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Lung cancer is one of the most common malignant tumors, with the highest
mortality rate in the world, and its incidence is second only to breast cancer. It
has posed a serious threat to human health. Cisplatin, a metal-based drug, is
one of the most widely used chemotherapeutic agents for the treatment of
various cancers. However, its clinical efficacy is seriously limited by numerous
side effects and drug resistance. This has led to the exploration and
development of other transition metal complexes for the treatment of
malignant tumors. In recent years, iridium-based complexes have attracted
extensive attention due to their potent anticancer activities, limited side effects,
unique antitumor mechanisms, and rich optical properties, and are expected to
be potential antitumor drugs. In this review, we summarize the recent progress
of iridium complexes against lung cancer and introduce their anti-tumor
mechanisms, including apoptosis, cycle arrest, inhibition of lung cancer cell
migration, induction of immunogenic cell death, etc.
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Introduction

Lung cancer is a malignant tumor originating from the bronchial mucosa or glands of
the lung, with high morbidity and mortality. According to the global cancer statistics in
2020, lung cancer is estimated to have 2.2 million new cancer cases and 1.8 million deaths,
which is currently the second most commonly diagnosed cancer and the main cause of
cancer death, accounting for about one 10th (11.4%) of the total diagnosed cancer and one
fifth (18.0%) of the total cancer deaths (Sung et al., 2021). Lung cancer is the main cause of
cancer incidence rate and mortality in men, while in women, the incidence is the third
highest after breast and colorectal cancer, and the death rate is the second highest after
breast cancer. In addition, it is estimated that 28.4 million new cancers will be found in the
world in 2040, an increase of 47% over the corresponding 19.3 million cases in 2020 (Sung
etal., 2021). Lung cancer can be mainly divided into non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC). Among all lung cancers, non-small cell lung cancer
accounts for about 85%-88%, and small cell lung cancer accounts for about 12%-15%
(Alexander et al., 2020). Non-small cell lung cancer can be divided into three categories

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.1025544/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1025544/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.1025544&domain=pdf&date_stamp=2022-09-23
mailto:zhangzl@mailbox.gxnu.edu.cn
https://doi.org/10.3389/fphar.2022.1025544
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.1025544

Yang et al.

according to its characteristics and treatment measures:
adenocarcinoma, squamous cell carcinoma and large cell
carcinoma (Grapatsas et al., 2017).

For localized lesions of lung cancer, surgery is the most
common treatment, while chemotherapy is mainly used for
patients with advanced spread or recurrence of lesions. Due to
the poor prognosis of lung cancer, more than 90% of lung cancer
needs chemotherapy (Zappa and Mousa, 2016). The effect of
chemotherapy on SCLC is positive in both early and late stages,
and even about 25% of early SCLC can be cured by chemotherapy
(Mamdani et al., 2015). Chemotherapy is also the main method
to treat NSCLC (Nagasaka and Gadgeel, 2018). At present,
platinum antitumor drugs such as cisplatin, oxaliplatin and
carboplatin combined with chemotherapy drugs such as
paclitaxel, docetaxel and gemcitabine are mainly used to
increase the survival rate of patients with NSCLC (Rossi and
Di Maio, 2016). However, lung cancer patients showed different
sensitivity to platinum chemotherapy drugs, and some patients
relapsed within 6 months after treatment (Giaccone et al., 1998).
Traditional platinum drugs take DNA as the main target,
through the formation of adducts with DNA, prevent DNA
replication and transcription, and promote cancer cell
apoptosis (Ghosh, 2019). However, tumor cells are prone to
develop resistance to platinum drugs, which also significantly
limits its clinical application (Boulikas and Vougiouka, 2003). In
addition, platinum drugs can cause serious side effects, such as
nephrotoxicity, nausea, vomiting, bone marrow suppression,
ototoxicity, etc., which further restrict their effective use (Oun
et al., 2018). Therefore, in order to overcome the above
shortcomings, researchers have been committed to developing
a new generation of anticancer drugs to replace platinum drugs.

Considering the effectiveness of cisplatin and its derivatives,
other transition metal complexes, such as ruthenium, gold,
iridium, copper and iron-based complexes, have become a
new generation of promising anticancer agents due to their
potential anticancer properties and selective cytotoxicity (Ma
et al., 2013; Gaur et al.,, 2018; Ma et al., 2019). However, unlike
non platinum metal compounds such as ruthenium and gold,
iridium complexes have received less attention in their potential
antitumor activities in early studies. The main reason is that the
chemical inertia of iridium itself makes its ligands difficult to
dissociate, resulting in the inability of iridium complexes to
interact with biological macromolecules (such as DNA,
proteins, etc.) in vivo, so it is difficult to produce biological
activities (Helm and Merbach, 1999; Lo and Zhang, 2012). Until
the 21Ist century, researchers have successively found or
synthesized iridium complexes with antitumor activity, so that
metal iridium antitumor compounds can develop rapidly (Ruiz
et al.,, 2012; Paitandi et al, 2014). In addition, compared with
traditional platinum anti-tumor metal drugs, iridium complexes
have advantages such as high stability, good water solubility,
excellent phosphorescent properties, many coordination sites
and easy transformation (Pracharova et al., 2018). They can
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form stable complexes with OO, CN and NN bidentate ligands
and are widely used in organic electroluminescence, biological
fluorescence probes, chemical sensors and catalytic synthesis
(Lucas et al, 2012). The study also found that iridium
complexes have a new anti-cancer mechanism different from
platinum drugs, and have high anti proliferative activity against
cisplatin resistant cancer cells (Thomas et al., 2022). Therefore,
iridium complexes may be potential candidates for the treatment
of platinum resistant cancer.

Cyclometalated iridium (lIl)
complexes

As early as the 1990s, cyclometalated iridium (IIT) complexes
were reported because of their excellent luminescence properties
(Mamo et al., 1997; Longato et al., 1999). In the next few years,
cyclometalated iridium (III) complexes have become one of the
most attractive phosphorescent heavy metal compounds in
biological imaging and biosensing, due to their high quantum
yield, large Stokes shift, long-lived luminescence, good
photostability and cell permeability (Tamayo et al, 2003;
Wilkinson et al., 2006; Monti et al., 2013). In 2013, Cao et al.
Synthesized a series of cyclometalated iridium (III) complexes
with 2,2’-bipyridine and 1,10-phenanthroline as ligands. These
compounds showed good antitumor activity against HeLa
cervical cancer cells and A549 lung cancer cells, and the
inhibitory activity against A549 cells reached 2.0 pM. Due to
its strong hydrophobicity, compound 1 (Figure 1) was found to
effectively accumulate in the endoplasmic reticulum (ER), cause
ER stress in cells, and further induce the intrinsic apoptotic
pathway (Table 1) (Cao et al, 2013). After that, two
cyclometalated iridium (III) complexes (2 and 3) (Figure 1),
with 2-(2-thienyl)pyridine as an auxiliary ligand and -carboline
alkaloids as functional ligands, were synthesized by He and his
co-workers (He et al.,, 2014). These two compounds not only
showed strong anti-proliferative ability in a variety of cell lines,
but also were equally effective in cisplatin resistant lung cancer
cell lines (A549cisR cells) (Table 1). Further studies showed that
compound 3 (Figure 1) could induce ROS mediated and caspase
independent cell death through autophagy pathway in the
absence of apoptosis, which indicated that its anticancer
mechanism was different from that of cisplatin (Table 1).
Xiong et al. Synthesized four cyclometalated iridium (III)
complexes with 2,4-diaminol,3,5-triazine derivatives as the
main ligands (Xiong et al, 2016). In vitro cytotoxicity
experiments showed that the antitumor activity of compound
4 (Figure 1) was higher than that of cisplatin, and showed high
selectivity between tumor cells and normal cells. This was
because these compounds were taken up by A549cisR cells
through an energy dependent pathway (Table 1).

The design of mitochondria targeted cytotoxic drugs
represents a promising approach to selectively target tumors
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FIGURE 1
Structure of anti-lung cancer cyclometalated Iridium (lll) compounds (1-14).

FIGURE 2
Structure of anti-lung cancer cyclometalated Iridium (lll) compounds (15-27).

and overcome resistance to current anticancer therapies. Three morphological changes. In addition, the cytotoxicity of
cyclometalated iridium (III) complexes containing double compound 5 (Figure 1) to A549cisR cells under 365 nm light
N-heterocyclic carbene (NHC) ligands were developed by Li was 3488 times higher than that in the dark (Table 1). In 2016,
and his co-workers (Li et al.,, 2015). Interestingly, these iridium three coumarin-appended phosphorescent cyclometalated
(ITII) complexes have strong fluorescence properties and iridium (III) complexes were explored as mitochondrial
mitochondrial targeting, which can rapidly and effectively targeted anticancer agents (Ye et al,, 2016). These compounds
penetrate into cancer cells and achieve therapeutic functions show abundant photophysical properties and can specifically
by simultaneously inducing and monitoring mitochondrial target mitochondria. Among them, compound 6 (Figure 1)
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FIGURE 3

Structure of anti-lung cancer cyclometalated Iridium (lll) compounds (28-39).
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FIGURE 4
Structure of anti-lung cancer cyclometalated Iridium (lll) compounds (40-51).

shows very high anti value-added activity against A549 cells and same year, ten phosphorescent cyclometalated iridium (III)
A549cisR  cells. Mechanism studies have shown that this complexes containing 2,2'-bipyridine-4,4'-dicarboxylic acid
compound can exert its anticancer effect by initiating a series and its diester derivatives as ligands are designed and
of events related to mitochondrial dysfunction (Table 1). In the synthesized by Wang and his co-worker (Wang et al., 2016).
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FIGURE 5

Structure of anti-lung cancer half-sandwich iridium (Ill) complexes (52—70).

They found that the changes of ester substituents on the iridium
(III) complex would affect the quantum yield, emission lifetime
and cytotoxicity of iridium (III) complex. Among them,
compound 7 (Figure 1) showed good anticancer activity
against A549 cells and its cisplatin-resistant cells. Mechanism
studies in vitro indicate that compound 7 undergoes hydrolysis of
ester bonds, accumulates in mitochondria, and induces a series of
cell-death related events mediated by mitochondria (Table 1). In
addition, compound 7 can induce pro-death autophagy and
apoptosis simultaneously. Through structural modification of
compound 1, Ouyang et al. synthesized six cyclometalated
iridium (III) complexes with different fluorine atoms (Ouyang
et al., 2017). These compounds also showed high inhibitory
activity against A549 lung cancer cells and cisplatin-resistant
cells. Compound 8 (Figure 1) with the largest number of fluorine
atoms had the best activity, and its anti-tumor mechanism was
similar to compound 7 (Table 1). Next, four cyclometalated
iridium (III) complexes containing guanidine ligands were
synthesized through structural modification of compound 8
(Song et al,, 2017). Among them, compound 9 (Figure 1) has
the best inhibitory activity on HeLa cells. Unfortunately,
although its inhibitory activity against A549cisR is better than
that of cisplatin, it is not as good as compound 8. Compound 9
can not only selectively localize in mitochondria and induce
cancer cell death through ROS-dependent pathway, but also
block cell cycle in GO/G1 phase (Table 1).

Ye et al. designed and synthesized a valproic acid (VPA)-
iridium  (III)

functionalized cyclometallized complex 10
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(111)
complexes via ester bond, which showed excellent two-photon

(Figure 1) by conjugation of VPA with iridium
properties and could be used for live-cell imaging (Ye et al.,
2017). The ester bond in compound 10 was rapidly hydrolyzed
by esterase and showed inhibition of histone deacetylase activity
similar to VPA. Further studies of anticancer mechanisms
revealed that compound 10 induced a series of events related
to mitochondrial damage in cancer cells, including MMP

depolarization, ROS production, cell cycle arrest, caspase
activation, and apoptosis (Table 1). In 2017, four
cyclometallized  iridium  (III)  complexes  containing

N-heterocyclic carbene ligands were explored as mitochondrial
targeted anticancer agents and photodynamic agents (Li Y. et al.,
2017). These complexes show high 'O, quantum yield in the
presence of 450 nm LED light and can be used as effective visible
light photosensitizers. The phototoxicity index of compound 11
(Figure 1) with the best activity to A549 and A549cisR were
500 and 789, respectively (Table 1). In the same year, the above
research group obtained compound 12 (Figure 1) with better
activity against A549 cells and cisplatin resistant cells by
halogenating the ester group of compound 7 (Cao et al,
2017). The difference between the anti-tumor mechanism of
compound 12 and previous compounds is that it cannot only
cause mitochondrial damage, increase of ROS and induce caspase
dependent apoptosis by targeting mitochondria, but also cause
cell ATP depletion and mitochondrial respiratory inhibition
(Table 1). Wang et al
phosphorous

designed and synthesized four
cyclometallized  iridium  (III)  complexes
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TABLE 1 Cyclometalated Iridium (lll) compounds as promising candidates against lung cancer.

No. 1G5 (uM)

1 20+0.1

2 1.6 £0.2
1.1 £0.1

3 1.5+£0.1
0.86 + 0.07

4 277 £0.2
23804
5.64 + 0.3

5 31+04
3.0+02

6 0.62 £ 0.05
0.30 £ 0.02

7 1.7 £ 0.1
21+02

8 0.8 £0.1
0.7 £0.2

9 13.65 + 0.63
13.63 + 2.25

10 1.9+ 0.2
0.79 £ 0.06

11 1.7 £ 0.1
1.5+£02

12 0.4 + 0.02
0.64 + 0.04

13 0.31 + 0.02 (Thomas et al.)

0.72 + 0.05 (Thomas et al.)

14 112+ 1.2
113+ 1.1
15 36+03
16 1.4 +0.03
17 093 £ 0.1
1.0 +£0.2
18 1.83 £ 0.20
246 £ 0.28
19 34+02
20 1.2 +£02
21 1.78 £ 0.30
22 6.93 + 0.44
23 3.6 04
85+0.3
24 412 £ 0.14
25 0.25 + 0.09
26 2.43 + 0.13 (Hypoxia)

1.29 + 0.05 (Hypoxia)
27 0.5 + 0.1 (Thomas et al.)

1.4 + 0.5 (Thomas et al.)
28 1.83 0.1 (450 nm)

0.52 + 0.1 (450 nm + 405 nm)
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Cell lines

A549
A549
A549cisR
A549
A549cisR
A549
A549cisR
NCI-H460
A549
A549cisR
A549
A549cisR
A549
A549cisR
A549
A549cisR
A549
A549cisR
A549
A549cisR
A549
A549cisR
A549
A549cisR
A549
A549cisR
A549
A549cisR
A549
A549
A549
A549cisR
A549
A549cisR
A549
A549
A549
NCI-H460
A549
A549cisR
A549
A549
A549
A549cisR
A549
A549cisR
A549

Biology and mechanism

Cytotoxicity
(1) Autophagic pathway

(2) Caspase-independent cell death

(3) Inhibition of mTOR signalling

(4) Inhibition of CDK2

(1) Producing ROS

(2) Acticating Caspase 9 and Caspase 3/7

(1) Targeting mitochondria

(2) Phototoxicity

(1) Mitochondrial damage

(2) Photostability

(1) Targeting mitochondria

(2) Inducing autophagy and apoptosis

(1) Targeting mitochondria

(2) Inducing apoptosis

(1) Targeting mitochondria

(2) Arresting cell cycle

(1) Mitochondrial damage

(2) Arresting cell cycle and inducing apoptosis
(1) Targeting mitochondria

(2) Photostability and inducing apoptosis

(1) Targeting mitochondria

(2) Causing cell ATP depletion

(1) Photostability

(2) Causing lysosomal damage

(1) Inducing mitophagy

(2) Causing cell ATP depletion

Cytotoxicity

Cytotoxicity

(1) Targeting mitochondria

(2) Activating MAPK signaling pathway

(1) Targeting mitochondria

(2) Inducing cell necrosis

Cytotoxicity

Cytotoxicity

Cytotoxicity

Cytotoxicity

(1) Targeting lysosome

(2) Inhibiting autophagic flux

Targeting mitochondria

Mitochondrial DNA damage and metabolism disturbance
(1) Targeting mitochondria
(2) Inducing apoptosis

(1) Photostability

(2) Targeting ER

(1) Photostability

(

2) Photodynamic therapy

06
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TABLE 1 (Continued) Cyclometalated Iridium (Ill) compounds as promising candidates against lung cancer.

No. 1Csp (uM) Cell lines Biology and mechanism
0.97 + 0.3 (450 nm) A549cisR (3) Targeting mitochondria
0.45 + 0.1 (450 nm + 405 nm) (4) Inducing apoptosis

29 1.1 + 0.3 (HSA-Ir, light) A549 (1) Targeting the nucleus
2.3 + 0.2 (HSA-Ir, light) A549cisR (2) Photodynamic therapy
4.8 + 0.2 (HSA-Ir, light) A549 spheroid

30 2.7 + 0.2 (Ir-NH,) A549 Cytotoxicity

31 0.69 £ 0.1 A549 (1) Targeting mitochondria
0.59 + 0.06 A549cisR (2) Inducing apoptosis

32 1.5+ 0.1 A549 (1) Photodynamic therapy
1.7 £0.1 A549cisR (2) Targeting mitochondria

33 >5 (405 nm) A549 (1) Photodynamic therapy
0.39 £ 0.09 (470 nm) (2) Inducing apoptosis

34 490 +0.21 A549 (1) Targeting ER
5.00 + 0.31 A549cisR (2) Inducing ICD

35 227 £0.21 A549 (1) Targeting mitochondria
2.68 +0.27 A549cisR (2) Inhibiting topoisomerase

36 2.24 + 0.04 (under ultrasound) A549 Sonodynamic therapy

37 5.4 (Thomas et al.) A549 (1) Targeting lysosome
1.6 (Thomas et al.) A549cisR (2) Inducing apoptosis

38 9.7 + 0.15 (Lipo-Ir) A549 Cytotoxicity

39 49 +0.5 A549 Cytotoxicity

40 3.50 + 0.17 (Dark) A549 (1) Targeting lysosome
0.26 + 0.14 (Thomas et al.) (2) Photodynamic therapy

41 12+ 11 A549 Cytotoxicity

42 11.9 A549 Apoptosis

43 4142 + 1.10 (Dark) A549 Photodynamic therapy
0.06 + 1.80 (Thomas et al.)

44 4.1 (Thomas et al.) A549 (1) Targeting lysosome
2.5 (Thomas et al.) A549cisR (2) Inducing apoptosis

45 1.8+ 0.2 A549 (1) Targeting lysosome
49+03 A549cisR (2) Inducing apoptosis

46 1.0 £0.1 A549 Cytotoxicity

47 11.0 £ 04 A549 (1) Targeting mitochondria

48 17.8 £ 0.3 (2) Inducing apoptosis

49 0.53 + 0.04 (Thomas et al.) A549 (1) Targeting mitochondria
0.83 + 0.10 (Thomas et al.) A549cisR

50 1.90 + 0.11 (Thomas et al.) A549 (2) Phototoxicity
3.22 + 0.15 (Thomas et al.) A549cisR

51 62 +02 A549 (1) Targeting mitochondria
33+02 A549cisR (2) Inhibiting metabolic

10.3389/fphar.2022.1025544
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containing benzimidazole moieties (Wang et al, 2017).
Interestingly, compound 13 (Figure 1) has almost no dark
cytotoxicity to A549 «cells and A549cisR cells, but its
phototoxicity index reaches 322 under 425nm light.
Compound 13 can effectively inhibit a variety of cancer
processes, including cell migration, invasion, colony formation
and angiogenesis, and can induce apoptosis through lysosomal
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damage and caspase-3/7 activation (Table 1). In addition, in vitro
analysis of 70 kinases showed that maternal embryo leucine
zipper kinase (MELK), PIK3CA and AMPK were potential
molecular targets of the compound. Through structural
modification of compound 2, Chen and his colleagues
synthesized  phosphorous cyclometallized —iridium  (III)
complex 14 (Figure 1), which can accumulate in mitochondria
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TABLE 2 Organoiridium (lll) “half-sandwich” complexes as promising candidates against lung cancer.

No. I1Cso (uM) Cell lines
52 0.62 + 0.06 A549

53 21+03 A549

54 2.09 A549

55 14402 A549

56 11+0.1

57 51+03 A549

58 39407 A549

59 1.99 + 0.1 A549

60 36+05 A549

61 2.7 +0.1 A549

62 147 + 04 A549

63 1.01 + 0.08 A549

64 1.5+ 03

65 15 A549

66 44+ 12 A549

67 1.82 + 0.06 A549

68 10+1 NCI-H460
69 379 + 1.15 A549

70 123 A549

and induce mitotic phagocytosis through mitochondrial
ATP depletion,
mitochondrial metabolic state disturbance and oxidative stress
(Table 1) (Chen et al., 2017).

By modifying the structure of compound 9, Liu and his
colleagues successively synthesized two cyclometallic iridium (IIT)
complexes 15 and 16 (Figure 2) (Tang et al, 2018; Yi et al,, 2018). It
was reported that both compounds 15 and 16 showed high inhibitory
activity against A549 lung cancer cells, and both could induce
apoptosis and induce autophagy to exert anti-tumor effects
through the PI3K/mTOR signaling pathway (Table 1). In
addition, the in vivo experimental results showed that the

membrane potential depolarization, cell

inhibitory rate of compound 15 on A549 xenograft tumor could
reach 63.84%. Four cyclometallic iridium (III) complexes with good
photophysical properties and anticancer activity were synthesized
after structural modification of compound 3 by He et al. (He L. et al,
2018). Among them, compound 17 (Figure 2) can be quickly
absorbed by A549 lung cancer cells, and it shows good inhibitory
activity. The results of mechanism study showed that compound 17
could induce mitochondria derived cytoplasmic vacuolation by
targeting mitochondria, and could also affect the ubiquitin
proteasome system (UPS) and mitogen activated protein kinase
(MAPK) signaling pathways (Table 1). In vivo studies showed that
compound 17 could significantly inhibit tumor growth in mouse
models, with an inhibition rate of 73%. In the same year, Ouyang et al.
synthesized a hetero-binuclear Ir(III)-Pt (II) compound 18 (Figure 2)
for the first time (Ouyang et al,, 2018). In vitro cytotoxicity results
showed that the compound 18 was effective against cisplatin-resistant
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Cytotoxicity Liu et al. (2014)
Cytotoxicity Millett et al. (2015)
Cytotoxicity Mou et al. (2017)

(1) Arresting cell cycle Li et al. (2017a)

(2) Inducing apoptosis

Cytotoxicity Li et al. (2018)
Cytotoxicity Han et al. (2018)
Cytotoxicity Yang et al. (2018)
Cytotoxicity He et al. (2018b)
Cytotoxicity Kong et al. (2018)
Cytotoxicity Zhang et al. (2018)
Cytotoxicity Zhang et al. (2020b)
Cytotoxicity Zhang et al. (2020a)
Cytotoxicity Liu et al. (2021)
Cytotoxicity Chellan et al. (2021)
Cytotoxicity Tong et al. (2021)
Cytotoxicity Shao et al. (2021)
Cytotoxicity Komarnicka et al. (2022)

tumor cells. Mechanistic experiments show that it can overcome
cisplatin resistance by increasing cellular uptake, targeting
mitochondria, and inducing cell necrosis (Table 1). Zhang and co-
worker synthesized a cyclometallic iridium (IIT) complex 19 (Figure
2), which has the most significant antiproliferative effect on SGC-
7901 human gastric adenocarcinoma cells and also shows good
inhibitory activity on A549 lung cancer cells (Zhang W.-Y. et al,
2019). In vitro studies have shown that compound 19 can reduce the
mitochondrial membrane potential of cancer cells and induce
apoptosis by enhancing endogenous ROS and calcium levels
(Table 1). At the same time, compound 19 is excellent in
inhibiting tumor cell migration and inhibiting its GO/G1 phase
growth. Compound 20 (Figure 2) was synthesized by reducing the
nitro group in compound 19, and its inhibitory activity against
A549 cells was increased by 3 times (Table 1) (Du et al., 2019).

A series of imine-N-heterocyclic carbene (C"N) ligands with
different substituents and their corresponding luminescent
cyclometalated iridium (III) complexes were synthesized, in
which compound 21 (Figure 2) entered A549 lung cancer
cells via an energy-dependent pathway and targeted lysosomes
(Yang et al,, 2019). In this system, the larger steric hindrance of
the ortho substituent in aniline and the longer length of alkyl
substitution on the imidazole ring lead to the high anticancer
activity of these cyclometalated iridium (III) complexes.
Mechanistic studies showed that compound 21 exerted its
anticancer effect mainly through cell cycle arrest, inducing
apoptosis, increasing intracellular ROS levels and reducing
mitochondrial membrane potential (Table 1). Qin et al
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synthesized three iridium (III) complexes with terpyridine as
ligand and showed selective cytotoxicity to tumor cell lines (Qin
et al,, 2018). Among them, compound 22 (Figure 2) has the best
antitumor activity, which can not only trigger apoptosis of cancer
cells through the mitochondrial dysfunction pathway, but also
act as a telomerase inhibitor by directly targeting the c-myc
promoter element (Table 1). After that, Chen et al. obtained a
new cyclometalated iridium (III) complex 23 (Figure 2) through
in which 2-
phenylpyridine was used as the ring metallization ligand and

structural modification of compound 5,
2,2'-biimidazole was used as the auxiliary ligand (Chen et al,
2019). Due to the process of protonation and deprotonation of
N-H group on 2,2'-biimidazole, compound 23 showed
pH dependent phosphorescence and was able to specifically
image lysosomes. Mechanism studies showed that compound
23 could induce caspase independent cell death through the
elevation of ROS (Table 1). In addition, since it can alkalize
lysosomes through anionic interference, it can also inhibit
autophagic flux. Hao et al. designed and synthesized six

(111)
mitochondria-targeted anticancer

cyclometallated  iridium complexes  containing
diphosphine ligands as
agents (Hao et al, 2019). They found that compound 24
(Figure 2) could impair mitochondrial energy metabolism and
lead to a high production of mitochondrial reactive oxygen
(Table 1). Due to

phosphorescence lifetime, compound 24 was also able to

species its  viscosity-responsive
monitor changes in mitochondrial viscosity in real time using
two-photon phosphorescence lifetime imaging microscopy.
Mitochondrial DNA (mtDNA) is a potential target for cancer
therapy. Cao et al. synthesized a series of cyclometallic iridium (IIT)
complexes with dipyrido [3,2-a:2’,3'-c]phenazine (dppz) as ligand
(Cao et al, 2019). Among them, compound 25 (Figure 2) has good
anti-A549 lung cancer cell activity, which can tightly bind with
DNA, insert mtDNA in situ, and induce mtDNA damage. The
damaged mitochondria showed such phenomena as the decrease of
mitochondrial membrane potential, the production of adenosine
triphosphate, the interruption of mitochondrial energy and
which led to

phagocytosis, GO/G1 phase cell cycle arrest and apoptosis

metabolic  state, protective  mitochondrial
(Table 1). In wvivo antitumor evaluation also showed that
compound 25 could effectively inhibit the growth of tumor
xenografts. In addition, in order to solve the problem of hypoxia
limiting the efficacy of chemotherapy drugs in solid tumors, Li and
co-workers synthesized a series of iridium (III) complexes with
anthraquinone structure, in which compound 26 (Figure 2) can
by
phosphorescence, and was successfully used to detect hypoxia in
3D multicellular tumor spheres (Li et al, 2019). The results of
in vitro experiments showed that compound 26 showed good
inhibitory ~activity against A549cisR cells
(Table 1). Further showed that
preferentially accumulated in mitochondria of hypoxic tumor

effectively respond to hypoxia turning on yellow

under hypoxia

studies compound 26

cells and induced apoptosis through mitochondrial dysfunction
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and caspase-3 activation. Yuan et al. synthesized a series of novel
cyclometallic iridium (III) complexes with terpyridine and some
bidentate ligands with increasing conjugation area, and found that
they could specifically accumulate in the endoplasmic reticulum
(ER) of A549 cells (Yuan et al., 2019). Among them, compound 27
(Figure 2) has good phototoxicity and can cause upregulation of
CHOP and trigger ER stress-induced apoptosis in a short time after
photodynamic therapy (405 nm), which highlights its potential as a
photosensitizer candidate for ER localization photodynamic therapy
(Table 1). Inspired by the structure and function of the compound
18, Zhang et al. developed a dual-functional hetero-binuclear Ir-Ru
compound 28 (Figure 3), which combines photoactivated
chemotherapy and photodynamic therapy, with strong antitumor
activity against cisplatin-resistant cancer cells (Zhang C. et al., 2019).
Compound 28 enters cells by active transport and accumulates
specifically in mitochondria. After light exposure, compound 28
could induce apoptosis through mitochondrial DNA damage and
mitochondrial dysfunction (Table 1).

Zhang et al. synthesized cyclometal iridium (III) complex 29
(Figure 3) by modifying compound 7 and introducing a
maleimide side chain (Zhang P. et al, 2019). Interestingly,
compound 29 can react with human serum albumin (HSA)
through the side chain to give HSA-Ir conjugates. Compared
with the parent compound 29, HSA-Ir exhibited significantly
enhanced phosphorescence (Table 1), which could accumulate in
the nuclei of live cancer cells and showed significant
photocytotoxicity against A549 lung cancer cells and tumor
spheroids, whereas even after light irradiation, Normal cells
and normal cell spheroids remained nontoxic. This nuclear-
targeted organoiridium albumin is a powerful candidate
photosensitizer for antitumor photodynamic therapy. Kuang
et al. reported an Fe(IIl) activated lysosome targeting Iridium
(IIT) compound 30 (Figure 3) that can be used in the treatment of
gastric cancer, and this compound also has a good inhibitory
effect on A549 lung cancer cells (Kuang et al., 2020). It contains a
meta aminocatechol group, which can selectively bind to and be
oxidized by free Fe (III) in the cell. The subsequent oxidative
rearrangement releases Fe II and hydrolyzes the amine bond
under acidic conditions to form Ir-NH, compounds. Ir-NH, can
migrate to mitochondria as a probe to reveal diagnostic
information and induce cancer cell toxicity (Table 1). In the
same year, Li et al. synthesized a phosphorus cyclometal iridium
(III) complex 31 (Figure 3), which can effectively target
mitochondria and has good antitumor activity against
A549 lung cancer and cisplatin resistant cells (Table 1) (Li
et al,, 2020a). Another study by Che and co-worker reported
that a near-infrared emitting iridium (III) N-heterocyclic carbene
compound 32 (Figure 3) can be used as a mitochondrial targeting
anticancer agent and photodynamic agent (Li et al., 2020b). This
compound has greater cytotoxicity against A549 cancer cells than
cisplatin and shows higher cytotoxicity in the presence of 450 and
630nm LED light (Table 1). Compound 32 can increase

intracellular ROS levels, reduce mitochondrial membrane
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potential, and induce early apoptosis to a certain extent. Under
light, its tumor inhibition rate in vivo was 81%.

The next year, Redrado et al. obtained several novel luminescent
and photosensitizing iridium (III) complexes through acridine
modification, and studied their emission and biological activity
against A549 cell line (Redrado et al, 2021). The results showed
that the ICs, value of compound 33 (Figure 3) against A549 cells in
the dark was 43.38 + 0.14 uM, and the inhibitory activity was
increased by 111 times when irradiated at 470 nm for 10 min
(Table 1). Microscopic analysis showed that compound 33 could
induce cytoplasmic vacuolization and typical apoptosis and necrosis.
In the same year, Wang et al. designed and synthesized an iridium
(IIT) complex 34 (Figure 3) that can target the ER and induce cell ER
stress (Wang et al,, 2021). It can induce multiple characteristics of
immunogenic cell death (ICD) of non-small cell lung cancer cells
(Table 1), namely, surface exposure of calreticulin, extracellular
release of high mobility group protein box 1 (HMGB1) and ATP.
This is the first report that iridium (IIT) complexes can cause ICD. He
et al. also reported a new cyclometal iridium (III) complex 35 (Figure
3), which can effectively target mitochondria and inhibit
mitochondrial topoisomerase (Table 1) (He et al, 2021). The next
interesting report is that a new water-soluble iridium (IIT)-porphyrin
sound sensitive compound 36 (Figure 3) was synthesized, which
produced good killing effects on a variety of cancer cells (including
A549 lung cancer cells) under ultrasound irradiation, and showed
ultrasonic activation ability at a tissue depth of more than 10 cm
(Table 1) (Xie et al, 2021). This study provides guidance for the
development of metal sonosensitizer for the treatment of lung cancer.
Huang et al. reported a water-soluble, luminescent, and photostable
coumarin-functionalized cyclometallated iridium (IIT) complex 37
(Figure 3), which was primarily localized to the lysosomes and
mitochondria of cancer cells (Huang et al., 2021). Compound 37
induced significant light-triggered cytotoxicity against a variety of
cancer cells, while remaining nontoxic against several normal cell
lines and under dark conditions (Table 1). Its principle of
photocytotoxicity is mainly through ROS that changes the
oxidative balance and mitochondrial membrane potential in cells,
resulting in necrosis and apoptosis of cancer cells. Furthermore,
compound 37 exhibits high in vivo biocompatibility and
photocatalytic anticancer efficiency.

Liu’s group successively reported two cyclometallated
iridium (III) complexes 38 and 39 (Figure 3) (Gu et al., 2021;
Zhou et al., 2021). Among them, compound 38 exhibited a lower
antitumor activity than compound 39. However, after liposome
loading, the ICs, value of compound 38 against A549 lung cancer
cells reached 9.7 + 0.15 uM. Another compound 39 can induce
apoptosis of lung cancer cells by activating PI3K-Akt-mTOR and
endoplasmic reticulum stress pathway, and inhibit migration of
lung cancer cells by blocking mitotic process (Table 1). Recently,
Redrado and co-workers synthesized a cyclometallated iridium
(ITII) complex 40 (Figure 4) with biological activity and
luminescent properties using benzimidazole derivatives as
ligands, which can target lysosomes (Redrado et al., 2022).
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Under 470 nm light, its anti-proliferation activity against lung
cancer A549 cells increased 15-fold to reach the ICs, value in
nanomolar range (0.26 + 0.14 uM) (Table 1). Drugs can be
selectively delivered into tumor cells through carriers such as
aptamers, antibodies, proteins and peptides, thereby reducing the
toxic effects of drugs on normal cells. Chen et al. designed and
synthesized a cyclometallic iridium (III) complex 41 (Figure 4),
which can form a conjugate with the aptamer AS1411 (Chen
et al.,, 2022). Due to the targeting ability of the aptamer, the
conjugate can specifically bind to nucleolar proteins
overexpressed on the surface of cancer cells and display
strong fluorescent signals for tumor imaging and diagnosis
(Table 1). Interestingly, Ke et al. reported a thiol-modified
cyclometallated iridium (III) complex 42 (Figure 4), which
can form iridium nanoparticles by self-assembly for targeted
delivery to tumor sites (Ke et al.,, 2022). Further studies showed
that nanoparticles can be decomposed into monomeric iridium
compounds in lung cancer cells, and then selectively reduce
glutathione levels, leading to mitochondrial oxidative stress
(Table 1). Additionally, it was also found that nanoparticles
can produce lipid peroxide, resulting in combined cell death
in the cancer cells by apoptosis and ferroptosis. Next, the above
research group reported a new mitochondrial-localized iridium
(IIT) endoperoxide prodrug compound 43 (Figure 4), upon two-
photon irradiation in NIR, synergistically releases a highly
cytotoxic iridium (IIT) complex, singlet oxygen, and an alkoxy
radical (Kuang et al.,, 2022). Compound 43 was found to be
highly (photo-)toxic in hypoxic tumor cells and multicellular
tumor spheroids in the nanomolar range (Table 1).

Fan et al. reported a novel photostable phosphorescent
organometallic binuclear iridium (IIT) complex 44 (Figure 4),
which is an excellent photosensitizer and efficient photocatalyst
for NAD(P)H and amino acid oxidation with significantly higher
photocytotoxicity at 525 nm than its mononuclear structure (Fan
et al,, 2022). In addition, compound 44 also possesses lysosome
targeting and high biocompatibility, showing significantly high
light-activated anticancer activity against A549 lung cancer cells
and HepG2 tumor-bearing mouse models in vitro and in vivo
(Table 1). Subsequently, Liu et al. synthesized iridium (III)
complex 45 (Figure 4) with 9-anthracenecarboxylic acid as
ligand, which also has lysosomal targeting ability and shows
good cytotoxic activity against a variety of tumor cell lines,
especially against A549 cells (Table 1) (Liu et al, 2022). Hao
et al. also synthesized an iridium (III) complex 46 (Figure 4) with
lysosomal targeting ability, which can induce cancer cell
apoptosis by interfering with cell redox homeostasis and
inhibiting PI3K/Akt/mTOR pathway (Table 1) (Hao et al,
2022). Iridium compounds 47 and 48 (Figure 4) synthesized
by Wu et al. with dithioformic acid as ligand has the function of
targeting mitochondria, which could induce apoptosis and
inhibit migration of A549 cells (Table 1) (Wu et al, 2022).
Similarly, Xiong et al. also developed iridium (III) complexes
49 and 50 (Figure 4) with mitochondrial targeting function using
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1,3,5-triazine-2,4-diamine derivatives as ligands, which were
effective against A549 and its cisplatin resistant cells exhibited
strong phototoxicity (Xiong et al, 2022). Compound 49 can
induce mitochondria-mediated cell death in A549cisR cells
under 405 nm radiation, thereby overcoming drug resistance
(Table 1). Based on compound 45, Wang et al. synthesized a
Rhein-modified cyclometallated Ir(III) compound 51 (Figure 4),
which could precisely target mitochondria, induce severe
mitochondrial damage and inhibit glycolytic bioenergetics,
ultimately leading to death from ATP starvation (Table 1)
(Wang et al, 2022). In addition, compound 51 can also
regulate the cisplatin metabolic pathway in A549cisR cells,
such as up regulating the inflow of CTRl1 and down

regulating the outflow of MRP2 transporter, thereby
producing good anti proliferation performance against
cisplatin resistant cancer cells.
Organometallic half-sandwich
iridium (lll) complexes

In recent years, organoiridium (III) “half-sandwich”

complexes have been proved to show significant anticancer
activity. The first reported organic “half-sandwich” iridium
(ITI) complex was discovered in 2011 by Sadler and co-worker
(Liu et al., 2011). They synthesized a series of iridium (III)
complexes with pentamethylcyclopentadienyl as ligand and
confirmed that they have a good inhibitory effect on
A2780 human ovarian cancer cells. This provides a very
important basis for the development of anti-lung cancer
Iridium compounds based on such structures.

Until 2014, Liu et al. synthesized a series of half-sandwich
(I11) with
cyclopentadienyl as ligands, among which compound 52

iridium complexes tetramethyl-(phenyl)
(Figure 5) showed a strong inhibitory effect on a variety of
tumor cells (Liu et al., 2014). The IC5, of compound 52 against
A549 cells was 0.62 + 0.06 pM, which is 5-fold the antitumor
activity of cisplatin (Table 2). In the next year, Millett and co-
worker reported 15 half-sandwich Iridium (III) compounds
(Millett et al., 2015). By modifying the functional groups at
different positions of 2-phenylpyridine, it was found that the
fluorine substituted compound 53 (Figure 5) had the best
inhibitory activity on A549 lung cancer cells (Table 2). A series
of “half sandwich” Schiff base IR (III) complexes were
synthesized by Mou et al. (Mou et al, 2017). And their
in vitro activity against leukemia K562 cell line was studied.
They further found that compound 54 (Figure 5) had a good
inhibitory effect on a variety of tumor cells, including
A549 lung cancer cells, and induced apoptosis through the
mitochondrial pathway (Table 2). Li et al. synthesized a series
of novel half-sandwich iridium (III) complexes with neutral
iminopyridyl Schiff base as ligands (Li J. et al., 2017). Among
them, compounds 55 and 56 (Figure 5) showed high
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antitumor activity, and their activity against A549 and
HeLa cells was 19 times and 6 times that of the clinical
(Table 2). These
compounds can be hydrolyzed in aqueous solution and do
not interact with DNA, but have high binding affinity to
albumin. In addition, compounds 55 and 56 could also

drug cisplatin, respectively two

significantly increase ROS levels in A549 cells, arrest cell
cycle in G2/M phase, and induce apoptosis.

Another work by Li et al., published in 2018, synthesized a
half-sandwich iridium (III) complex 57 (Figure 5) using
triphenyl-modified Schiff bases as ligands, which was mainly
via energy-dependent active transport into cancer cells and
accumulate in the nucleus (Li et al., 2018). In addition,
compound 57 mainly induces apoptosis in the morning by
in A549
mitochondrial membrane potential (Table 2). Subsequently,

increasing ROS levels cells and decreasing
Han et al. synthesized a series of N-heterocyclic carbene “half-
sandwich” Ir(IIT) complexes, among which compound 58 (Figure
5) showed strong antitumor activity against A549 cells, which
could target the lysosomes and mitochondria, and catalyze the
conversion of the coenzyme NADH to NAD+, induce the
production of reactive oxygen species, and can arrest the cell
cycle in G1/S phase (Table 2) (Han et al,, 2018). Furthermore, a
series of novel and multifunctional imine cyclic carbene based
“half sandwich” iridium (III) complexes were reported to have
strong inhibitory activity against A549 cells (Yang et al., 2018).
Among them, compound 59 (Figure 5) can reduce the
mitochondrial membrane potential of A549 cancer cells,
disrupt the G2/M phase cell cycle, and induce obvious
apoptosis. Compound 59 enters A549 lung cancer cells mainly
through an energy dependent pathway and is located in
lysosomes (Table 2). In the same year, Liu’s research group
successively reported three “half sandwich” Ir(IlI) complexes
60, 61 and 62 (Figure 5) with cyclopentadiene dibenzene as
ligand (He X. et al., 2018; Kong et al., 2018; Zhang et al., 2018).
These three compounds have good inhibitory activity on
A549 lung cancer cells, and can kill cancer cells by changing
the level of intracellular reactive oxygen species, inducing
apoptosis and blocking cell cycle (Table 2).

Zhang et al. found that the antiproliferative activity of the half-
iodine-substituted  cyclopentadienyl (Imm)
azopyridine compound 63 was greater than that of the chloro-
substituted compound 64 (Figure 5) against cancer cells (Table 2),
which was due to the fact that the iodine-substituted compound could
intracellularly reacts with the abundant tripeptide glutathione to
further activate it to generate cytotoxic free radicals (Zhang W. Y.
et al,, 2020). It has been reported that N-heterocyclic carbenes ligand
modified half sandwich iridium (IIT) complex 65 (Figure 5) can enter

sandwich iridium

lung cancer cells through an energy dependent pathway and target
lysosomes to induce the release of cathepsin and other proteins
(Zhang J. et al, 2020). These proteins regulate lysosomal and
mitochondrial dysfunction, thereby promoting apoptosis (Table 2).
At the same time, compound 65 can also block the cell cycle in GO/
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Gl phase. By replacing the ligand in compound 65 with
phenanthroline, Liu et al. synthesized a series of new half-
sandwich structure iridium (III) complex 66 (Figure 5), which had
better inhibitory activity on A549 lung cancer cells than compound
65 (Table 2) (Liu et al., 2021). Furthermore, in contrast to complexes
containing halide ion-leaving groups, pyridyl-based complexes do not
show hydrolysis, but effectively cause lysosomal damage, leading to
accumulation in the cytosol, inducing an increase in intracellular
reactive oxygen species levels and apoptosis. Chellan et al. reacted
dihydroartemisinin  with 4-methyl-4’-carboxy-2,2'-bipyridine to
generate new ester derivatives, and then synthesized several
organometallic half-sandwich chloro Ir(Ill) complexes with it as
ligand (Chellan et al, 2021). Compound 67 (Figure 5) has good
inhibitory activity against A549 lung cancer cells (Table 2), and it also
shows nanomolar antimalarial activity, which is superior to
chloroquine and artemisinin.

Subsequently, a half sandwich Ir(IlI) compound 68 (Figure 5)
with triazolyl substituted N-heterocyclic carbene as ligand was
reported, which has good antitumor activity against NCI-H460
lung cancer cells (Table 2) (Tong et al, 2021). In the same year,
Shao et al. developed four triphenylamine-modified fluorescent half-
sandwich iridium (III) thiosemicarbazone (TSC) compounds, which
exhibited fluorescence properties under 405 nm light (Shao et al,
2021). These complexes form unique dimer configurations due to the
“enol” configuration of the TSC ligands. Among them, compound 69
(Figure 5) has the best inhibitory effect on A549 cells (Table 2). It can
not only enter tumor cells in an energy dependent manner,
accumulate in lysosomes, and cause damage to lysosomal integrity,
but also block cell cycle and improve the level of reactive oxygen
species in tissues, and lead to cell apoptosis. Recently, Komarnicka and
co-workers synthesized two phosphine ligand-modified half-
sandwich iridium (III) complexes, both of which showed strong
inhibitory activity against A549 cells. Interestingly, compound 70
(Figure 5) induced cell cycle arrest in S phase at lower concentrations,
but enhanced GO/G1 arrest at high doses (Table 2).

Conclusion and prospects

Lung cancer is still one of the most vulnerable malignant
tumors that seriously threaten human life. Although cisplatin
and other platinum drugs are still the first choice for advanced
chemotherapy of lung cancer, their toxicity, side effects and drug
resistance limit their clinical use. In order to design and
synthesize effective anticancer drugs, transition metal-based
compounds have gradually developed into promising
candidate drugs due to their cytotoxicity and ability to
prevent drug resistance of tumor cells.

In recent years, iridium (III) complexes have been developed as
potential anti-lung cancer drugs, promising to solve the toxic side
effects and drug resistance of cisplatin. This paper reviews the recent
progress of iridium (III) complexes, and discusses their biological

activities and anti-lung cancer mechanisms. Currently, iridium (III)
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complexes that can effectively inhibit lung cancer are mainly divided
into two categories, namely, cyclometallic iridium compounds and
half-sandwich iridium compounds. Compared with half sandwich
iridium compounds, cyclometallic iridium compounds have better
optical properties and can inhibit tumors by exciting the dynamic
behavior of light, which provides a basis for the development of
Iridium based phototherapy reagents.

Most studies show that iridium (IIT) complexes have low
toxicity to normal cells, are more easily taken up by tumor cells,
and can effectively target lysosomes, mitochondria and
endoplasmic reticulum of lung cancer cells. The anti-tumor
mechanism of iridium (IIT) complexes is different from that of
cisplatin. It mainly induces apoptosis or autophagy and cell cycle
arrest by inducing ATP depleted mitochondrial damage,
increased intracellular ROS level and endoplasmic reticulum
thus
metastasis. Some iridium (III) complexes can also kill lung

stress, inhibiting cell proliferation, invasion and
cancer cells by causing immunogenic cell death and inhibiting
energy metabolism. In addition, in view of the inevitable low
targeting and side effects of metal drugs, some new drug carriers,
such as human serum albumin, have been used to improve the in
vivo delivery efficiency, bioavailability and targeting, while
greatly reducing the in vivo toxicity.

The existing research results clearly support that iridium (III)
complexes can be used to develop effective chemotherapeutic
drugs for human lung cancer, and they can provide guidance for
the design of other metal drugs with higher efficiency and better

clinical application potential.

Author contributions

TY: drafted the initial manuscript, collected data; MZ:
collected data, organize the literature, MJ: collected data, draw
the figures; FY: reviewed and revised the manuscript; ZZ:
the drafted the
manuscript. All authors approved the paper for publication.

conceptualized and designed study,

Funding

This work was supported by the Natural Science Foundation
of Guangxi (2022GXNSFGA035003, 2022GXNSFBA035491),
the Natural Science Foundation of China (22077021), the
State Key Laboratory for Chemistry and Molecular
Engineering of Medicinal Resources (CMEMR2021-A01).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1025544

Yang et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Alexander, M., Kim, S. Y., and Cheng, H. (2020). Update 2020: Management of
non-small cell lung cancer. Lung 198 (6), 897-907. doi:10.1007/500408-020-
00407-5

Boulikas, T., and Vougiouka, M. (2003). Cisplatin and platinum drugs at the
molecular level. (review). Oncol. Rep. 10 (6), 1663-1682. doi:10.3892/0r.10.6.1663

Cao, J. J., Tan, C. P., Chen, M. H., Wu, N,, Yao, D. Y., Liu, X. G,, et al. (2017).
Targeting cancer cell metabolism with mitochondria-immobilized phosphorescent
cyclometalated iridium(iii) complexes. Chem. Sci. 8 (1), 631-640. doi:10.1039/
C6SC02901A

Cao, J. J., Zheng, Y., Wu, X. W,, Tan, C. P., Chen, M. H,, Wu, N,, et al. (2019).
Anticancer cyclometalated iridium(iii) complexes with planar ligands:
Mitochondrial DNA damage and metabolism disturbance. J. Med. Chem. 62 (7),
3311-3322. doi:10.1021/acs.jmedchem.8b01704

Cao, R, Jia, J., Ma, X., Zhou, M., and Fei, H. (2013). Membrane localized
iridium(iii) complex induces endoplasmic reticulum stress and mitochondria-
mediated apoptosis in human cancer cells. J. Med. Chem. 56 (9), 3636-3644.
doi:10.1021/jm4001665

Chellan, P., Avery, V. M., Duffy, S., Land, K. M., Tam, C. C,, Kim, J. H,, et al.
(2021). Bioactive half-sandwich rh and ir bipyridyl complexes containing
artemisinin. J. Inorg. Biochem. 219, 111408. doi:10.1016/j.jinorgbio.2021.111408

Chen, M.-H., Zheng, Y., Cai, X.-J., Zhang, H., Wang, F.-X,, Tan, C.-P,, et al.
(2019). Inhibition of autophagic flux by cyclometalated iridium(iii) complexes
through anion transportation. Chem. Sci. 10 (11), 3315-3323. do0i:10.1039/
C8SC04520H

Chen, M. H,, Wang, F. X,, Cao, J. ], Tan, C. P,, Ji, L. N,, and Mao, Z. W. (2017).
Light-up mitophagy in live cells with dual-functional theranostic phosphorescent
iridium(iii) complexes. ACS Appl. Mat. Interfaces 9 (15), 13304-13314. doi:10.1021/
acsami.7b01735

Chen, W., Cai, X, Sun, Q., Guo, X,, Liang, C., Tang, H., et al. (2022). Design and
synthesis of aptamer-cyclometalated iridium(iii) complex conjugate targeting
cancer cells. Eur. J. Med. Chem. 236, 114335. doi:10.1016/j.ejmech.2022.114335

Du, F, Bai, L., He, M., Zhang, W. Y., Gu, Y. Y., Yin, H,, et al. (2019). Design,
synthesis and biological evaluation of iridium(iii) complexes as potential antitumor
agents. J. Inorg. Biochem. 201, 110822. doi:10.1016/j.jinorgbio.2019.110822

Fan, Z., Rong, Y., Sadhukhan, T., Liang, S., Li, W., Yuan, Z., et al. (2022). Single-
cell quantification of a highly biocompatible dinuclear iridium(iii) complex for
photocatalytic cancer therapy. Angew. Chem. Int. Ed. Engl. 61 (23), €202202098.
doi:10.1002/anie.202202098

Gaur, K., Vazquez-Salgado, A. M., Duran-Camacho, G., Dominguez-Martinez, I,
Benjamin-Rivera, J. A., Fernandez-Vega, L., et al. (2018). Iron and copper
intracellular chelation as an anticancer drug strategy. Inorganics (Basel) 6 (4),
126. doi:10.3390/inorganics6040126

Ghosh, S. (2019). Cisplatin: The first metal based anticancer drug. Bioorg. Chem.
88, 102925. doi:10.1016/j.bioorg.2019.102925

Giaccone, G., Splinter, T., Debruyne, C., Kho, G., Lianes, P., van Zandwijk, N,
etal. (1998). Randomized study of paclitaxel-cisplatin versus cisplatin-teniposide in
patients with advanced non-small-cell lung cancer. The European organization for
research and treatment of cancer lung cancer cooperative group. J. Clin. Oncol. 16
(6), 2133-2141. doi:10.1200/JCO.1998.16.6.2133

Grapatsas, K., Leivaditis, V., Tsilogianni, Z., Haussmann, E., Kaplunov, V., Dahm,
M., et al. (2017). Epidemiology, risk factors, symptomatology, tnm classification of
non small cell lung cancer. An overview while waiting the 8th tnm classification.
Oncomedicine 2, 14-23. doi:10.7150/oncm.17097

Gu, Y., Wen, H,, Zhang, Y., Bai, L., Zhou, Y., Zhang, H,, et al. (2021). Studies of
anticancer activity in vivo and in vitro behaviors of liposomes encapsulated
iridium(iii) complex. J. Biol. Inorg. Chem. 26 (1), 109-122. doi:10.1007/s00775-
020-01841-9

Han, Y., Tian, Z., Zhang, S, Liu, X,, Li, J,, Li, Y., et al. (2018). Half-sandwich
iridium(iii)n-heterocyclic carbene antitumor complexes and biological applications.
J. Inorg. Biochem. 189, 163-171. d0i:10.1016/j.jinorgbio.2018.09.009

Frontiers in Pharmacology

13

10.3389/fphar.2022.1025544

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Hao, J., Liu, H.,, Wang, ], Wang, X., Huang, C., Liang, L., et al. (2022). Iridium (iii)
complexes induce cervical carcinoma apoptosis via disturbing cellular redox
homeostasis disorder and inhibiting pi3k/akt/mtor pathway. J. Inorg. Biochem.
235, 111946. doi:10.1016/j.jinorgbio.2022.111946

Hao, L., Li, Z.-W., Zhang, D.-Y., He, L., Liu, W,, Yang, ], et al. (2019). Monitoring
mitochondrial viscosity with anticancer phosphorescent ir(iii) complexes via two-
photon lifetime imaging. Chem. Sci. 10 (5), 1285-1293. doi:10.1039/C8SC04242]

He, L., Liao, S.-Y.,, Tan, C.-P,, Lu, Y.-Y.,, Xu, C.-X,, Ji, L.-N,, et al. (2014).
Cyclometalated iridium(iii)-p-carboline complexes as potent autophagy-
inducing agents. Chem. Commun. 50 (42), 5611-5614. doi:10.1039/C4CC01461H

He, L., Wang, K.-N,, Zheng, Y., Cao, J.-J., Zhang, M.-F,, Tan, C.-P,, et al. (2018a).
Cyclometalated iridium(iii) complexes induce mitochondria-derived paraptotic cell
death and inhibit tumor growth in vivo. Dalton Trans. 47 (20), 6942-6953. doi:10.
1039/C8DT00783G

He, L., Xiong, K., Wang, L., Guan, R, Chen, Y., Ji, L., et al. (2021). Iridium(iii)
complexes as mitochondrial topoisomerase inhibitors against cisplatin-resistant
cancer cells. Chem. Commun. (Camb.) 57 (67), 8308-8311. doi:10.1039/
d1cc02178h

He, X, Tian, M., Liu, X,, Tang, Y., Shao, C. F,, Gong, P., et al. (2018b).
Triphenylamine-appended half-sandwich iridium(iii) complexes and their
biological applications. Chem. Asian J. 13 (11), 1500-1509. doi:10.1002/asia.
201800103

Helm, L., and Merbach, A. E. (1999). Water exchange on metal ions: Experiments
and simulations. Coord. Chem. Rev. 187 (1), 151-181. doi:10.1016/S0010-8545(99)
90232-1

Huang, C,, Liang, C., Sadhukhan, T., Banerjee, S., Fan, Z,, Li, T,, et al. (2021). In-
vitro and in-vivo photocatalytic cancer therapy with biocompatible iridium(iii)
photocatalysts. Angew. Chem. Int. Ed. Engl. 60 (17), 9474-9479. doi:10.1002/anie.
202015671

Ke, L., Wei, F., Xie, L., Karges, J., Chen, Y., Ji, L., et al. (2022). A biodegradable
iridium(iii) coordination polymer for enhanced two-photon photodynamic therapy
using an apoptosis-ferroptosis hybrid pathway. Angew. Chem. Int. Ed. Engl. 61 (28),
€202205429. doi:10.1002/anie.202205429

Komarnicka, U. K., Niorettini, A., Koziel, S., Pucelik, B., Barzowska, A., Wojtala,
D., et al. (2022). Two out of three musketeers fight against cancer: Synthesis,
physicochemical, and biological properties of phosphino cu(i), ru(ii), ir(iii)
complexes. Pharm. (Basel) 15 (2), 169. doi:10.3390/ph15020169

Kong, D., Tian, M., Guo, L., Liu, X,, Zhang, S., Song, Y., et al. (2018). Novel
iridium(iii) iminopyridine complexes: Synthetic, catalytic, and in vitro anticancer
activity studies. J. Biol. Inorg. Chem. 23 (5), 819-832. d0i:10.1007/s00775-018-
1578-0

Kuang, S., Liao, X., Zhang, X., Rees, T. W., Guan, R,, Xiong, K., et al. (2020).
Ferriiridium: A lysosome-targeting iron(iii)-activated iridium(iii) prodrug for
chemotherapy in gastric cancer cells. Angew. Chem. Int. Ed. Engl. 59 (8),
3315-3321. doi:10.1002/anie.201915828

Kuang, S., Wei, F., Karges, J., Ke, L, Xiong, K, Liao, X,, et al. (2022).
Photodecaging of a mitochondria-localized iridium(iii) endoperoxide complex
for two-photon photoactivated therapy under hypoxia. J. Am. Chem. Soc. 144
(9), 4091-4101. doi:10.1021/jacs.1c13137

Li, J., Chen, H., Zeng, L., Rees, T. W., Xiong, K., Chen, Y., et al. (2019).
Mitochondria-targeting cyclometalated iridium(iii) complexes for tumor
hypoxic imaging and therapy. Inorg. Chem. Front. 6 (4), 1003-1010. doi:10.
1039/c9qi00081;

Li, J., Guo, L., Tian, Z., Tian, M., Zhang, S., Xu, K., et al. (2017a). Novel half-
sandwich iridium(iii) imino-pyridyl complexes showing remarkable in vitro
anticancer activity. Dalton Trans. 46 (44), 15520-15534. doi:10.1039/
¢7dt03265;

Li, J., Guo, L., Tian, Z., Zhang, S., Xu, Z., Han, Y., et al. (2018). Half-sandwich
iridium and ruthenium complexes: Effective tracking in cells and anticancer
studies. Inorg. Chem. 57 (21), 13552-13563. doi:10.1021/acs.inorgchem.
8b02161

frontiersin.org


https://doi.org/10.1007/s00408-020-00407-5
https://doi.org/10.1007/s00408-020-00407-5
https://doi.org/10.3892/or.10.6.1663
https://doi.org/10.1039/C6SC02901A
https://doi.org/10.1039/C6SC02901A
https://doi.org/10.1021/acs.jmedchem.8b01704
https://doi.org/10.1021/jm4001665
https://doi.org/10.1016/j.jinorgbio.2021.111408
https://doi.org/10.1039/C8SC04520H
https://doi.org/10.1039/C8SC04520H
https://doi.org/10.1021/acsami.7b01735
https://doi.org/10.1021/acsami.7b01735
https://doi.org/10.1016/j.ejmech.2022.114335
https://doi.org/10.1016/j.jinorgbio.2019.110822
https://doi.org/10.1002/anie.202202098
https://doi.org/10.3390/inorganics6040126
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.1200/JCO.1998.16.6.2133
https://doi.org/10.7150/oncm.17097
https://doi.org/10.1007/s00775-020-01841-9
https://doi.org/10.1007/s00775-020-01841-9
https://doi.org/10.1016/j.jinorgbio.2018.09.009
https://doi.org/10.1016/j.jinorgbio.2022.111946
https://doi.org/10.1039/C8SC04242J
https://doi.org/10.1039/C4CC01461H
https://doi.org/10.1039/C8DT00783G
https://doi.org/10.1039/C8DT00783G
https://doi.org/10.1039/d1cc02178h
https://doi.org/10.1039/d1cc02178h
https://doi.org/10.1002/asia.201800103
https://doi.org/10.1002/asia.201800103
https://doi.org/10.1016/S0010-8545(99)90232-1
https://doi.org/10.1016/S0010-8545(99)90232-1
https://doi.org/10.1002/anie.202015671
https://doi.org/10.1002/anie.202015671
https://doi.org/10.1002/anie.202205429
https://doi.org/10.3390/ph15020169
https://doi.org/10.1007/s00775-018-1578-0
https://doi.org/10.1007/s00775-018-1578-0
https://doi.org/10.1002/anie.201915828
https://doi.org/10.1021/jacs.1c13137
https://doi.org/10.1039/c9qi00081j
https://doi.org/10.1039/c9qi00081j
https://doi.org/10.1039/c7dt03265j
https://doi.org/10.1039/c7dt03265j
https://doi.org/10.1021/acs.inorgchem.8b02161
https://doi.org/10.1021/acs.inorgchem.8b02161
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1025544

Yang et al.

Li, Y, Liu, B, Lu, X.-R, Li, M.-F,, Ji, L.-N,, and Mao, Z.-W. (2017b).
Cyclometalated iridium(iii) n-heterocyclic carbene complexes as potential
mitochondrial anticancer and photodynamic agents. Dalton Trans. 46 (34),
11363-11371. doi:10.1039/C7DT01903C

Li, Y., Liu, B, Xu, C.-X., He, L., Wan, Y.-C,, Ji, L.-N., et al. (2020a). Mitochondria-
targeted phosphorescent cyclometalated iridium(iii) complexes: Synthesis,
characterization, and anticancer properties. J. Biol. Inorg. Chem. 25 (4),
597-607. doi:10.1007/s00775-020-01783-2

Li, Y., Tan, C.-P., Zhang, W.,, He, L, Ji, L.-N,, and Mao, Z.-W. (2015).
Phosphorescent  iridium(iii)-bis-n-heterocyclic = carbene  complexes  as
mitochondria-targeted theranostic and photodynamic anticancer agents.
Biomaterials 39, 95-104. doi:10.1016/j.biomaterials.2014.10.070

Li, Y., Wang, K. N, He, L, Ji, L. N,, and Mao, Z. W. (2020b). Synthesis,
photophysical ~and  anticancer  properties of  mitochondria-targeted
phosphorescent cyclometalated iridium(iii) n-heterocyclic carbene complexes.
J. Inorg. Biochem. 205, 110976. doi:10.1016/j.jinorgbio.2019.110976

Liu, L., Chen, J., Wang, M. M., Huang, Y., Qian, Y., Xue, X,, et al. (2022). The
cyclometalated iridium (iii) complex based on 9-anthracenecarboxylic acid as a
lysosomal-targeted anticancer agent. J. Inorg. Biochem. 235, 111913. doi:10.1016/j.
jinorgbio.2022.111913

Liu, X,, Shao, M., Liang, C., Guo, J., Wang, G., Yuan, X. A, et al. (2021).
Preparation and bioactivity of iridium(iii) phenanthroline complexes with halide
ions and pyridine leaving groups. Chembiochem. 22 (3), 557-564. doi:10.1002/cbic.
202000511

Liu, Z., Habtemariam, A., Pizarro, A. M., Fletcher, S. A., Kisova, A., Vrana, O.,
et al. (2011). Organometallic half-sandwich iridium anticancer complexes. J. Med.
Chem. 54 (8), 3011-3026. doi:10.1021/jm2000932

Liu, Z., Romero-Canelon, 1., Habtemariam, A., Clarkson, G. J., and Sadler, P. J.
(2014). Potent half-sandwich iridium(III) anticancer complexes containing CAN-
chelated and pyridine ligands. Organometallics 33 (19), 5324-5333. doi:10.1021/
om500644f

Lo, K. K.-W., and Zhang, K. Y. (2012). Iridium(iii) complexes as therapeutic and
bioimaging reagents for cellular applications. RSC Adv. 2 (32), 12069. doi:10.1039/
c2ra20967e

Longato, B., Riello, L., Bandoli, G., and Pilloni, G. (1999). Iridium(iii, 0,
and -i) complexes stabilized by 1, 1‘-bis(diphenylphosphino)ferrocene
(dppf): Synthesis and characterization. Crystal structures of [na(thf)5]
[ir(dppf)2]-thf and [ir(dppf)2]. Inorg. Chem. 38 (12), 2818-2823. doi:10.
1021/ic981166s

Lucas, S., Lord, R., Wilson, R., Phillips, R., Sridharan, V., and McGowan, P.
(2012). Synthesis of iridium and ruthenium complexes with (N, N), (N, O) and (O,
0) coordinating bidentate ligands as potential anti-cancer agents. Dalton Trans. 41
(45), 13800-13802. doi:10.1039/c2dt32104a

Ma, D. L., He, H. Z,, Leung, K. H,, Chan, D. S, and Leung, C. H. (2013). Bioactive
luminescent transition-metal complexes for biomedical applications. Angew. Chem.
Int. Ed. Engl. 52 (30), 7666-7682. doi:10.1002/anie.201208414

Ma, D. L, Wu, C, Wu, K. J,, and Leung, C. H. (2019). Iridium(iii) complexes
targeting apoptotic cell death in cancer cells. Molecules 24 (15), E2739. doi:10.3390/
molecules24152739

Mamdani, H., Induru, R, and Jalal, S. I (2015). Novel therapies in small cell lung
cancer. Transl. Lung Cancer Res. 4 (5), 533-544. doi:10.3978/j.issn.2218-6751.2015.07.20

Mamo, A., Stefio, L., Parisi, M. F., Credi, A., Venturi, M., Di Pietro, C., et al.
(1997). Luminescent and redox-active iridium(iii)-cyclometalated compounds
with terdentate ligands. Inorg. Chem. 36 (25), 5947-5950. doi:10.1021/
ic970791e

Millett, A. J., Habtemariam, A., Romero-Canelon, I, Clarkson, G. J., and Sadler, P.
J. (2015). Contrasting anticancer activity of half-sandwich iridium(iii) complexes
bearing functionally diverse 2-phenylpyridine ligands. Organometallics 34 (11),
2683-2694. doi:10.1021/acs.organomet.5b00097

Monti, F., Kessler, F., Delgado, M., Frey, J., Bazzanini, F., Accorsi, G., et al. (2013).

Charged bis-cyclometalated iridium(iii) complexes with carbene-based ancillary
ligands. Inorg. Chem. 52 (18), 10292-10305. doi:10.1021/ic400600d

Mou, Z. D, Deng, N., Zhang, F., Zhang, J., Cen, J., and Zhang, X. (2017). Half-
sandwich" schiff-base ir(iii) complexes as anticancer agents. Eur. J. Med. Chem. 138,
72-82. doi:10.1016/j.ejmech.2017.06.027

Nagasaka, M., and Gadgeel, S. M. (2018). Role of chemotherapy and targeted
therapy in early-stage non-small cell lung cancer. Expert Rev. Anticancer Ther. 18
(1), 63-70. doi:10.1080/14737140.2018.1409624

Oun, R, Moussa, Y. E., and Wheate, N. J. (2018). The side effects of platinum-
based chemotherapy drugs: A review for chemists. Dalton Trans. 47 (19),
6645-6653. doi:10.1039/c8dt00838h

Frontiers in Pharmacology

14

10.3389/fphar.2022.1025544

Ouyang, C,, Chen, L, Rees, T. W., Chen, Y., Liu, J,, Ji, L., et al. (2018). A mitochondria-
targeting hetero-binuclear ir(iii)-pt(ii) complex induces necrosis in cisplatin-resistant
tumor cells. Chem. Commun. 54 (49), 6268-6271. doi:10.1039/C8CC02795A

Ouyang, M., Zeng, L., Huang, H., Jin, C,, Liu, J., Chen, Y., et al. (2017). Fluorinated
cyclometalated iridium(iii) complexes as mitochondria-targeted theranostic
anticancer agents. Dalton Trans. 46 (20), 6734-6744. doi:10.1039/C7DT01043E

Paitandi, R., Gupta, R, Singh, R., Sharma, G., Koch, B., and Pandey, D. (2014).
Interaction of ferrocene appended Ru(II), Rh(III) and Ir(III) dipyrrinato complexes
with DNA/protein, molecular docking and antitumor activity. Eur. J. Med. Chem.
84, 17-29. (Electronic)). doi:10.1016/j.ejmech.2014.06.052

Pracharova, J., Vigueras, G., Novohradsky, V., Cutillas, N., Janiak, C,
Kostrhunova, H., et al. (2018). Exploring the effect of polypyridyl ligands on the
anticancer activity of phosphorescent iridium(iii) complexes: From proteosynthesis
inhibitors to photodynamic therapy agents. Chemistry 24 (18), 4607-4619. doi:10.
1002/chem.201705362

Qin, Q.-P., Meng, T., Tan, M.-X,, Liu, Y.-C,, Luo, X.-J., Zou, B.-Q,, et al. (2018).
Synthesis and in vitro biological evaluation of three 4'-(4-methoxyphenyl)-2, 2":6/,
2"-terpyridine iridium(iii) complexes as new telomerase inhibitors. Eur. J. Med.
Chem. 143, 1387-1395. doi:10.1016/j.ejmech.2017.10.035

Redrado, M., Benedi, A., Marzo, 1., Gimeno, M. C., and Fernandez-Moreira, V.
(2021). Dual emissive ir(iii) complexes for photodynamic therapy and bioimaging.
Pharmaceutics 13 (9), 1382. doi:10.3390/pharmaceutics13091382

Redrado, M., Minana, M., Coogan, M. P., Concepcion Gimeno, M., and
Fernandez-Moreira, V. (2022). Tunable emissive ir(iii) benzimidazole-quinoline
hybrids as promising theranostic lead compounds. Chemmedchem 2022,
€202200244. doi:10.1002/cmdc.202200244

Rossi, A., and Di Maio, M. (2016). Platinum-based chemotherapy in advanced
non-small-cell lung cancer: Optimal number of treatment cycles. Expert Rev.
Anticancer Ther. 16 (6), 653-660. doi:10.1586/14737140.2016.1170596

Ruiz, J., Rodriguez, V., Cutillas, N., Samper, K., Capdevila, M., Palacios, O., et al.
(2012). Novel C, N-chelate rhodium(III) and iridium(III) antitumor complexes
incorporating a lipophilic steroidal conjugate and their interaction with DNA.
Dalton Trans. 41(41), 12847-12856. doi:doi: doi:10.1039/c2dt31654d

Shao, M., Yao, M., Liu, X., Gao, C., Liu, W., Guo, J., et al. (2021). In vitro and in
vivo of triphenylamine-appended fluorescent half-sandwich iridium(iii)
thiosemicarbazones antitumor complexes. Inorg. Chem. 60 (22), 17063-17073.
doi:10.1021/acs.inorgchem.1¢02250

Song, X.-D., Kong, X., He, S.-F., Chen, J.-X., Sun, J., Chen, B.-B,, et al. (2017).
Cyclometalated iridium(iii)-guanidinium complexes as mitochondria-targeted
anticancer agents. Eur. J. Med. Chem. 138, 246-254. doi:10.1016/j.ejmech.2017.
06.038

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, L, Jemal, A.,
et al. (2021). Global cancer statistics 2020: Globocan estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Ca. Cancer J. Clin. 71 (3),
209-249. doi:10.3322/caac.21660

Tamayo, A. B., Alleyne, B. D., Djurovich, P. I, Lamansky, S., Tsyba, I., Ho, N. N,,
et al. (2003). Synthesis and characterization of facial and meridional tris-
cyclometalated iridium(iii) complexes. J. Am. Chem. Soc. 125 (24), 7377-7387.
doi:10.1021/ja034537z

Tang, B., Wan, D., Wang, Y.-],, Yi, Q.-Y,, Guo, B.-H,, and Liu, Y.-J. (2018). An
iridium (iii) complex as potent anticancer agent induces apoptosis and autophagy in
b16 cells through inhibition of the akt/mtor pathway. Eur. J. Med. Chem. 145,
302-314. doi:10.1016/j.ejmech.2017.12.087

Thomas, S., Balénova, B., Cinatl, J., Wass, M., Serpell, C,, Id, O., et al. (2022).
Thiourea and guanidine compounds and their iridium complexes in drug-resistant
cancer cell lines: Structure-activity relationships and direct luminescent imaging.
Chemmedchem 15 (4), 349-353. d0i:10.1002/cmdc.201900591

Tong, K. K. H., Hanif, M., Movassaghi, S., Sullivan, M. P., Lovett, J. H,
Hummitzsch, K., et al. (2021). Triazolyl-functionalized n-heterocyclic carbene
half-sandwich compounds: Coordination mode, reactivity and in vitro
anticancer activity. Chemmedchem 16 (19), 3017-3026. doi:10.1002/cmdc.
202100311

Wang, F.-X,, Chen, M.-H., Hu, X.-Y,, Ye, R-R., Tan, C.-P., Ji, L.-N,, et al. (2016).
Ester-modified cyclometalated iridium(iii) complexes as mitochondria-targeting
anticancer agents. Sci. Rep. 6 (1), 38954. doi:10.1038/srep38954

Wang, F.-X., Chen, M.-H,, Lin, Y.-N,, Zhang, H., Tan, C.-P., Ji, L.-N,, et al. (2017).
Dual functions of cyclometalated iridium(iii) complexes: Anti-metastasis and
lysosome-damaged photodynamic therapy. ACS Appl. Mat. Interfaces 9 (49),
42471-42481. doi:10.1021/acsami.7b10258

Wang, L, Guan, R,, Xie, L., Liao, X,, Xiong, K., Rees, T. W,, et al. (2021). An er-targeting
iridium(iii) complex that induces immunogenic cell death in non-small-cell lung cancer.
Angew. Chem. Int. Ed. Engl. 60 (9), 4657-4665. doi:10.1002/anie.202013987

frontiersin.org


https://doi.org/10.1039/C7DT01903C
https://doi.org/10.1007/s00775-020-01783-2
https://doi.org/10.1016/j.biomaterials.2014.10.070
https://doi.org/10.1016/j.jinorgbio.2019.110976
https://doi.org/10.1016/j.jinorgbio.2022.111913
https://doi.org/10.1016/j.jinorgbio.2022.111913
https://doi.org/10.1002/cbic.202000511
https://doi.org/10.1002/cbic.202000511
https://doi.org/10.1021/jm2000932
https://doi.org/10.1021/om500644f
https://doi.org/10.1021/om500644f
https://doi.org/10.1039/c2ra20967e
https://doi.org/10.1039/c2ra20967e
https://doi.org/10.1021/ic981166s
https://doi.org/10.1021/ic981166s
https://doi.org/10.1039/c2dt32104a
https://doi.org/10.1002/anie.201208414
https://doi.org/10.3390/molecules24152739
https://doi.org/10.3390/molecules24152739
https://doi.org/10.3978/j.issn.2218-6751.2015.07.20
https://doi.org/10.1021/ic970791e
https://doi.org/10.1021/ic970791e
https://doi.org/10.1021/acs.organomet.5b00097
https://doi.org/10.1021/ic400600d
https://doi.org/10.1016/j.ejmech.2017.06.027
https://doi.org/10.1080/14737140.2018.1409624
https://doi.org/10.1039/c8dt00838h
https://doi.org/10.1039/C8CC02795A
https://doi.org/10.1039/C7DT01043E
https://doi.org/10.1016/j.ejmech.2014.06.052
https://doi.org/10.1002/chem.201705362
https://doi.org/10.1002/chem.201705362
https://doi.org/10.1016/j.ejmech.2017.10.035
https://doi.org/10.3390/pharmaceutics13091382
https://doi.org/10.1002/cmdc.202200244
https://doi.org/10.1586/14737140.2016.1170596
https://doi.org/10.1039/c2dt31654d
https://doi.org/10.1021/acs.inorgchem.1c02250
https://doi.org/10.1016/j.ejmech.2017.06.038
https://doi.org/10.1016/j.ejmech.2017.06.038
https://doi.org/10.3322/caac.21660
https://doi.org/10.1021/ja034537z
https://doi.org/10.1016/j.ejmech.2017.12.087
https://doi.org/10.1002/cmdc.201900591
https://doi.org/10.1002/cmdc.202100311
https://doi.org/10.1002/cmdc.202100311
https://doi.org/10.1038/srep38954
https://doi.org/10.1021/acsami.7b10258
https://doi.org/10.1002/anie.202013987
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1025544

Yang et al.

Wang, M. M, Xu, F.],, Su, Y., Geng, Y., Qian, X. T., Xue, X. L., et al. (2022). A new
strategy to fight metallodrug resistance: Mitochondria-relevant treatment through
mitophagy to inhibit metabolic adaptations of cancer cells. Angew. Chem. Int. Ed.
Engl. 61 (27), €202203843. doi:10.1002/anie.202203843

Wilkinson, A. J., Puschmann, H., Howard, J. A. K., Foster, C. E., and Williams,
J. A. G. (2006). Luminescent complexes of iridium(III) containing N/\C/\N-
coordinating terdentate ligands. Inorg. Chem. 45 (21), 8685-8699. do0i:10.1021/
ic0611721

Wu, Y, Liu, J, Shao, M., Zhang, P., Song, S, Yang, G, et al. (2022).
Cyclometalated iridium(iii) dithioformic acid complexes as mitochondria-
targeted imaging and anticancer agents. J. Inorg. Biochem. 233, 111855. doi:10.
1016/j.jinorgbio.2022.111855

Xie, J., Liang, C,, Luo, S, Pan, Z, Lai, Y., He, ], et al. (2021). Water-soluble iridic-
porphyrin complex for non-invasive sonodynamic and sono-oxidation therapy of deep
tumors. ACS Appl. Mat. Interfaces 13 (24), 27934-27944. doi:10.1021/acsami.1c06381

Xiong, K., Chen, Y., Ouyang, C., Guan, R-L,, Ji, L.-N., and Chao, H. (2016).
Cyclometalated iridium(iii) complexes as mitochondria-targeted anticancer agents.
Biochimie 125, 186-194. doi:10.1016/j.biochi.2016.03.013

Xiong, K., Zhou, Y, Lin, X, Kou, J, Lin, M, Guan, R, et al. (2022).
Cyclometalated iridium(iii) complexes as mitochondria-targeting
photosensitizers against cisplatin-resistant cells. Photochem. Photobiol. 98 (1),
85-91. doi:10.1111/php.13404

Yang, Y., Guo, L, Ge, X, Tian, Z., Gong, Y., Zheng, H., et al. (2019). Novel
lysosome-targeted cyclometalated iridium(iii) anticancer complexes containing
imine-n-heterocyclic carbene ligands: Synthesis, spectroscopic properties and
biological activity. Dyes Pigments 161, 119-129. doi:10.1016/j.dyepig.2018.09.044

Yang, Y., Guo, L., Tian, Z., Gong, Y., Zheng, H., Zhang, S., et al. (2018). Novel and
versatile imine-n-heterocyclic carbene half-sandwich iridium(iii) complexes as
lysosome-targeted anticancer agents. Inorg. Chem. 57 (17), 11087-11098. doi:10.
1021/acs.inorgchem.8b01656

Ye, R-R,, Cao, J.-J., Tan, C.-P,, Ji, L.-N., and Mao, Z.-W. (2017). Valproic acid-
functionalized cyclometalated iridium(iii) complexes as mitochondria-targeting
anticancer agents. Chemistry 23 (60), 15166-15176. doi:10.1002/chem.201703157

Ye, R-R,, Tan, C.-P,, Ji, L.-N,, and Mao, Z.-W. (2016). Coumarin-appended
phosphorescent cyclometalated iridium(iii) complexes as mitochondria-targeted

theranostic anticancer agents. Dalton Trans. 45 (33), 13042-13051. doi:10.1039/
C6DT00601A

Frontiers in Pharmacology

15

10.3389/fphar.2022.1025544

Yi, Q.-Y., Wan, D, Tang, B,, Wang, Y.-]., Zhang, W.-Y,, Du, F, et al. (2018).
Synthesis, characterization and anticancer activity in vitro and in vivo evaluation of
an iridium (iii) polypyridyl complex. Eur. J. Med. Chem. 145, 338-349. doi:10.1016/
j.ejmech.2017.11.091

Yuan, B, Liu, J., Guan, R, Jin, C, Ji, L., and Chao, H. (2019). Endoplasmic
reticulum targeted cyclometalated iridium(iii) complexes as efficient photodynamic
therapy photosensitizers. Dalton Trans. 48 (19), 6408-6415. doi:10.1039/
c9dt01072f

Zappa, C., and Mousa, S. A. (2016). Non-small cell lung cancer: Current
treatment and future advances. Transl. Lung Cancer Res. 5 (3), 288-300. doi:10.
21037/tlcr.2016.06.07

Zhang, C., Guan, R, Liao, X., Ouyang, C, Rees, T. W., Liu, ], et al. (2019a). A
mitochondria-targeting dinuclear ir-ru complex as a synergistic photoactivated
chemotherapy and photodynamic therapy agent against cisplatin-resistant tumour
cells. Chem. Commun. 55 (83), 12547-12550. doi:10.1039/C9CC05998A

Zhang, H., Guo, L., Tian, Z., Tian, M., Zhang, S., Xu, Z., et al. (2018). Significant
effects of counteranions on the anticancer activity of iridium(iii) complexes. Chem.
Commun. (Camb.) 54 (35), 4421-4424. doi:10.1039/c8cc01326h

Zhang, J., Liu, J., Liu, X,, Liu, B, Song, S., He, X,, et al. (2020a). Lysosome-
targeted chemotherapeutics: Anticancer mechanism of n-heterocyclic carbene
iridium(iii) complex. J. Inorg. Biochem. 207, 111063. doi:10.1016/j.jinorgbio.
2020.111063

Zhang, P., Huang, H., Banerjee, S., Clarkson, G. J., Ge, C., Imberti, C,, et al.
(2019b). Nucleus-targeted organoiridium-albumin conjugate for photodynamic
cancer therapy. Angew. Chem. Int. Ed. Engl. 58 (8), 2350-2354. doi:10.1002/anie.
201813002

Zhang, W.-Y., Wang, Y.-]., Du, F,, He, M., Gu, Y.-Y., Bai, L., et al. (2019c¢).
Evaluation of anticancer effect in vitro and in vivo of iridium(iii) complexes on
gastric carcinoma sgc-7901 cells. Eur. J. Med. Chem. 178, 401-416. doi:10.1016/j.
ejmech.2019.06.003

Zhang, W. Y., Banerjee, S., Hughes, G. M., Bridgewater, H. E., Song, J. I, Breeze, B.
G., etal. (2020b). Ligand-centred redox activation of inert organoiridium anticancer
catalysts. Chem. Sci. 11 (21), 5466-5480. doi:10.1039/d0sc00897d

Zhou, Y., Bai, L., Tian, L, Yang, L., Zhang, H., Zhang, Y., et al. (2021).
Iridium(iii)-bbip complexes induce apoptosis via pi3k/akt/mtor pathway and
inhibit a549 lung tumor growth in vivo. J. Inorg. Biochem. 223, 111550. doi:10.
1016/j.jinorgbio.2021.111550

frontiersin.org


https://doi.org/10.1002/anie.202203843
https://doi.org/10.1021/ic061172l
https://doi.org/10.1021/ic061172l
https://doi.org/10.1016/j.jinorgbio.2022.111855
https://doi.org/10.1016/j.jinorgbio.2022.111855
https://doi.org/10.1021/acsami.1c06381
https://doi.org/10.1016/j.biochi.2016.03.013
https://doi.org/10.1111/php.13404
https://doi.org/10.1016/j.dyepig.2018.09.044
https://doi.org/10.1021/acs.inorgchem.8b01656
https://doi.org/10.1021/acs.inorgchem.8b01656
https://doi.org/10.1002/chem.201703157
https://doi.org/10.1039/C6DT00601A
https://doi.org/10.1039/C6DT00601A
https://doi.org/10.1016/j.ejmech.2017.11.091
https://doi.org/10.1016/j.ejmech.2017.11.091
https://doi.org/10.1039/c9dt01072f
https://doi.org/10.1039/c9dt01072f
https://doi.org/10.21037/tlcr.2016.06.07
https://doi.org/10.21037/tlcr.2016.06.07
https://doi.org/10.1039/C9CC05998A
https://doi.org/10.1039/c8cc01326h
https://doi.org/10.1016/j.jinorgbio.2020.111063
https://doi.org/10.1016/j.jinorgbio.2020.111063
https://doi.org/10.1002/anie.201813002
https://doi.org/10.1002/anie.201813002
https://doi.org/10.1016/j.ejmech.2019.06.003
https://doi.org/10.1016/j.ejmech.2019.06.003
https://doi.org/10.1039/d0sc00897d
https://doi.org/10.1016/j.jinorgbio.2021.111550
https://doi.org/10.1016/j.jinorgbio.2021.111550
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1025544

	Current status of iridium-based complexes against lung cancer
	Introduction
	Cyclometalated iridium (III) complexes
	Organometallic half-sandwich iridium (III) complexes
	Conclusion and prospects
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


