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A ferroptosis-inducing iridium(III) complex
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Ferroptosis is a recently emerging non-apoptotic mode of cell death involving the production of iron-dependent reactive oxygen
species (ROS). Here we described a mitochondria-targeted iridium (III) complex IrFN that exhibited potent antiproliferative
activity against a variety of cancer cells, especially the A2780 human ovarian cancer cells, through the ferroptosis pathways.
Mechanistic studies by label-free quantitative proteomics profiling indicated that heme oxygenase 1 (HMOX1)-mediated
ferroptosis process was activated by IrFN. The study on iron-dependent cell death, ROS accumulation, lipid peroxidation, and
over released iron further confirmed the ferroptosis processes. mRNA transcription quantification, in vitro over-expression of
HMOX1, and RNAi-mediated knock-down experiments suggested that IrFN activated the over-expression of HMOX1. Our
report revealed the first case of anticancer iridium complex leading to ferroptosis, highlighting ferroptosis as a promising
approach in future design of metallodrugs.
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1 Introduction

Transition metal complexes have been a rich source of an-
ticancer drug candidates since the landmark discovery of
cisplatin [1]. The proposed anticancer mechanisms of me-
tallodrugs are diverse including DNA damage, protein in-
hibition, and intracellular reactive oxygen species (ROS)
generation [2–5]. Che et al. [6,7] reported the gold, platinum,
and palladium complexes exhibiting powerful anticancer
activity which selectively bind to protein thiols, DNAG-
quadraplexes, or mismatched DNA. Recently, a significant
breakthrough by Sadler et al. [8–12] demonstrated that a
series of catalytic ruthenium, osmium and iridium half-

sandwich complexes have been exhibited enhanced antic-
ancer activity towards human cancer cells via transfer hy-
drogenation between coenzyme NAD+ and NADH using
non-toxic dose of formate as hydride source (Scheme 1).
Ferroptosis is a non-apoptotic cell death process im-

plicated in many human diseases, especially in cancers,
which was recently discovered [13–15]. Mechanistically,
ferroptosis is derived fromcellular iron accumulation and
lipid peroxidation, accompanied by glutathione depletion
[15]. It also can be induced by chemical reagents such as
erastin, and be suppressed by iron chelators or lipid oxida-
tive-related agents [13,15–18]. Wang et al. [18] studied
protein carbonylations in ferroptosis process by a quantita-
tive chemo-proteomic method. Jiang et al. [14,19] reported
that ferroptosis was an autophagic cell death process con-
trolled by cellular iron homeostasis-related proteins. Cellular
iron homeostasis and distribution were regulated by specific
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iron-regulating proteins, e.g. ferritin, ferroportin, transferrin
receptor and heme oxygenase [20]. Heme oxygenase 1
(HMOX1) was known to metabolize heme into biliverdin,
carbon monoxide, and ferrous iron, and increased HMOX1
activity was shown to increase the cellular iron level and
subsequently promoted ferritin production to sequester iron
followed with pro-oxidant effects. Reported ferroptosis in-
duction by HMOX1 was mediated by iron augmentation and
lipid peroxidation [21–23], and this induction was tightly
associated with oxidative stress, due to its predominant
sensitivity to oxidative inducers such as redox-active iron,
heme, hemoglobin, and heme-containing proteins [24]. Up-
regulation of HMOX1 could enhance heme degradation and
ferritin synthesis, and change the intracellular iron distribu-
tion [25,26]. Thus, the regulation of iron homeostasis and
iron-regulated proteins is important to ferroptotic process.
Based on the previous reported Ir(III) anticancer com-

plexes [27,28], we studied a novel mitochondria-targeting
Ir(III) complex, IrFN, which could induce ferroptosis in
A2780 human ovarian cancer cells. Mechanistic studies by
label-free quantitative proteomics profiling were in-
vestigated. We also studied iron-dependent cell death, ROS
accumulation, lipid peroxidation, and levels of over released
iron in A2780 cancer cells. mRNA transcription quantifica-
tion, in vitro over-expression of HMOX1, and RNAi-medi-
ated knock-down experiments were also determined in the
present study.

2 Experimental

2.1 Syntheses of nitrone ligand and IrFN

Nitrone ligand. Synthesis of nitrone ligand was referred to

previous reports [29,30]. A solution of isopropyl hydro-
xylamine hydrochloride (2 mmol, 250 mg), 4-(pyridin-2-yl)-
benzaldehyde (2 mmol, 366 mg), Na2SO4 (6 mmol, 852 mg),
and NaHCO3 (6 mmol, 504 mg) in dichloromethane (DCM)
(15 mL) was refluxed under nitrogen atmosphere for 48 h.
The residue was filtered through Celite, and the solvent was
then removed on rotary evaporator. The crude product was
purified by column chromatography (hexane/ethyl acetate
(5:1)), to give a pale yellow solid (yield=446 mg, 93%).
IrFN. The nitrone ligand (0.55 mmol, 132 mg), IrH2-

(PPh3)2(C3H6O)2SbF6 [27,28] (0.5 mmol, 418 mg) and 3,3-
dimethyl-1-butene (2.0 mmol, 257 µL) in acetone (3 mL)
were placed in a Schlenk tube, and heated under reflux for
24 h. The solvent was removed under vacuum, and the re-
sidue was washed with diethyl ether (20 mL×3). The crude
product was then recrystallized from diethyl ether to obtain a
pale yellow solid powder (yield=411 mg, 81%).

2.2 Cytotoxicity and cell viability assay

The cytotoxicity of IrFN towards human ovarian cancer cells
(A2780), human lung cancer cells (H1299), human normal
hepatic cells (L-02), human cervical cancer cells (HeLa),
human liver cancer cells (HepG-2), human breast cancer
cells (MCF-7), human lung cancer cells (A549), and human
fibrosarcoma cells (HT-1080) were determined using 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT) assay.
Cells were seeded in 96-well tissue culture plates for 24 h

and then incubated with different concentrations of com-
plexes for 48 h. Subsequently, 30 μL/well of MTT solution
was added and incubated for 4 h. After incubation, the cul-
ture medium was removed and replaced with 150 μL/well
dimethyl sulfoxide (DMSO). The colour intensity of the
medium was measured at 550 nm using a microplate reader
(Tecan Infinite M1000 PRO) to calculate the cell viability.
Half maximal inhibitory concentration (IC50) value of the
drug concentration corresponding to the inhibition rate at
50%was calculated using ORIGINPRO 8 statistical analysis.
All experiments were conducted three times to ensure the
reproducibility of the results.

2.3 Cellular distribution of IrFN

A2780 cells were incubated with 3 μM complex IrFN for 3 h,
then washed three times with phosphate buffer saline (PBS).
Cells were collected by centrifugation using the Mitochon-
dria/Nuclei Preparation Kit (KeyGEN BioTECH Co., Ltd.,
China). The nuclei, mitochondria, and remaining cytoplasm
fractions were quantified by inductively coupled plasma
mass spectrometry (ICP-MS).

Scheme 1 Metal-based anticancer complexes (color online).
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2.4 Proteomic analysis

A2780 cells were treated with 5 μM complex IrFN and 5 μM
nitrone ligand for 3 h, respectively. And cells treated with
0.02% DMSO were used as control. After cells were col-
lected, one volume of SDT buffer (4% sodium dodecyl
sulfate (SDS), 100 mM dithiothreitol (DTT), 150 mM Tris-
HCl pH 8.0) was added, and the solution was boiled for
15 min and centrifuged at 14,000 g for 20 min. Protein di-
gestion (200 μg for each sample) was performed according
to the FASP procedure described byMann et al. [31]. Briefly,
the detergent, DTT and other low-molecular-weight com-
ponents were removed by using 200 μL of UA buffer (8 M
urea, 150 mM Tris-HCl, pH 8.0) for repeated ultrafiltration
(Microcon units, 30 kD) facilitated by centrifugation. One
hundred microlitres of iodoacetamide (0.05 M in UA buffer)
was added to block reduced cysteine residues, and the
samples were incubated for 20 min in the dark. The filter was
washed with 100 μL of UA buffer three times, and with
100 μL of NH4HCO3 (25 mM) twice. Finally, the protein
suspension was digested with 3 μg of trypsin (Promega,
USA) in 40 μL of 25 mM NH4HCO3 overnight at 37 °C, and
the resulting peptides were collected as a filtrate. The peptide
content was estimated by the UV light spectral density at
280 nm by using an extinction coefficient of 1.1 for 0.1%
(g/L) solution, calculated based on the frequency of trypto-
phan and tyrosine in vertebrate proteins. Each fraction was
injected into a Q Exactive mass spectrometer (Thermo Sci-
entific, USA) for LC (liquid chromatography)-MS/MS ana-
lysis. The detection method was a positive ion, and the ion
scanning range was 300–1,800 m/z. The primary mass
spectrometer resolution was 70,000 at 200 m/z and the AGC
(automatic gain control) target was 1×106, the Maximum IT
was 50 ms, and the dynamic exclusion time was 60 s. The
mass/charge ratio of the polypeptide and polypeptide frag-
ments was collected as follows: 20 fragments were acquired
after each full scan, the MS2 Activation Type was HCD, and
the Isolation window was 2 m/z. The rate was 17,500 at 200
m/z, Normalized Collision Energy 30 eV, and Underfill was
0.1%. All identified proteins were retrieved from the Uni-
ProtKB human database (Release 2017 _02) in FASTA for-
mat. In this study, we used the label-free quantification
algorithm for quantification [32]. The GO analysis was
carried out with Blast2GO. KEGG pathway annotation on
the target protein set was performed with KAAS (KEGG
automatic annotation server) software. Protein clustering
was performed as follows: the quantitative information of the
target protein collection was normalized, and then the cluster
3.0 software was used to classify the two dimensions of
sample and protein expression, and finally the hierarchical
clustering heat map was generated using Java Treeview
software. All experiments were repeated three times to en-
sure the reproducibility of the results.

2.5 Measurement of cellular ROS and lipid
peroxidation

Cellular ROS were detected using a Reactive Oxygen Spe-
cies Assay Kit (KeyGEN BioTECH Co., Ltd., China) fol-
lowing the manufacturer’s protocol. Briefly, A2780 cells
were seeded onto 6-well plates and treated with 2, 5, and
10 μM solutions of IrFN for 3 h. Cells treated with 0.02%
DMSO were used as a control group. Three repetitions were
performed for each concentration group. Then cells were
washed three times with serum-free Dulbecco’s modified
eagle medium (DMEM), probed with 10 μMDCFH-DA, and
incubated in 5% CO2 at 37 °C for 30 min. After washed for
three times, cells were collected and fluorescence detection
was performed by using the FL-1H channel of a flow cyt-
ometer (BD FACSCalibur). The lipid peroxidation level was
determined using 5 μM of BODIPY-C11 dye (Invitrogen,
USA) by the same approach as above.

2.6 GSH concentration detection

A2780 cells were seeded onto 6-well plates and incubated
with 5 and 7.5 µM of IrFN and 5 µM nitrone ligand, re-
spectively, for 6 h. Then cells were washed once with PBS
and collected by centrifugation, and the supernatant was
aspirated. A three-fold volume of the protein removal re-
agent S solution was added to the cell pellet, and then the
samples were subjected to two rapid freeze-thaw cycles
using liquid nitrogen and a 37 °C water bath. Samples were
left in the ice bath for 5 min and centrifuged at 10,000 g for
10 min at 4 °C. The supernatant was taken for the determi-
nation of total glutathione. GSH detection was performed
using Total Glutathione Assay Kit (Beyotime Biotechnology
Co., Ltd., China), according to the manufacturer’s instruc-
tions. The total glutathione content in the treated cells was
calculated by comparing the sample to the standard curve.

2.7 Gene expression analysis by quantitative RT-PCR

A2780 cells treated with 5 μM IrFN, 5 µM nitrone ligand,
5 μM IrFN with 20 μM deferoxamine (DFO) and 5 μM IrFN
with 2 μM Fer-1 were harvested after puromycin selection,
and the total RNA was purified using RNA Extraction Kits
(OMEGA, USA) according to the manufacturer’s instruc-
tions. The total RNA was subsequently used in a reverse
transcription reaction using the Fastking RT Kit with gDNA
(TIANGEN, China). Primers for qPCR were designed with
Primer Express. Quantitative PCR was performed on tripli-
cate samples in 96-well format using Power SYBR Green
Master Mix (Takara, China) on an Applied Biosystems Cy-
cler set to absolute quantification. The change in expression
of a gene between the experimental and control conditions
was computed using the ΔΔtmethod with actin as an internal
reference gene.

67Wang et al. Sci China Chem January (2020) Vol.63 No.1



2.8 In vitro over-expression of HMOX1 and RNAi-
mediated HMOX1 gene knockdownin A2780 cells

The human cell genome was extracted using a Tissue DNA
Kit (OMEGA). The HMOX1 gene fragment was obtained by
polymerase chain reaction (PCR) from the cell genome using
a eukaryotic expression vector PCI plasmid (Thermo Fisher,
USA), and the PCI-HMOX1 plasmid was ligated by re-
striction enzyme digestion. For over-expression, human
A2780 cells were transfected using Lipofectamine 3000
(Invitrogen, USA) following the manufacturer’s instructions.
The siRNA of the HMOX1 was designed and synthesized,

and si-neg was used as a negative control that does not in-
terfere with any gene. All interference RNAs (siRNAs) were
purchased from Genepharma (China). Each siRNA consisted
of pools of three to five target-specific 19–25 nucleotides.
For siRNA-mediated knockdown, human A2780 cells and
HT-1080 cells were transfected using Lipofectamine 3000
(Invitrogen, USA) following the manufacturer’s instructions.

2.9 Fluorescent imaging of iron detection

Fluorescent imaging probe FeRhonox-1 (Goryo, Japan) was
utilized for the detection of iron in A2780 cells. A2780 cells
treated with 5 μM IrFN for 3 h were incubated with 5 μM
FeRhonox-1 for 1 h at 37 °C, then washed with PBS for three
times. Imaging detection was conducted on an Axio Ob-
server Z1 ZEISS fluorescence microscope with Apotome2
software. Iron detection in overexpressed HMOX1 cells and
HMOX1 knockdown cells followed the same manufacturer’s
instruction.

3 Results and discussion

3.1 IrFN is a mitochondria-targeted anticancer metal
complex

We first synthesized a new Ir(III) complex IrFN based on the
previously reported study (Scheme 2) [27]. Nitrone ligand
was synthesized through one-pot reaction of 4-(pyridin-2-yl)
benzaldehyde with N-isopropyl(tert-butyl)-hydroxylamine
hydrochloride. The synthesis of the nitrone ligand and
complex IrFN was outlined in Scheme 1. A single crystal of
complex IrFN suitable for structure determination by X-ray
crystallography was obtained via the diffusion method
(Figure 1). Besides, IrFN was found to be stable under both
physiological condition and biological conditions by high
performance liquid chromatography (HPLC) spectrum
(Figure S1, Supporting Information online).
Then the cytotoxity of IrFN and nitrone ligand against

human A2780 ovarian cancer cells, H1299 lung cancer cells,
L-02 normal hepatic cells, HeLa cervical cancer cells, HepG-
2 liver cancer cells, MCF-7 human breast cancer cells, A549

lung cancer cells, and HT-1080 fibrosarcoma cells was de-
termined by the MTT assay using clinical drug cisplatin as a
comparison. IrFN was found to have the highest toxicity
toward A2780 human ovarian cancer cells with IC50 value of
0.69 μM, ca. 25-fold lower than that of cisplatin (17.08 μM,
Figure 2(b) and Table S2, Supporting Information online).
The cellular uptake of IrFN in A2780 cells was studied by
ICP-MS, which was shown approximately 87% accumula-
tion in mitochondria, and it was increased with time (Figure
2(c, d)). These results indicated that mitochondria were the
major target of IrFN in cancer cells.

3.2 Label-free quantitative proteomics profiling iden-
tified ferroptosis as the target pathway

To further explore the mechanism of action of IrFN in A2780
cells, the label-free quantitative proteomics profiling ex-
periments were performed. As a result, 47 proteins were
found significant difference in IrFN treated cells compared
with non-treated cells (Figure 3(a)). By comparing with the
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way database, we observed that ferroptosis was the most
possible pathway in IrFN treated cells (Figure 3(b)). In this
pathway, HMOX1, ferritin light chain (FTL) and
MAP1LC3B were found as the most distinct proteins. Fur-
thermore, we performed a label-free quantification analysis

Scheme 2 Synthetic route of complex IrFN.

Figure 1 ORTEP diagram for IrFN. Thermal ellipsoids are shown at the
50% probability level. All hydrogen atoms have been omitted for clarity.
Bond lengths: Ir(1)–C(7), 2.024(11); Ir(1)–N(1), 2.148(11); Ir(1)–O(1),
2.157(10); Ir(1)–P(1), 2.328(3); Ir(1)–P(2), 2.343(3); bond angles: C(7)–Ir
(1)–N(1), 78.0(4); C(7)–Ir(1)–O(1), 172.6(4); N(1)–Ir(1)–O(1), 95.9(4)
(color online).
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in the expression of these proteins. The results of cells treated
with 5 μM IrFN showed that the expression level of HMOX1
was increased about 9.8-fold, and the related cellular iron
homeostasis proteins, including FTL, MAP1LC3B, ATG5,
and NCOA4 were also increased [33] (Figure 3(c)). The
increased expression of HMOX1, NCOA4, FTL, and LC3
were further confirmed by Western blot (Figure 3(d)). The
expression of the proteins by Western blot was also calcu-
lated by integrated density assay (Figure 3(e)). Based on
previous reports, activation of HMOX1 increased ferritin
(FTL) expression, and the enhanced FTL can bind to ferrous
iron and reduce its pro-oxidant effect. The iron-binding
ability of ferritin is disturbed by oxidative stress, causing an
uncontrolled release of iron, leading to an excessive accu-
mulation of iron and enhancement of lipid peroxidation
[25,26]. Combining the above-mentioned distinct proteins,
we speculated that IrFN might induce ferroptosis by acti-
vating HMOX1. As a control, none of ferroptosis-related
proteins was found by the quantitative proteomic screening
of the nitrone ligand (Figure S4 and Table S5). Notably, most
anticancer metallodrugs are known to exert their anticancer
activity by inducing apoptosis [34–38], while as far as we are
concerned, few reports on metallodrugs causing ferroptosis,
especially for iridium complexes, have been revealed.
Next, we first confirmed the IrFN induced cell death via a

non-apoptotic form by flow cytometry (Figure S2(a)). Then
the ferroptotic cell death was confirmed by treating A2780
cells with IrFN, the determination of cell viability revealed a

significant suppression in IrFN treated cells compared with
controls, while cell inhibition was restored after addition of
the iron chelator deferoxamine (DFO). By contrast, the ad-
dition of exogenous iron, such as ferric ammonium citrate
(FAC), accelerated the cell death caused by IrFN beyond
what was observed in DMSO-controls. As an inhibitor of
ferroptosis, ferrostatins-1 (Fer-1) was utilized to further
identify the IrFN-induced ferroptosis, and cell growth was
not significantly inhibited (Figure 4(a) and Figure S2(b)); as
a comparison, the nitrone ligand displayed no obvious iron-
dependent cell viability decrease (Figure S2(c)). Cellular
ROS production was measured by H2DCFDA staining assay
and was found to increase about 33 times in IrFN treated
cells (Figure 4(b)). The production of ROS was increased
with time in 3 h (Figure S3). As a hallmark of ferroptosis,
lipid peroxidation was measured in A2780 cells using a lipid
peroxidation-sensitive dye BODIPY 581/591 C11[16]. The
higher fluorescence intensityby IrFN displayed an increased
lipid peroxidation in IrFN treated cells (Figure 4(c)). Be-
sides, ferroptotic cells are morphologically characterized by
small mitochondria, collapsed mitochondrial cristae, and
increased mitochondrial membrane density [13]. Transmis-
sion electron microscopy (TEM) images of the IrFN-treated
A2780 cells displayed shrunken mitochondria, a morpholo-
gical characterization of ferroptosis (Figure 4(d)). Ferropto-

Figure 2 Complex IrFN as a mitochondria-targeting anticancer agent.
(a) Chemical structures of IrFN complex and nitrone ligand. (b) IC50 values
of IrFN towards seven types of cancer cells and one healthy cells L-02.
Values are expressed as the mean±SD of triplicates. (c) Cellular distribution
of iridium in A2780 cells after 3 h incubation by quantitative ICP-MS.
Values are expressed as the mean±SD of triplicates. (d) The content of
iridium in mitochondria increased with time. Values are expressed as the
mean±SD of two replicates.

Figure 3 Ferroptosis identification by label-free quantitative proteomics.
(a) Heat maps of the 47 distinct proteins detected by label-free quantitative
analysis (* p<0.05). (b) KEGG pathway database screens for clear path-
ways. Statistical significance was assessed using Student’s t-test. (c) Label-
free quantification analysis of the expression of six proteins in cells treated
with 5 μM IrFN. (d) Expression of HMOX1, NCOA4, FTL and LC3 in
IrFN-treated A2780 cells, compared with the expression in nitrone ligand
and DMSO-treated control cells by Western blot. (e) Calculated grey-sca-
leof each bands on Western blot membranes. Values are expressed as the
mean±SD of triplicate results. Statistical significance was assessed using
Student’s t-test. * p<0.05, ** p<0.01 (color online).
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sis could be triggered during depletion of endogenous in-
hibitors of ferroptosis, such as the antioxidant and free ra-
dical scavenger, tripeptide γ-L-Glu-LCys-Gly (GSH) [15].
By measuring the concentration of GSH, we observed the
GSH depletion in IrFN treated cells, leading to the attenua-
tion of antioxidant capacity under high oxidative stress
(Figure 4(e)). Besides, over released iron in IrFN treated
cells was determined by fluorescent imaging probe (Figure 4
(f)); such excessive accumulation of iron, enhancement of
ROS, and lipid peroxidation may all contribute to the fer-
roptotic cell death.

3.3 Ferropotosis in IrFN treated cells by over-expres-
sion of HMOX1

Increasing studies have shown that HMOX1 acts as a critical

mediator in ferroptosis induction, and plays a causative
factor for the progression of several diseases. The critical
role of HMOX1 in heme metabolism makes it an important
candidate to mediate protective or detrimental effects via
ferroptosis induction [21,22,39]. Based on the above pro-
teomic analysis, the expression of HMOX1 in the ferroptosis
pathway exhibited the highest level among the other proteins
in A2780 cells. The transcription levels of genes in the
HMOX1-mediated ferroptosis pathway all increased by
using quantitative RT-PCR analysis. In particular, HMOX1
increased by approximately 56-fold in A2780 cells (Figure 5
(a)). However, when A2780 cells were treated with nitrone
ligand, no obvious change of HMOX1 expression was ob-
served (Figure 5(a)). This result confirmed the high expres-
sion of HMOX1 in A2780 cells from mRNA transcription
levels. In addition, considering the dependence of the fer-

Figure 4 IrFN induced ferroptosis characteristics. (a) Cell viability of
A2780 cells treated with 0.02% DMSO, 5 μM IrFN, 5 μM IrFN+20 μM
DFO, 5 μM IrFN+38 μM FAC, and 5 μM IrFN+2 μM Fer-1 for 6 h. (b)
ROS production assessed by DCFH-DA staining in 2, 5 and 10 μM IrFN-
treated cells via flow cytometry. (c) Lipid peroxidation production assessed
by BODIPY-C11 staining in 0.02% DMSO, 5 μM IrFN and 5 μM IrFN
+20 μM DFO treated A2780 cells via flow cytometry. (d) Transmission
electron microscopy of A2780 cells treated with 0.02% DMSO and IrFN.
(e) GSH concentration in 5 µM IrFN, 7.5 µM IrFN and 5 µM nitrone ligand
treated A2780 cells. (f) Fluorescent imaging probe MetalloFluor FeRho-
nox-1 for the detection of iron in 5 µM IrFN treated A2780 cells. Fluor-
escence channel: excitation wavelength, 558 nm; emission collected,
575 nm. Scale bar: 20 µm. Values are expressed as the mean±SD of tri-
plicate results. Statistical significance was assessed using Student’s t-test.
* p<0.05, ** p<0.01 (color online).

Figure 5 Overexpression of HMOX1 in IrFN induced ferroptosis. (a)
mRNA transcription fold change for 5 genes in A2780 cells treated with
5 μM IrFN, 5 μM nitrone ligand, 5 μM IrFN with 20 μM DFO and 5 μM
IrFN with 2 μM Fer-1. (b) Comparison of the cell viability of over-
expressed HMOX1 in A2780 cells compared with IrFN treated cells. (c)
mRNA transcription fold change for six genes in HMOX1 overexpressed
cells. (d) mRNA transcription fold change for six genes in siHMOX1 cells
and siHMOX1+5 μM IrFN treated cells. (e) Comparison of the cell via-
bility in siHMOX1 cells and siHMOX1+5 μM IrFN treated cells. (f) Cell
death detection of HMOX1 overexpressed A2780 cells treated with 2 μM
Fer-1 and 20 μM DFO by PI staining. (g) Production of lipid peroxidation
in HMOX1 overexpressed cells, siHMOX1+5 μM IrFN treated cells and
5 μM IrFN treated cells via c11-bodipy staining. (h) Production of ROS in
HMOX1 over-expressed cells, siHMOX1 cells treated with 5 μM IrFN,
compared with non-treated cells via DCFH-DA staining. (i) Fluorescent
imaging probe MetalloFluor FeRhonox-1 for the detection of iron in
HMOX1 over-expressed and siHMOX1 cells, fluorescence channel: ex-
citation wavelength, 558 nm; emission collected, 575 nm, scale bar: 10 µm.
Values are expressed as the mean±SD of triplicate results. Statistical sig-
nificance was assessed using Student’s t-test. * p<0.05, ** p<0.01 (color
online).
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roptosis process on iron, iron-related control experiments,
including the addition of iron chelator and the ferroptosis
inhibitor, were also carried out (Figure 5(a)). Two different
cell lines, HT-1080, and L-02 normal cells were also treated
with IrFN, expression of HMOX1 increased by only 3.6
times in HT-1080, while no significant change in HMOX1
expressionwas observed in L-02 cells (Figures S5 and S6).
These results implied that IrFN could selectively activate
HMOX 1 in A2780 cells.
To confirm the crucial role of HMOX1 in IrFN induced

ferroptosis, a parallel over-expression of HMOX1 by in-
troducing a HMOX1 over-expressed plasmid, and a genetic
RNAi-mediated knockdown experiment was performed. The
si-neg fragment was designed as the negative control, which
did not interfere with any gene in cells. As a result, the
downtrends in cell viability after the over-expression of
HMOX1 in A2780 cells were similar to the IrFN-induced
cell death (Figure 5(b)). Over-expressed HMOX1 promoted
the release of iron and over-expression of LC3, FTL, and
NCOA4 (Figure 5(c, i)), is consistent with HMOX1 medi-
ated ferroptosis pathway. By contrast, results in siHMOX1
cells showed that the expression of HMOX1 decreased by
50%, indicated that gene knock-down efficiency was ca.
50% (Figure 5(d)). When we treated the siHMOX1 cells with
IrFN, limited change of the expression of HMOX1 was ob-
served in A2780 cells (Figure 5(d)). The cell viability results
further demonstrated that HMOX1 knockdown suppresses
IrFN-induced ferropototic cell death (Figure 5(e)). Besides,
HMOX1 over-expressed cells displayed similar cell death
percentage compared with IrFN treated cells (Figure 5(f)).
The cell was rescued by addition of ferroptosis inhibitors
DFO and Fer-1, which confirmed the ferroptosis pattern in-
volving over-expression of HMOX1 (Figure 5(f)).
Furthermore, enhancement of ROS production, lipid per-

oxidation, and iron release were also observed in HMOX1
over-expressed A2780 cells after IrFN treatment, but no
obvious change found in siHMOX1 A2780 cells (Figure 5
(g–i)). Together, all these results suggested that HMOX1 by
IrFN activation could promote ROS and lipid peroxidation,
and iron accumulation, that induced ferroptosis.

4 Conclusions

In summary, we have described a mitochondria-targeted
Ir(III) complex IrFN that induced the iron-dependent fer-
roptosis in A2780 cells. Label-free quantitative proteomics
profiling suggested HMOX1-mediated ferroptosis pathway
is the main target pathway of IrFN from KEGG pathway
database. An increase of expression of protein HMOX1,
autophagic proteins LC3, ferritin FTL, and NCOA4 was
observed. Furthermore, dependence of cell death on iron,
accumulation of cellular reactive oxygen species, production

of lipid peroxidation, decrease of GSH level and over release
of iron induced by IrFN all confirmed the ferroptosis pro-
cess.
mRNA transcription quantification, overexpression of

HMOX1 control and RNAi-mediated knock-down experi-
ment emphasized the role of HMOX1 in IrFN-induced fer-
roptosis. Over-expressed HMOX1 led to an increase in free
iron, accumulation of ROS, and lipid peroxidation. Cell in-
hibition by HMOX1 over-expression was rescued by adding
ferroptosis inhibitors Fer-1 and DFO. Our discovery sug-
gested the first case of anticancer iridium complex, which
could induce ferroptosis. Targeting ferroptosis pathways
might be a promising approach in the future designs of
metallodrugs.
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