275–292. 

LoPachin, R.M., Geohagen, B.C., Nordstroem, L.U., 2019. Mechanisms of soft and hard 
electrophile toxicities. Toxicology 418, 62–69. 

Lord, R.M., Hebden, A.J., Pask, C.M., Henderson, I.R., Allison, S.J., Shepherd, S.L., 
Phillips, R.M., McGowan, P.C., 2015. Hypoxia-Sensitive Metal beta-Ketoiminato 

A. Valente et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0845
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0845
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0850
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0850
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0850
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0855
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0855
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0855
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0855
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0855
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0860
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0860
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0860
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0860
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0865
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0865
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0865
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0870
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0870
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0870
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0875
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0875
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0875
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0880
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0880
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0880
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0885
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0885
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0885
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0890
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0890
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0890
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0890
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0895
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0895
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0900
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0900
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0900
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0905
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0905
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0905
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0910
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0910
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0915
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0915
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0915
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0920
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0920
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0920
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0920
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0925
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0925
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0925
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0930
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0930
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0930
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0930
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0935
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0935
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0935
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0935
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0940
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0940
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0940
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0945
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0945
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0945
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0950
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0950
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0955
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0955
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0955
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0955
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0960
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0960
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0960
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0965
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0965
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0965
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0965
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0970
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0970
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0975
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0975
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0975
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0975
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0980
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0980
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0985
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0985
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0985
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0990
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0990
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0990
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0995
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0995
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0995
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0995
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref0995
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1000
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1000
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1000
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1005
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1005
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1005
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1005
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1010
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1010
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1010
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1015
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1015
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1020
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1020
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1025
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1025
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1025
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1030
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1030
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1035
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1035
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1035
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1035
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1040
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1040
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1045
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1045
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1045
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1050
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1050
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1055
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1055
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1055
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1060
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1060
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1060
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1060
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1060
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1065
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1065
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1065
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1070
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1070
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1070
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1075
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1075
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1075
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1080
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1085
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1085
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1085
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1090
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1090
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1090
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1095
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1095
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1095
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1100
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1100
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1105
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1105
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1110
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1110
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1115
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1115
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1120
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1120


Drug Resistance Updates 58 (2021) 100778

30

Complexes Showing Induced Single-Strand DNA Breaks and Cancer Cell Death by 
Apoptosis. J Med Chem 58, 4940–4953. 

Lowe, S.W., Cepero, E., Evan, G., 2004. Intrinsic tumour suppression. Nature 432, 
307–315. 

Lu, J., Holmgren, A., 2009. Selenoproteins. J Biol Chem 284, 723–727. 
Lu, J., Liu, X., Liao, Y.P., Salazar, F., Sun, B., Jiang, W., Chang, C.H., Jiang, J., Wang, X., 

Wu, A.M., Meng, H., Nel, A.E., 2017. Nano-enabled pancreas cancer immunotherapy 
using immunogenic cell death and reversing immunosuppression. Nature Comm 8, 
1811. 

Lushchak, V.I., 2012. Glutathione homeostasis and functions: potential targets for 
medical interventions. J Amino Acids 2012, 736837. 

Ma, J., Liu, H.F., Xi, Z.Q., Hou, J.Z., Li, Y.G., Niu, J., Liu, T., Bi, S.N., Wang, X., Wang, C. 
J., Wang, J.J., Xie, S.Q., Wang, P.G., 2018. Protected and De-protected Platinum(IV) 
Glycoconjugates With GLUT1 and OCT2-Mediated Selective Cancer Targeting: 
Demonstrated Enhanced Transporter-Mediated Cytotoxic Properties in vitro and in 
vivo. Front Chem 6, 386. 

Majumder, S., Dutta, P., Mookerjee, A., Choudhuri, S.K., 2006a. The role of a novel 
copper complex in overcoming doxorubicin resistance in Ehrlich ascites carcinoma 
cells in vivo. Chem Biol Interact 159, 90–103. 

Majumder, S., Dutta, P., Mukherjee, P., Datta, E.R., Efferth, T., Bhattacharya, S., 
Choudhuri, S.K., 2006b. Reversal of drug resistance in P-glycoprotein-expressing T- 
cell acute lymphoblastic CEM leukemia cells by copper N-(2-hydroxy acetophenone) 
glycinate and oxalyl bis (N-phenyl) hydroxamic acid. Cancer Lett 244, 16–23. 

Majumder, S., Panda, G.S., Kumar Choudhuri, S., 2003. Synthesis, characterization and 
biological properties of a novel copper complex. Eur J Med Chem 38, 893–898. 

Makovec, T., 2019. Cisplatin and beyond: molecular mechanisms of action and drug 
resistance development in cancer chemotherapy. Radiol Oncol 53, 148–158. 

Manic, S., Gatti, L., Carenini, N., Fumagalli, G., Zunino, F., Perego, P., 2003. Mechanisms 
controlling sensitivity to platinum complexes: role of p53 and DNA mismatch repair. 
Curr Cancer Drug Targets 3, 21–29. 

Mao, Q., Unadkat, J.D., 2015. Role of the breast cancer resistance protein (BCRP/ 
ABCG2) in drug transport–an update. AAPS J 17, 65–82. 

Margiotta, N., Natile, G., Capitelli, F., Fanizzi, F.P., Boccarelli, A., De Rinaldis, P., 
Giordano, D., Coluccia, M., 2006. Sterically hindered complexes of platinum(II) with 
planar heterocyclic nitrogen donors. A novel complex with 1-methyl-cytosine has a 
spectrum of activity different from cisplatin and is able of overcoming acquired 
cisplatin resistance. J Inorg Biochem 100, 1849–1857. 

Marin, J.J.G., Cives-Losada, C., Asensio, M., Lozano, E., Briz, O., Macias, R.I.R., 2019. 
Mechanisms of Anticancer Drug Resistance in Hepatoblastoma. Cancers 11, 407. 

Markovic, K., Milacic, R., Markovic, S., Kladnik, J., Turel, I., Scancar, J., 2020. Binding 
Kinetics of Ruthenium Pyrithione Chemotherapeutic Candidates to Human Serum 
Proteins Studied by HPLC-ICP-MS. Molecules 25, 1512. 

Martelli, L., Di Mario, F., Botti, P., Ragazzi, E., Martelli, M., Kelland, L., 2007. 
Accumulation, platinum-DNA adduct formation and cytotoxicity of cisplatin, 
oxaliplatin and satraplatin in sensitive and resistant human osteosarcoma cell lines, 
characterized by p53 wild-type status. Biochem Pharmacol 74, 20–27. 

Martinez-Balibrea, E., Martinez-Cardus, A., Gines, A., Ruiz de Porras, V., Moutinho, C., 
Layos, L., Manzano, J.L., Buges, C., Bystrup, S., Esteller, M., Abad, A., 2015. Tumor- 
Related Molecular Mechanisms of Oxaliplatin Resistance. Mol Cancer Ther 14, 
1767–1776. 

Marzano, C., Pellei, M., Colavito, D., Alidori, S., Lobbia, G.G., Gandin, V., Tisato, F., 
Santini, C., 2006. Synthesis, characterization, and in vitro antitumor properties of 
tris(hydroxymethyl)phosphine copper(I) complexes containing the new bis(1,2,4- 
triazol-1-yl)acetate ligand. J Med Chem 49, 7317–7324. 

Matulis, S.M., Morales, A.A., Yehiayan, L., Croutch, C., Gutman, D., Cai, Y., Lee, K.P., 
Boise, L.H., 2009. Darinaparsin induces a unique cellular response and is active in an 
arsenic trioxide-resistant myeloma cell line. Mol Cancer Ther 8, 1197–1206. 

Mayr, J., Heffeter, P., Groza, D., Galvez, L., Koellensperger, G., Roller, A., Alte, B., 
Haider, M., Berger, W., Kowol, C.R., Keppler, B.K., 2017. An albumin-based tumor- 
targeted oxaliplatin prodrug with distinctly improved anticancer activity in vivo. 
Chem Sci 8, 2241–2250. 

Mellish, K.J., Kelland, L.R., 1994. Mechanisms of acquired resistance to the orally active 
platinum-based anticancer drug bis-acetato-ammine-dichloro-cyclohexylamine 
platinum (i.v.) (JM216) in two human ovarian carcinoma cell lines. Cancer Res 54, 
6194–6200. 

Mihatsch, J., Toulany, M., Bareiss, P.M., Grimm, S., Lengerke, C., Kehlbach, R., 
Rodemann, H.P., 2011. Selection of radioresistant tumor cells and presence of 
ALDH1 activity in vitro. Radiother Oncol 99, 300–306. 

Miklos, W., Heffeter, P., Pirker, C., Hager, S., Kowol, C.R., Schoonhoven, S.V., 
Stojanovic, M., Keppler, B.K., Berger, W., 2016. Loss of phosphodiesterase 4D 
mediates acquired triapine resistance via Epac-Rap1-Integrin signaling. Oncotarget 
7, 84556–84574. 

Miklos, W., Pelivan, K., Kowol, C.R., Pirker, C., Dornetshuber-Fleiss, R., Spitzwieser, M., 
Englinger, B., van Schoonhoven, S., Cichna-Markl, M., Koellensperger, G., 
Keppler, B.K., Berger, W., Heffeter, P., 2015. Triapine-mediated ABCB1 induction via 
PKC induces widespread therapy unresponsiveness but is not underlying acquired 
triapine resistance. Cancer Lett 361, 112–120. 

Mohammadi, F., Soltani, A., Ghahremanloo, A., Javid, H., Hashemy, S.I., 2019. The 
thioredoxin system and cancer therapy: a review. Cancer Chemother Pharmacol 84, 
925–935. 

Montani, M., Pazmay, G.V.B., Hysi, A., Lupidi, G., Pettinari, R., Gambini, V., Tilio, M., 
Marchetti, F., Pettinari, C., Ferraro, S., Iezzi, M., Marchini, C., Amici, A., 2016. The 
water soluble ruthenium(II) organometallic compound [Ru(p-cymene)(bis(3,5 
dimethylpyrazol-1-yl)methane)Cl]Cl suppresses triple negative breast cancer growth 
by inhibiting tumor infiltration of regulatory T cells. Pharmacol Res 107, 282–290. 

Mookerjee, A., Basu, J.M., Dutta, P., Majumder, S., Bhattacharyya, S., Biswas, J., Pal, S., 
Mukherjee, P., Raha, S., Baral, R.N., Das, T., Efferth, T., Sa, G., Roy, S., Choudhuri, S. 
K., 2006a. Overcoming drug-resistant cancer by a newly developed copper chelate 
through host-protective cytokine-mediated apoptosis. Clinical Cancer Research 12, 
4339–4349. 

Mookerjee, A., Basu, J.M., Majumder, S., Chatterjee, S., Panda, G.S., Dutta, P., Pal, S., 
Mukherjee, P., Efferth, T., Roy, S., Choudhuri, S.K., 2006b. A novel copper complex 
induces ROS generation in doxorubicin resistant Ehrlich ascitis carcinoma cells and 
increases activity of antioxidant enzymes in vital organs in vivo. BMC Cancer 6, 267. 

Morais, T.S., Santos, F., Corte-Real, L., Marques, F., Robalo, M.P., Madeira, P.J., 
Garcia, M.H., 2013. Biological activity and cellular uptake of [Ru(eta5-C5H5)(PPh3) 
(Me2bpy)][CF3SO3] complex. J Inorg Biochem 122, 8–17. 

Morais, T.S., Valente, A., Tomaz, A.I., Marques, F., Garcia, M.H., 2016. Tracking 
antitumor metallodrugs: promising agents with the Ru(II)- and Fe(II)- 
cyclopentadienyl scaffolds. Future Med Chem 8, 527–544. 

Moreau, B., Alargova, R., Brockman, A., Whalen, K., Quinn, J., Meetze, K., Bazinet, P., 
DuPont, M., Krawiec, B., Kriksciukaite, K., Lemelin, C., LimSoo, P., Oller, H., 
Ramstack, M., Rockwood, D., Shinde, R., Singh, S., White, B., AuYeung, T., 
Dunbar, C., Bilodeau, M., Wooster, R., 2015. BTP-114: An albumin binding cisplatin 
prodrug with improved and sustained tumor growth inhibition. Cancer Res 75. 

Moreira, T., Francisco, R., Comsa, E., Duban-Deweer, S., Labas, V., Teixeira-Gomes, A.P., 
Combes-Soia, L., Marques, F., Matos, A., Favrelle, A., Rousseau, C., Zinck, P., 
Falson, P., Garcia, M.H., Preto, A., Valente, A., 2019. Polymer "ruthenium- 
cyclopentadienyl" conjugates - New emerging anti-cancer drugs. Eur J Med Chem 
168, 373–384. 

Muller, A.J., DuHadaway, J.B., Donover, P.S., Sutanto-Ward, E., Prendergast, G.C., 2005. 
Inhibition of indoleamine 2,3-dioxygenase, an immunoregulatory target of the 
cancer suppression gene Bin1, potentiates cancer chemotherapy. Nature Med 11, 
312–319. 

Ndagi, U., Mhlongo, N., Soliman, M.E., 2017. Metal complexes in cancer therapy - an 
update from drug design perspective. Drug Des Dev Ther 11, 599–616. 

Nikoletopoulou, V., Markaki, M., Palikaras, K., Tavernarakis, N., 2013. Crosstalk 
between apoptosis, necrosis and autophagy. Bba-Mol Cell Res 1833, 3448–3459. 

Novohradsky, V., Liu, Z., Vojtiskova, M., Sadler, P.J., Brabec, V., Kasparkova, J., 2014. 
Mechanism of cellular accumulation of an iridium(III) pentamethylcyclopentadienyl 
anticancer complex containing a C,N-chelating ligand. Metallomics 6, 682–690. 

Nowak-Sliwinska, P., van Beijnum, J.R., Casini, A., Nazarov, A.A., Wagnieres, G., van 
den Bergh, H., Dyson, P.J., Griffioen, A.W., 2011. Organometallic Ruthenium(II) 
Arene Compounds with Antiangiogenic Activity. J Med Chem 54, 3895–3902. 

Oguri, T., Kunii, E., Fukuda, S., Sone, K., Uemura, T., Takakuwa, O., Kanemitsu, Y., 
Ohkubo, H., Takemura, M., Maeno, K., Ito, Y., Niimi, A., 2016. Organic cation 
transporter 6 directly confers resistance to anticancer platinum drugs. Biomed Rep 5, 
639–643. 

Ohui, K., Stepanenko, I., Besleaga, I., Babak, M.V., Stafi, R., Darvasiova, D., Giester, G., 
Posa, V., Enyedy, E.A., Vegh, D., Rapta, P., Ang, W.H., Popovic-Bijelic, A., Arion, V. 
B., 2020. Triapine Derivatives Act as Copper Delivery Vehicles to Induce Deadly 
Metal Overload in Cancer Cells. Biomolecules 10, 1336. 

Orlandi, L., Colella, G., Bearzatto, A., Abolafio, G., Manzotti, C., Daidone, M.G., 
Zaffaroni, N., 2001. Effects of a novel trinuclear platinum complex in cisplatin- 
sensitive and cisplatin-resistant human ovarian cancer cell lines: interference with 
cell cycle progression and induction of apoptosis. Eur J Can 37, 649–659. 

Ouyang, C., Chen, L., Rees, T.W., Chen, Y., Liu, J., Ji, L., Long, J., Chao, H., 2018. 
A mitochondria-targeting hetero-binuclear Ir(iii)-Pt(ii) complex induces necrosis in 
cisplatin-resistant tumor cells. Chem Commun 54, 6268–6271. 

Palanichamy, K., Sreejayan, N., Ontko, A.C., 2012. Overcoming cisplatin resistance using 
gold(III) mimics: anticancer activity of novel gold(III) polypyridyl complexes. J Inorg 
Biochem 106, 32–42. 

Palm, W., Thompson, C.B., 2017. Nutrient acquisition strategies of mammalian cells. 
Nature 546, 234–242. 

Pape, V.F., Turk, D., Szabo, P., Wiese, M., Enyedy, E.A., Szakacs, G., 2015. Synthesis and 
characterization of the anticancer and metal binding properties of novel 
pyrimidinylhydrazone derivatives. J Inorg Biochem 144, 18–30. 

Pape, V.F.S., Toth, S., Furedi, A., Szebenyi, K., Lovrics, A., Szabo, P., Wiese, M., 
Szakacs, G., 2016. Design, synthesis and biological evaluation of 
thiosemicarbazones, hydrazinobenzothiazoles and arylhydrazones as anticancer 
agents with a potential to overcome multidrug resistance. Eur J Med Chem 117, 
335–354. 

Park, K.C., Fouani, L., Jansson, P.J., Wooi, D., Sahni, S., Lane, D.J.R., Palanimuthu, D., 
Lok, H.C., Kovacevic, Z., Huang, M.L.H., Kalinowski, D.S., Richardson, D.R., 2016. 
Copper and conquer: copper complexes of di-2-pyridylketone thiosemicarbazones as 
novel anti-cancer therapeutics. Metallomics 8, 874–886. 

Parker, L.J., Italiano, L.C., Morton, C.J., Hancock, N.C., Ascher, D.B., Aitken, J.B., 
Harris, H.H., Campomanes, P., Rothlisberger, U., De Luca, A., Lo Bello, M., Ang, W. 
H., Dyson, P.J., Parker, M.W., 2011. Studies of glutathione transferase P1-1 bound to 
a platinum(IV)-based anticancer compound reveal the molecular basis of its 
activation. Chemistry 17, 7806–7816. 

Pasto, A., Pagotto, A., Pilotto, G., De Paoli, A., De Salvo, G.L., Baldoni, A., Nicoletto, M. 
O., Ricci, F., Damia, G., Bellio, C., Indraccolo, S., Amadori, A., 2017. Resistance to 
glucose starvation as metabolic trait of platinum-resistant human epithelial ovarian 
cancer cells. Oncotarget 8, 6433–6445. 

Patra, M., Johnstone, T.C., Suntharalingam, K., Lippard, S.J., 2016. A Potent Glucose- 
Platinum Conjugate Exploits Glucose Transporters and Preferentially Accumulates in 
Cancer Cells. Angew Chem Int Ed Engl 55, 2550–2554. 

Pellei, M., Papini, G., Trasatti, A., Giorgetti, M., Tonelli, D., Minicucci, M., Marzano, C., 
Gandin, V., Aquilanti, G., Dolmella, A., Santini, C., 2011. Nitroimidazole and 

A. Valente et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1120
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1120
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1125
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1125
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1130
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1135
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1135
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1135
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1135
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1140
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1140
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1145
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1145
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1145
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1145
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1145
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1150
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1150
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1150
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1155
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1160
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1160
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1165
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1165
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1170
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1170
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1170
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1175
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1175
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1180
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1180
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1180
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1180
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1180
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1185
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1185
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1190
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1190
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1190
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1195
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1195
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1195
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1195
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1200
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1200
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1200
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1200
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1205
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1205
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1205
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1205
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1210
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1210
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1210
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1215
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1215
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1215
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1215
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1220
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1220
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1220
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1220
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1225
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1225
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1225
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1230
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1230
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1230
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1230
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1235
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1235
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1235
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1235
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1235
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1240
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1240
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1240
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1245
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1250
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1250
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1250
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1250
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1250
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1255
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1255
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1255
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1255
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1260
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1260
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1260
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1265
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1265
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1265
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1270
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1270
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1270
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1270
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1270
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1275
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1275
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1275
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1275
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1275
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1280
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1280
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1280
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1280
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1285
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1285
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1290
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1290
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1295
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1295
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1295
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1300
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1300
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1300
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1305
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1305
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1305
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1305
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1310
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1310
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1310
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1310
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1315
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1320
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1320
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1320
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1325
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1325
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1325
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1330
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1330
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1335
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1335
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1335
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1340
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1345
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1345
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1345
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1345
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1350
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1350
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1350
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1350
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1350
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1355
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1355
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1355
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1355
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1360
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1360
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1360
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1365
http://refhub.elsevier.com/S1368-7646(21)00036-4/sbref1365


Drug Resistance Updates 58 (2021) 100778

31

glucosamine conjugated heteroscorpionate ligands and related copper(II) complexes. 
Syntheses, biological activity and XAS studies. Dalton Trans 40, 9877–9888. 

Peng, H., Jin, H., Zhuo, H., Huang, H., 2017. Enhanced antitumor efficacy of cisplatin for 
treating ovarian cancer in vitro and in vivo via transferrin binding. Oncotarget 8, 
45597–45611. 

Perego, P., Gatti, L., Righetti, S.C., Beretta, G.L., Carenini, N., Corna, E., Dal Bo, L., 
Tinelli, S., Colangelo, D., Leone, R., Apostoli, P., Lombardi, L., Beggiolin, G., 
Piazzoni, L., Zunino, F., 2003. Development of resistance to a trinuclear platinum 
complex in ovarian carcinoma cells. Int J Can 105, 617–624. 

Perego, P., Romanelli, S., Carenini, N., Magnani, I., Leone, R., Bonetti, A., Paolicchi, A., 
Zunino, F., 1998. Ovarian cancer cisplatin-resistant cell lines: multiple changes 
including collateral sensitivity to Taxol. Ann Oncol 9, 423–430. 

Perez-Ruiz, E., Melero, I., Kopecka, J., Sarmento-Ribeiro, A.B., Garcia-Aranda, M., 
Rivas, J.D., 2020. Cancer immunotherapy resistance based on immune checkpoints 
inhibitors: Targets, biomarkers, and remedies. Drug Resist Updat 53. 

Perry, G., Raina, A.K., Nunomura, A., Wataya, T., Sayre, L.M., Smith, M.A., 2000. How 
important is oxidative damage? Lessons from Alzheimer’s disease. Free Radic Biol 
Med 28, 831–834. 

Pestell, K.E., Medlow, C.J., Titley, J.C., Kelland, L.R., Walton, M.I., 1998. 
Characterisation of the P53 status, Bcl-2 expression and radiation and platinum drug 
sensitivity of a panel of human ovarian cancer cell lines. Int J Can 77, 913–918. 

Petanidis, S., Kioseoglou, E., Salifoglou, A., 2019. Metallodrugs in Targeted Cancer 
Therapeutics: Aiming at Chemoresistance- related Patterns and Immunosuppressive 
Tumor Networks. Curr Med Chem 26, 607–623. 

Pichler, V., Mayr, J., Heffeter, P., Domotor, O., Enyedy, E.A., Hermann, G., Groza, D., 
Kollensperger, G., Galanksi, M., Berger, W., Keppler, B.K., Kowol, C.R., 2013. 
Maleimide-functionalised platinum(iv) complexes as a synthetic platform for 
targeted drug delivery. Chem Commun 49, 2249–2251. 

Pluchino, K.M., Hall, M.D., Goldsborough, A.S., Callaghan, R., Gottesman, M.M., 2012. 
Collateral sensitivity as a strategy against cancer multidrug resistance. Drug Resist 
Updat 15, 98–105. 

Pluim, D., van Waardenburg, R.C.A.M., Beijnen, J.H., Schellens, J.H.M., 2004. 
Cytotoxicity of the organic ruthenium anticancer drug Nami-A is correlated with 
DNA binding in four different human tumor cell lines. Cancer Chemother Pharmacol 
54, 71–78. 
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