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In recent years, there has been growing exploration of organometallic transition metal complexes as promising

options for developing anticancer agents that offer the potential of reduced toxicity compared with the com-

monly utilized cisplatin analogs. In this respect, iridium complexes containing 2-phenylimidazo-

[4,5-f][1,10]-phenanthroline derivatives with different substituents were investigated in different cell lines as

potential anticancer agents. All the compounds exhibited potent cytotoxic activity against Caco-2, HeLa,

A549, and MDA-MB-231 cell lines. EC
50

values of compound 1 were found to be 6.44 �M for Caco-2,

24.78 �M for HeLa, 9.14 �M for A549, and 4.45 �M for the MDA-MB-231 cell line. Similarly, EC
50
of 3was

found at 15.07, 14.15, 10.33, and 4.48 �M respectively. The EC
50
value of 2 was found to be 12.71 �M for

Caco-2, 24.31 �M for HeLa, and 7.44 �M for MDA-MB-231 cells. EC
50
values of compound 4 were found to

be 28.20 �M for Caco-2, 12.79 �M for HeLa, 8.33 �M for A549, and 3.76 �M for the MDA-MB-231 cell

line. The results of gene expression and flow-cytometry analysis showed that the compounds caused the in-

duction of apoptosis in all cancer cell lines by changing caspase 3, Bcl-2, and Bax proteins. The obtained re-

sults demonstrate that compounds could be introduced as potent agents to prevent the progression of certain

types of cancer. However, preclinical and clinical trials will be needed to evaluate these complexes to obtain

safe, effective, and optimal therapeutic drugs for cancer patients.

Key words: iridium complexes; 2-phenylimidazo[4,5-f][1,10]-phenanthroline; cytotoxicity; apoptosis;

mRNA expression.

INTRODUCTION

Cisplatin is a platinum coordination complex classified

as an antineoplastic agent used for several forms of cancer

such as ovarian and bladder cancer [1, 2]. Although it has

many drawbacks such as strong resistance and weak selectiv-

ity, it is one of the most widely used drugs and is considered

the most active chemotherapeutic agent [3]. Many research-

ers have been studying new metal complexes to solve these

limitations [4–6]. Therefore, organometallic transition metal

complexes have attracted considerable attention owing to

their wide and diverse structures with potent anticancer ac-

tivity toward various tumor cell types [7–12]. Recently,

iridium complexes have gained great interest because of their

fewer side effects, selectivity, and high antiproliferative ac-

tivity in the field of anticancer research [13, 14]. In addition,

iridium complexes can allow the improvement of apoptosis

and cytotoxic activity with the modification of ancillary lig-

ands [15]. 2-Phenylimidazo[4,5-f][1,10]-phenanthroline de-

rivatives as ancillary ligands are promising for iridium com-

plexes owing to their stability, hydrophobicity, and solubility

[16]. The extended conjugation and hydrophobicity of the

2-phenylimidazo[4,5-f][1,10]-phenanthroline ligand can in-

crease DNA interaction with the iridium compounds [17].

Iridium complexes show multiple modes of action including

mitochondria-mediated apoptosis, protein–protein interac-

tion inhibition, and redox balance destruction [18, 19]. En-

hancing our comprehension of how these complexes behave

within cancerous cells would continue to be advantageous
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for their design and enhancement. In this paper, the apoptosis

and cytotoxic activity of iridium compounds bearing

arylimidazophenanthroline ligands with different substitu-

ents (methyl, isopropyl, methoxy, phenyl) were evaluated

against different human cancer cells (Caco-2, HeLa, A549,

MDA-MB-231) and noncancerous cell lines (HEK293). In

addition, gene expression analysis has been studied. The ob-

tained results suggest that the iridium compounds might pos-

sess anticancer agent potential.

EXPERIMENTAL

Synthesis

The corresponding compounds [Ir(2-(3-fluorophenyl)-4-

methylpyridine)
2
(2-(4-methylphenyl)-1H-imidazo-[4,5-f][1,

10]-phenanthroline)][Cl] (1), [Ir(2-(3-fluorophenyl)-4-me-

thylpyridine)
2
(2-(4-isopropylphenyl)-1H-imidazo-[4,5-f][1,

10]-phenanthroline)][Cl] (2), [Ir(2-(3-fluorophenyl)-4-me-

thylpyridine)
2
(2-(4-methoxyphenyl)-1H-imidazo-[4,5-f][1,

10]-phenanthroline)][Cl] (3), and [Ir(2-(3-fluorophenyl)-4-

methylpyridine)
2
(2-([1,1�-biphenyl]-4-yl)-1H-imidazo-[4,5-

f][1,10]-phenanthroline)][Cl] (4) were prepared according to

the procedure described in the literature [20].

Cell culture

Human colon (Caco-2), cervical (HeLa), lung (A549),

and breast (MDA-MB-23) cancer cell lines and a normal hu-

man embryonic (HEK293) cell line obtained from the Euro-

pean Collection of Authenticated Cell Cultures. Cells were

cultured in RPMI 1640 or DMEM (Sigma-Aldrich, Ger-

many), as previously described [21].

MTT assay

Two times 10
3
cells/well were seeded in 96-well plates

(Costar, Corning, USA) and maintained at 37°C in a humidi-

fied incubator filled with 5% CO
2
for 24 h. Then, cells were

treated with different concentrations of iridium compounds,

to a final concentration ranging 1.95 to 250 �M, for 24 h. All

compounds were dissolved in DMSO (not exceeding 1%;

Carlo Erba, Germany). The viability was evaluated through a

MTT assay (Merck, Germany), as described previously [22].

Amicroplate reader (Epoch, BioTek, USA) was used to mea-

sure the absorbance at 590 nm. The obtained data were used

to estimate the half maximal effective concentration (EC
50
)

values and calculations were evaluated using GraphPad

Prism
®
software v.9 (San Diego, CA USA). All experiments

were performed in triplicate.

Flow cytometry analysis

The apoptosis was evaluated using the Annexin

V-FITC/PI Apoptosis Kit Detection (K101, BioVision), as

described previously [23]. Cells were plated in six-well

plates with a density of 3 � 10
4
cells/well. Then, cells were

treated with the EC
50
values of iridium compounds for 24 h.

Hydrogen peroxide (0.2 mM, Sigma-Aldrich) was used a

positive control. After incubation, cells were collected fol-

lowing centrifugation, washed with phosphate buffered sa-

line twice and resuspended in cold Annexin binding buffer.

Cell aliquots (100 µL) were stained with 5 µL propidium io-

dide (PI) and 5 µL Annexin V-FITC. After, cell suspensions

were incubated for 20 min in the dark. Finally, 400 �L of

Annexin V binding buffer was added to each tube and ana-

lyzed using a CytoFlex flow cytometer (Beckman Coulter)

with in-built CytExpert Software.

Quantitative real-time PCR

Cells (about 3 � 10
4
cells) were treated with the com-

pounds at EC
50
concentration for 24 h and total RNAwas ex-

tracted using the innuPREP RNA Mini Kit 2.0 (Analytik,

Jena, Germany). A total of 2.5 µg of RNA was reverse tran-

scribed to cDNA using a OneScript
®
Plus cDNA Synthesis

Kit (ABM, USA) according to the manufacturer’s instruc-

tions. Bcl-2, BAX, and CASP3 gene levels were quantified

using SYBR green quantitative PCR assay following the

2
-��Ct

method, as described previously [24]. �-Actin was

used as an internal control. The sequence of the primers used

in this study was presented in Table 1.

All data are presented as mean ± SD. The statistical dif-

ferences between two or multiple groups were analyzed us-

ing Student�s t test or one-way analysis of variance using

GraphPad Prism 9.0 software. p < 0.05 were statistically sig-

nificant.

RESULTS AND DISCUSSION

Study of cytotoxic effects
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TABLE 1. The sequences of primers used in this study

Genes Forward primer 5�-3� Reverse primer 3�-5�

�-Actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT

Bcl-2 ATCGCCCTGTGGATGACTGAGT GTCTCCTCTGACTTCAACAGCG

BAX GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

CASP3 GGAAGCGAATCAATGGACTCTGG GCATCGACATCTGTACCAGACC



The cytotoxicity of iridium compounds were evaluated

against five human cell line (Caco-2, HeLa, A549,

MDA-MB-231, and HEK293) using the MTT assay. In the

current study, different concentrations of the compounds

(1.95–250 �M) were assessed for cytotoxicity investigations

for 24 h. After exposure, the cytotoxicity of the compounds

to these cell lines (expressed as EC
50
values) are presented in

Table 2.

Our results suggested that iridium complexes induced the

inhibition of cell viability in all tested cancer cell lines, al-

though each cell showed different sensitivity, in accordance

with determined EC
50

values, except for compound 2 on

A549 and HEK293 cells. The strongest cytotoxic activity of

compounds was observed against the MDA-MB-231 cell

line (4.45, 7.44, 4.48, and 3.76 �M respectively) followed by

the A549 cell line (9.14, 10.33, and 8.33 �M for 1, 3 and 4

respectively). All compounds showed good cytotoxic activ-

ity against cancer cell lines, compared with weak cytotoxic

activity against the HEK293 cell line. In addition, paclitaxel

(20 �M) was used as a positive control in this experiment.

Paclitaxel-treated Caco-2, HeLa, MDA-MB-231, and A549

cells had 21.23%, 48.16%, 50.20%, and 41.13% viability re-

spectively.

Assessment of apoptosis via Annexin V/PI staining

To determine the type of cell death, Annexin-V/FITC

and PI dual staining were utilized. As shown in Figs. 1, 2, 3,

and 4, all of the tested compounds increased apoptosis in

Caco-2 and A549 cells. In contrast, apoptotic cell rates de-

creased in HeLa treated with compound 3 and

MDA-MB-231 treated with compound 4. However, other

compounds were shown to induce apoptosis in both cell

lines.

Gene expression analysis

Apoptosis was evaluated using the qPCR method to find

out changes in the expression levels of Bax, Bcl-2, and

Caspase 3 genes. Our results showed that significant in-
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TABLE 2. The cytotoxic EC
50
values of iridium compounds for 24 h of exposure. Data were mean � SD values of three independent replicates.

Compound

EC50 values (�M) � SD

Caco-2 HeLa A549 MDA-MB-231 HEK293

1 6.44 � 0.18 24.78 � 3.28 9.14 � 0.287 4.45 � 0.44 57.36 � 5.07

2 12.71 � 1.97 24.31 � 5.05 NA 7.44 � 2.99 NA

3 15.07 � 1.90 14.15 � 1.12 10.33 � 1.02 4.48 � 0.49 210.27 � 2.89

4 28.20 � 0.44 12.79 � 1.43 8.33 � 1.56 3.76 � 0.49 167.96 � 5.96

NA not applicable.

Fig. 1. Flow cytometry analysis with Annexin V-FITC/PI staining was performed to evaluate the percentage of apoptotic cells in Caco-2 cells.

Data are mean � SD for relative apoptosis normalized to control cells. *P < 0.05, vs the control group. Positive control: 0.2 mM H
2
O
2
.



creases in mRNA levels of the Bax and Caspase 3 (pro-

apoptotic genes) were observed in cells exposed to com-

pounds 1, 2, and 3 for the MDA-MB-231 cell line (Fig. 5).

On the contrary, Bcl-2 (anti-apoptotic) mRNA levels de-

creased 1.09-, 1.34-, and 1.05-fold respectively. Twenty-four

hours of treatment with compounds 1, 3, and 4 increased Bax

and Caspase 3 mRNA levels in the A549 cell line. Similarly,

Bax and Caspase 3 mRNA levels were increased as a result

of compounds 1, 2, and 4 treatments in the HeLa cell line.

Compound 2 has decreased 10.02-fold the Bcl-2 mRNA

level in the HeLa cell line. Moreover, Caspase 3 and Bax

mRNA levels were increased in the Caco-2 cell line owing to

all the compounds� treatment with respect to control cells re-

spectively (p < 0.05). Treatment of 1, 2, 3, and 4 caused de-

creases at the level of Bcl-2 mRNA (1.72-, 1.85-, 1.42-, and

1.84-fold in Caco-2 cells respectively). All these results
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Fig. 2. Flow cytometry analysis with Annexin V-FITC/PI staining was performed to evaluate the percentage of apoptotic cells in HeLa cells.

Data are mean � SD for relative apoptosis normalized to control cells. *P < 0.05, vs the control group. Positive control: 0.2 mM H
2
O
2
.

Fig. 3. Flow cytometry analysis with Annexin V-FITC/PI staining was performed to evaluate the percentage of apoptotic cells in A549 cells.

Data are mean � SD for relative apoptosis normalized to control cells. *P < 0.05, vs the control group. Positive control: 0.2 mM H
2
O
2
.
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Fig. 4. Flow cytometry analysis with Annexin V-FITC/PI staining was performed to evaluate the percentage of apoptotic cells in

MDA-MB-231 cells. Data are mean � SD for relative apoptosis normalized to control cells. *P < 0.05, vs the control group. Positive control:

0.2 mM H
2
O
2
.

Fig. 5. mRNA expressions: (a) Caco-2 cells, (b) HeLa cells, (c) A549 cells, and (d) MDA-MB-231 cells. The results represent mean � SD.

*P < 0.05.



showed that our iridium complexes caused cell death by in-

ducing apoptosis for Caco-2, HeLa, MDA-MB-231, and

A549 cancer cell lines.

Several studies focused on developing potent anticancer

and chemopreventive approaches have examined the use of

iridium complexes and have shown promising results in in-

hibiting tumor growth, inducing apoptosis in cancer cells,

and preventing metastasis. Four of the tested compounds,

namely 1, 2, 3, and 4, showed cytotoxic activity on different

cancer cells (Caco-2, HeLa, A549, and MDA-MB-231). In

particular, all compounds showed a higher inhibitory effect

on cancer cells than on HEK293 cell growth. The

cytotoxicity of paclitaxel was also used as a reference. More-

over, 1, 2, 3, and 4 are more cytotoxic than paclitaxel in the

tested cancer cells, which confers a biological relevance to

these iridium complexes. The cytotoxic effects of iridium

complexes were reported in several distinct cancer types

such as human epidermoid carcinoma (A431), colorectal car-

cinoma (HT29) [25], liver (HepG2), gastric (BEL-7402), in-

hibition of cell proliferation, and inducing the apoptosis of

SGC-7901 cells [26], inhibited colony-forming ability and

reduced the migration of cervical carcinoma cells (HeLa)

[27]. In one study, it was demonstrated that four synthesized

iridium complexes showed antitumor activity against human

lung carcinoma cells A549 using the MTT assay [28]. The

synthesized iridium complexes contain 2-phenylimid-

azo[4,5-f][1,10]-phenanthroline with different substituents

(methyl, isopropyl, methoxy, phenyl) in the ancillary ligand.

These ligands possess effective antitumor activity on cancer

cells owing to the DNA binding ability and hydrophobicity

of the 2-phenylimidazo[4,5-f][1,10]-phenanthroline ligand

[29, 30]. The important influence of side groups (methyl,

isopropyl, methoxy, phenyl) in the compounds on cytoto-

xicity was observed. Compound 1 with the methyl group

shows better anticancer activity than other compounds for

Caco-2 cells at a lower concentration. For HeLa cells, com-

pounds 3 and 4 have higher cytotoxicity in the presence of

the methoxy and phenyl groups. By comparison, the phenyl

group in compound 4 reveals lower EC
50

values for A549

and MDA-MB-231 cells. These results may indicate that

there is a relationship between chemical structure and cancer

cells. Apoptosis (programmed cell death) is regulated by var-

ious genes that participate in two main pathways: extrinsic

and intrinsic. Apoptosis encompasses numerous mecha-

nisms, including the presence of antiapoptotic proteins such

as the Bcl-2 family, as well as proapoptotic proteins such as

Bax and caspases [31]. It was previously reported that the

iridium(III) complex (Ir-1) increased caspase 3 and Bax ex-

pression and arrested the cell cycle at the G0/G1 phase in

HepG2 cells [32]. In one study, it was shown that iridium

complex treatment inhibited proliferation of human ovarian

cancer cells (A2780) and caused the induction of apoptosis

[33]. In another study, it was shown that iridium complexes

induced apoptosis in lung cancer cells (A549) [34]. In a fur-

ther study, it was reported that iridium(III) polypyridyl com-

plexes induced apoptosis via decreases in mitochondrial

membrane potential and inhibited the expression of PI3K

and AKT in colorectal HCT116 cells [35]. These results are

consistent with those of our study, and showed that iridium

complexes are an inhibitory of proliferation in various cancer

cell lines and induce apoptosis.

In conclusion, our findings indicate that 2-phenylimid-

azo[4,5-f][1,10]-phenanthroline derivatives with different

substituents containing iridium complexes have the potential

as a therapeutic drug to inhibit cancer. Their unique chemical

properties and tunability could offer opportunities for tar-

geted anticancer treatments and improved cancer diagnos-

tics. Continued exploration and development of these com-

plexes may pave the way for novel and effective strategies to

fight against cancer.
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