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A B S T R A C T

We synthesized five iron chelator derived from 2,6-diacetylpyridine bis(acylhydrazones) and proved their iron
complexes structure by X–ray single crystal diffraction. These ligands have a significant anticancer proliferative
activity and low cytotoxicity against normal cells. The Fe(III) complexes show reduced cytotoxic activity com-
pared to the metal–free ligands. Anticancer mechanism studies indicate that ligands with a potential anticancer
proliferation activity by inhibiting the activity of ribonucleotide reductase. Ligand rather than iron complexes
regulate the expression of cell cycle associated proteins and inhibit cell cycle arrest in S phase. Apoptosis me-
chanism results showed that both ligand and iron complexes did not significantly promote apoptosis.

1. Introduction

Iron is not only an important player in the DNA synthesis, oxidative
phosphorylation process and replication activities of cells, but also
regulates tumorigenesis related genes through hypoxia–inducible fac-
tors [1–3]. Especially, neoplastic cells are more sensitive than normal
cells to iron, which may be because cancer cells express higher iron
containing enzymes, ribonucleotide reductase (RR) [4,5]. Compared
with normal cells, tumor cells proliferate faster and have a higher
ability to express RR, which makes this enzyme a suitable target for
cancer chemotherapy [6–8].

Ribonucleotide reductase is the only enzyme that catalyzes the re-
duction of ribonucleotides to produce the corresponding deoxyr-
ibonucleotides, which is a key enzyme and rate limiting enzyme for
DNA synthesis and repair, and plays a regulatory role in cell pro-
liferation and differentiation [7]. This enzyme is an important target for
studying DNA synthesis and repair, cell proliferation and differentia-
tion, as well as cancer treatment and anticancer drug development
[8–11]. RR catalyzes the production of a stable lysyl radical by com-
bining the oxygen with the FeeOeFe structure in the R2 subunit
[12,13]. The metal chelator binds to iron in the R2 subunit to inhibit
the activity of RR and cell proliferation [9]. After half a century of
research, a series of metal chelators have been used in phase I and phase

II clinical trials [3,14–16]. Thiosemicarbazone and acylhydrazones
chelating agents have higher inhibitory activity against RR than others
[17–20].

With the deepening of research, scientists have found that semi-
carbazide and acylhydrazones have wider applications, such as anti-
bacterial, antitumor, anti–leukemia, etc. [21–26]. Isoniazid was in-
vented in 1952, which made a fundamental change in the treatment of
tuberculosis [27–29]. In this nearly 60–year history of use, although
some patients infected with tuberculosis have developed resistance,
most doctors still consider it an indispensable drug for the treatment of
tuberculosis [30–32]. 2–Pyrrolylcarboxyisopropyl hydrazine (HPCIH),
a Fe chelator, effectively prevents cells uptaking iron from the iron
transporter transferrin (Tf) [3,33]. The NNO or ONO structure char-
acteristic of the acylhydrazone chelator makes it form a stable complex
with iron, which deactivates the ferritin–containing enzyme [34]. Re-
cent studies have shown that the lipophilicity and membrane perme-
ability of acylhydrazones analogues play a key role in the chelation of
Fe [35–38].

In order to develop a new type of chelating agent with high iron
mobilization effect to resist tumor proliferation, we synthesized the 2,6-
diacetylpyridine bis(acylhydrazones) series in this study. In order to
obtain better iron activation and anticancer proliferative activity, we
designed these ligands containing bis-semicarbazide. We selected three
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tumor cell lines and one normal cell line to study the structural activity
of ligands and iron complexes. The mechanism of ligand inhibiting cell
cycle and its ability to promote apoptosis were analyzed.

2. Results and discussion

2.1. Synthesis and crystal structure description of C3

We have synthesized and characterized five iron chelator derived
from 2,6-diacetylpyridine bis(acylhydrazones) to test the anticancer
proliferative activity of this ligand. The preparation of the ligand
(L1–L5) follows the previously reported scheme for synthesizing a 2,6-
diacetylpyridine bis(acylhydrazones) with a high–yield Schiff base
condensation reaction (Scheme 1). These compounds are slightly so-
luble in water but have greater solubility in polar solvents such as
acetonitrile, DMF and DMSO. The Fe(III) complexes were produced by
the coordination of the ligand with Fe(III) chloride in an ethanol so-
lution (Scheme 1). Identification of crystal structure of Fe(III) complex
crystals filtered from methanol solution by X–ray single crystal dif-
fractometer.

The structure refinement and crystal data of C3 were revealed in
Table 1, and the angles (deg) and bond lengths (Å) of C3 were showed
in Table S1–2. The system and space group of C3 were monoclinic and
P21/c, respectively. The coordination mode of L3 is the predicted
quinquidentate N3O2 (Fig. 1). The Fe(III) metal center of C3 is co-
ordinated by three N atoms (N1, N2 and N4), two O atoms (O1 and O2)
and two Cl atoms (Cl1 and Cl2), which forms a deformation of decap-
icosecond configuration (Fig. 1). The Fe–N distances (2.168 Å–2.209 Å)
were shorter than the Fe–Cl distances (2.3457 Å and 2.3696 Å) and
longer than Fe–O distances (2.070 Å and 2.104 Å). The bond length and

bond angle of C3 are similar to the reported Fe complexes [39,40].

2.2. Anticancer properties of ligands and Fe complexes

We studied the anti–cancer properties of 2,6-diacetylpyridine bis
(acylhydrazones) analogues and their corresponding Fe(III) complexes
on several typical cell lines: MCF–7 (human breast adenocarcinoma cell
line), NCI–H460 Cells (human large cell carcinoma), A549 (adeno-
carcinomic human alveolar basal epithelial cell line) and LO–2 (human
normal liver cell line). The results in Table 2 show that both ligands and
Fe(III) complexes have low cytotoxicity to normal cells (LO–2). This
study revealed that L2, L4 and L5 have a potential anticancer pro-
liferation activity (IC50: 9.2–3.1 μM; Table 2). After incubation with

Scheme 1. Synthesis routes for ligands (L1–L5) and Fe complexes.

Table 1
Structure refinement and crystal data of C3.

Identification code C3
Empirical formula C23H23Cl3FeN5O5

Formula weight 611.66
Temperature/K 296.15
Crystal system Monoclinic
Space group P21/c
a, b, c/Å 7.4241(11), 14.997(2), 23.220(4)
α, β, γ/° 90, 92.439(3), 90
Volume/Å3 2582.8(7)
Z 4
Index ranges −8≤h≤4, −17≤k≤17, −26≤ l≤27
Reflections collected 12,936
Independent reflections 4531 [Rint = 0.0558, Rsigma =0.0690]
Data/restraints/parameters 4531/0/341
Goodness–of–fit on F2 0.972
Final R indexes [I≥2σ (I)] R1=0.0482, wR2= 0.1029
Final R indexes [all data] R1=0.0901, wR2= 0.1144
CCDC NO. 1876580

Fig. 1. Molecular structure of Fe(III) complex showing the environment about
the Fe(III) atom.

Table 2
IC50 values of ligands and Fe complexes toward cell lines for 72 h.

IC50 ± SD (μM)

MCF–7 A549 NCI–H460 LO–2

L1 43.5 ± 0.5 42.3 ± 0.5 54.7 ± 0.3 > 100
L2 8.4 ± 0.1 9.2 ± 0.1 7.4 ± 0.1 62.4 ± 0.9
L3 43.5 ± 0.3 42.1 ± 0.4 44.2 ± 0.2 > 100
L4 3.6 ± 0.1 3.3 ± 0.1 5.7 ± 0.1 67.8 ± 0.4
L5 4.4 ± 0.1 3.1 ± 0.1 7.1 ± 0.2 78.4 ± 0.9
C1 >100 >100 >100 >100
C2 53.3 ± 0.3 58.3 ± 0.5 63.2 ± 0.6 > 100
C3 61.6 ± 0.4 72.1 ± 0.8 73.1 ± 0.7 > 100
C4 40.8 ± 0.3 33.1 ± 0.5 48.4 ± 0.5 > 100
C5 50.6 ± 0.6 52.9 ± 0.7 54.3 ± 0.5 > 100
Cisplatin 3.25 ± 0.32 4.73 ± 0.21 3.21 ± 0.19 8.92 ± 0.43
FeCl3 > 100 >100 >100 >100
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A549 cells for 72 h, the antitumor activity of L4 (IC50: 3.3 ± 0.1 μM)
was similar to L5 (IC50: 3.1 ± 0.1 μM), higher than L1 (IC50:
42.3 ± 0.5 μM) and L3 (IC50: 42.1 ± 0.4 μM), which indicates that the
modification of the methyl or methoxide group on the acylhydrazone
ligand helps to increase antitumor activity. All five Fe(III) complexes
(C1–C5) and FeCl3 do not have significant antitumor activity and cy-
totoxicity against normal cells (IC50 > 50 μM; Table 2). The Fe(III)
complexes (C1–C5) has a significant (p < 0.001) decreased anticancer
proliferation activity compared to the corresponding ligand (L1–L5),
which indicates that the anticancer mechanism of the acylhydrazone
ligands may be caused by the disruption of iron metabolism in the cell,
which causes the cell to stop proliferating. Therefore, we carried on an
in–depth and systematic study of the anticancer mechanisms with
acylhydrazone ligands and Fe(III) complexes.

2.3. Iron chelators significantly inhibit ribonucleotide reductase activity

In order to determine whether coordination with iron (III) has a
difference in cytotoxicity and inhibition of RR, 3H–Cytidine DNA in-
corporation operated to determine in A549 cells after 4 h of acylhy-
drazone ligands and Fe(III) complexes incubation. As revealed in
Table 3, the RR inhibitory potential agrees with the same trends as
observed in the cytotoxicity tests. The inhibited RR activity of L2, L4
and L5 enhanced 2.9, 3.4 and 4.1 times, respectively, relative to L1. The
RR inhibition data show significantly decrease after the formation of
complexes. These results demonstrate that the anticancer mechanisms
of the 2,6-diacetylpyridine bis(acylhydrazones) analogues is likely to
dependent on RR inhibition. We selected a ligand (L5) with the best
anti–tumor proliferative activity and inhibition of RR activity and the
corresponding iron complex (C5) for further study.

2.4. Iron chelators significantly inhibit cell division

The CFDA SE (Carboxyfluorescein diacetate, succinimidyl ester)
entering the cell is catalytically decomposed into CFSE by esterase,
which spontaneously and irreversibly binds to the Lysine residue or
other amino group of the intracellular protein and labels these proteins
[41,42]. Since the fluorescence of CFDA SE–labeled cells is very uni-
form and stable, the fluorescence of each progeny cell is reduced by
half, so that cells without division and dividing cells can be detected by
flow cytometry [43]. Fig. 2A shows that the control cells underwent
three divisions within 24 h, and the proportions of generation 0–3 are
15.3%, 49.9%, 28.0% and 6.73%, respectively. The ratio of L5–treated
generation 0 increased to 76.0%, while the ratio of generation 1–3 has
significantly decreased (Fig. 2A and D). The cell division activity of C5
treated is the same as that of the control cells.

2.5. Iron chelators significantly inhibit cell cycle

The inhibition of RR activity leads to the inability of DNA to syn-
thesize normally, further affecting the cell cycle [44–46]. The regula-
tion of cell cycle will be useful for in-depth understanding of biological
growth, development and controlling tumor growth, et al. [47,48]. PI
was used to stain the A549 cell line to assess the effect of the 2,6-

diacetylpyridine bis(acylhydrazones) analogue and Fe complexes cell
cycle (Fig. 3). The percentage of cells in the S phase treated with con-
trol, L5 and C5 was 42.81%, 78.69%, 45.72% after 24 h incubation,
respectively (Fig. 3). These results indicate that L5 can induce cell cycle
arrest in S phase through a decrease in cell cycle progression in G1 and
G2 phases. Furthermore, the Fe(III) complex (C5) had no significant
effect on the cell cycle, which is consistent with the cytotoxicity data.

2.6. The expression of cell cycle related protein affected by iron chelator

Cell cycle arrest may be regulated by cell cycle–associated proteins,
such as CDK 2, CDK 4, Cyclin A and Cyclin E [49,50]. To examine the
effect of 2,6-diacetylpyridine bis(acylhydrazones) analogues and Fe
complexes on proteins in A549 cells, Western blot experiments were
performed and the results are shown in Fig. 4. After exposure of A549
cells to 20 μM of L5 for 24 h, the expression of CDK 2, CDK 4, Cyclin A
and Cyclin E were markedly (p < 0.001) decreased by 0.59, 0.69, 0.72
and 0.35–fold relative to the control, respectively (Fig. 4). Fe(III) complex
(C5) have no significant effect on the expression of CDK 2, CDK 4, Cyclin
A and Cyclin E, which was consistent with cell cycle results.

2.7. The expression of ferritin and transferrin receptor–1 affected by iron
chelator

Previous studies have demonstrated that iron chelators can affect
the iron metabolism of cells and promote the dissipation of iron in cells
[51]. Western blotting was used to detect the ability of L5 to affect
transferrin receptor–1 (TfR1) and ferritin expression compared with the
control. DFO as a positive control significantly increased (2.4 times the
control) expression level of TfR1 and decreased the expression level of
ferritin (0.59 times of control). After exposure of A549 cells to 20 μM of
L5 for 24 h, the expression of TfR1 were markedly (p < 0.001) in-
creased by 2.4–fold relative to the control, while the expression of
ferritin was significantly (p < 0.001) decreased by 0.61–fold relative
to the control (Fig. 4). However, the expression levels of the two pro-
teins C5 (TfR1 and ferritin) had no significant effect (Fig. 5).

2.8. Intracellular ROS measurements

Previous studies have revealed that iron complexes can catalyze the
production of reactive oxygen species (ROS) by hydrogen peroxide
when entering cells which will cause apoptosis [50,52]. To detect the
effects of 2,6-diacetylpyridine bis(acylhydrazones) analogues and Fe
complexes on intracellular ROS in A549 cells, fluorescent 2,7–di-
chlorofluorescein (DCF) probe and flow cytometry were employed
(Fig. 6). The DCF fluorescence intensity of cells seeded with L5 and C5
showed no peak shift to the right compared to control cells, indicating
no change in ROS levels in these cells (Fig. 6). This results indicate that
the anticancer mechanism of 2,6-diacetylpyridine bis(acylhydrazones)
analogues may be not combined with intracellular iron ions to catalyze
the hydrogen peroxide to product ROS.

2.9. Cell apoptosis assay

The main pathway by which various antitumor drugs induce cell
death is apoptosis. Studying the occurrence and regulation of apoptosis
is of great significance for improving the efficacy of drugs and devel-
oping new anti–tumor drugs [53]. Whether 2,6-diacetylpyridine bis
(acylhydrazones) analogues and Fe complexes promote apoptosis are
further verified by Annexin V–FITC/PI staining. Quantification of the
result showed A549 cell apoptosis (early apoptosis and late apoptosis)
of 7.15% for control, 17.09% for L5 and 13.05% for C5, respectively,
which shows that L5 and C5 did not significantly (p > 0.05) promote
A549 cells apoptosis. These results indicate that the anticancer me-
chanism of 2,6-diacetylpyridine bis(acylhydrazones) analogues may be
not promote apoptosis (Fig. 7).

Table 3
Comparison of the RR inhibitory potency of ligands and Fe complexes in A549
cells.

Ligand IC50 of ligands IC50 of Fe complexes p value

L1 64.6 ± 5.6 > 100 –
L2 22.6 ± 3.5 97.4 ± 11.4 p < 0.001
L3 87.4 ± 8.3 > 100 –
L4 18.9 ± 2.5 88.9 ± 8.1 p < 0.001
L5 15.6 ± 2.1 76.3 ± 6.9 p < 0.001
Triapine 6.9 ± 0.5 53.8 ± 5.4 p < 0.001
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3. Conclusion

Herein, we prepared five 2,6-diacetylpyridine bis(acylhydrazones)
analogues Schiff base ligands and five Fe complexes. The structure of
C3 was verified by X–ray diffraction. The results indicated that the

ligands have higher anti–tumor proliferative activity relative to the
corresponding Fe(III) complex. Further studies have shown that ligands
and complexes have different anti–tumor mechanisms. 2,6-
Diacetylpyridine bis(acylhydrazones) (L5) has a significant effect on RR
activity, cell proliferation, and cell cycle, while Fe(III) complexes has

Fig. 2. The proliferation of A549 cells was inhibited by the treatment of control (A); 20 μM of L5 (B) and 20 μM of C5 (C) for 24 h. (D) Comparison of the proliferation
of A549 cells treated with L5 and C5. ***p < 0.05.

Fig. 3. Effect of the cell cycle of A549 treated with control (A); 20 μM of L5 (B) and 20 μM of C5 (C) for 24 h. (D) Comparison of cell cycle distributions of A549 cells
treated with L5 and C5. ***p < 0.05.
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not. When A549 cells exposed to the ligand, the expression of trans-
ferrin receptor–1 is significantly increased, while the expression of
ferritin is significantly reduced. Interestingly, this phenomenon dis-
appears with the Fe(III) complex treatment. Neither ligand nor iron
complex can increase intracellular reactive oxygen species (ROS) level
and promote apoptosis.

4. Materials and methods

4.1. Material

2,6-Diacetylpyridine, benzoyl hydrazine, isoniazid, p–toluic hy-
drazide, 4–hydroxybenzhydrazide, p–anisohydrazide and other chemi-
cals were analytical grade supplied by Innochem Company (Shanghai,
China). Distilled water and the solvent used in the study did not need to
be future purification. The cell lines operated in the experiment were
purchased from Chinese academy of sciences.

4.2. Synthesis and characterization of ligands and Fe(III) complexes

4.2.1. Synthesis and characterization of ligands
Ligands (L1–L5) were prepared with the previous method [54,55].

2,6-diacetylpyridine was dissolved in ethanol solution (10mL), with
stirring, followed by 5 drops of acetic acid glacial and acylhydrazones
(One mole equivalent) refluxed for 4 h. The precipitate was separated
with filter paper and washed by ice–cold ethanol. A vacuum desiccator
was performed for drying the product.

2,6-Diacetylpyridine bis(benzoylhydrazone) (L1): yield 74%.
Anal. Calcd for C23H21N5O2: C, 69.16; H, 5.30; O, 8.01. Found: C, 69.38;
H, 5.37; O, 8.22. ESI–MS m/z (%) 400.17 [M+H]+. 1H NMR
(600MHz, DMSO–d6) δ 11.47 (s, 2H), 8.96 (d, J=5.8 Hz, 6H), 8.19 (d,
J=7.7 Hz, 1H), 8.14 (dd, J=11.6, 5.3 Hz, 4H), 8.08 (d, J=5.5 Hz,
2H), 8.01 (dd, J=4.5, 1.8 Hz, 2H), 2.59 (s, 6H).

2,6-diacEtylpyridine bis(benzoylhydrazone) (L2): yield 71%.
Anal. Calcd for C21H19N7O2: C, 62.83; H, 4.77; O, 7.97. Found: C, 62.76;
H, 4.83; O, 7.91. ESI–MS m/z (%) 402.16 [M+H]+. 1H NMR
(600MHz, DMSO–d6) δ 11.08 (s, 2H), 8.05 (s, 1H), 7.98 (s, 6H), 7.60 (t,
J=7.5 Hz, 2H), 7.53 (t, J=7.5 Hz, 4H), 2.55 (s, 6H).

2,6-Diacetylpyridine bis(benzoylhydrazone) (L3): yield 76%.
Anal. Calcd for C23H21N5O4: C, 64.03; H, 4.91; O, 14.83. Found: C,
64.01; H, 4.97; O, 14.80. ESI–MS m/z (%) 432.16 [M+H]+. 1H NMR
(600MHz, DMSO–d6) δ 10.67 (s, 2H), 10.18 (s, 2H), 8.08 (s, 2H), 7.93
(d, J=8.4 Hz, 1H), 7.81 (d, J=8.3 Hz, 4H), 6.91–6.86 (m, 4H), 2.53
(s, 6H).

2,6-Diacetylpyridine bis(benzoylhydrazone) (L4): yield 74%.
Anal. Calcd for C25H25N5O2: C, 70.24; H, 5.89; O, 7.49. Found: C, 70.29;
H, 5.82; O, 7.41; O, 8.22. ESI–MS m/z (%) 428.20 [M+H]+. 1H NMR
(600MHz, DMSO–d6) δ 10.83 (s, 2H), 8.14 (s, 2H), 7.94 (s, 1H), 7.83 (t,
J=9.5 Hz, 4H), 7.32 (dd, J=24.5, 7.9 Hz, 4H), 2.54 (s, 6H), 2.40 (s,
6H).

2,6-Diacetylpyridine bis(benzoylhydrazone) (L5): yield 74%.
Anal. Calcd for C25H25N5O4: C, 65.35; H, 5.48; O, 13.93. Found: C,
65.31; H, 5.43; O, 13.98. ESI–MS m/z (%) 460.19 [M+H]+. 1H NMR
(600MHz, DMSO–d6) δ 10.77 (s, 2H), 8.23–8.03 (m, 3H), 7.91 (d,
J=8.9 Hz, 4H), 7.07 (d, J=8.5 Hz, 4H), 3.85 (d, J=0.9 Hz, 6H), 2.54
(s, 6H).

4.2.2. Synthesis and characterization of Fe(III) complexes
Fe(III) complexes (C1–C5) were prepared with the previous

methods [39]. Ligands were dissolved in the methanol solution (10mL),
with stirring, followed by one mole equivalent of FeCl3. Single crystals
of Fe(III) complexes were prepared by the solvent evaporation method.
The crystals were separated and rinsed by cold ethanol. A vacuum
desiccator was used for drying the Fe(III) complexes.

[Fe(L1)Cl2]Cl (C1): yield 78%. Anal. Calcd for C23H21Cl3FeN5O2:
C, 49.18; H, 3.77; O, 5.70. Found: C, 49.12; H, 3.71; O, 5.74. ESI–MSm/
z (%) 525.04 [M–Cl]+.

[Fe(L2)Cl2]Cl (C2): yield 77%. Anal. Calcd for C21H19Cl3FeN7O2:
C, 44.75; H, 3.40; O, 5.68. Found: C, 44.71; H, 3.42; O, 5.63. ESI–MSm/
z (%) 527.03 [M–Cl]+.

[Fe(L3)Cl2]Cl (C3): yield 81%. Anal. Calcd for C22H20Cl3FeN5O4:
C, 45.51; H, 3.47; O, 11.02. Found: C, 45.45; H, 3.42; O, 11.07. ESI–MS
m/z (%) 557.03 [M–Cl]+.

Fig. 4. (A) Western blot analysis of CDK 2, CDK 4, Cyclin A and Cyclin E levels
after 20 μM of L5 and C5 treatment. β–actin was used as internal control. (B)
Quantitative analysis of the expression of CDK 2, CDK 4, Cyclin A and Cyclin E.
The percentage values are those relative to the control. ***p < 0.001.

Fig. 5. (A) Western blot analysis of TfR1 (transferrin receptor–1) and ferritin
levels after 20 μM of L5 and C5 treatment. β–Actin was used as internal control.
(B) Quantitative analysis of the expression of TfR1 and ferritin. The percentage
values are those relative to the control. ***p < 0.001.
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[Fe(L4)Cl2]Cl (C4): yield 74%. Anal. Calcd for C25H25Cl3FeN5O2:
C, 50.92; H, 4.27; O, 5.43. Found: C, 50.88; H, 4.22; O, 5.47. ESI–MS m/
z (%) 553.07 [M–Cl]+.

[Fe(L5)Cl2]Cl (C5): yield 73%. Anal. Calcd for C25H25Cl3FeN5O4:
C, 48.30; H, 4.05; O, 10.29. Found: C, 48.35; H, 4.03; O, 10.22. ESI–MS
m/z (%) 585.06 [M–Cl]+.

4.3. Determination of structure of C3

A Bruker SMART Apex II CCD diffractometer was conducting at
296.15 K for achieving X–ray crystallographic data, with Mo–Kα
(λ=0.71073 Å) radiation source. Empirical absorption corrections
(multiscan) and data reduction were predicted by Oxford Diffraction
CrysAlisPro software. The structure of C3 was solved by direct methods
with Olex2 and refined against F2 by full-matrix least–squares methods
with Olex2 software [56]. H atoms were controlled at geometrically
positions by a riding model, while Non-hydrogen atoms were aniso-
tropic. Structure diagrams of Fe(III) complexes were described by Olex2
software. The Crystal Data of Fe(III) complexes were displayed in
Table 1. The bond lengths and angles of complexes were showed in
Table S1.

4.4. Cytotoxicity assay (MTT)

In an incubator (ThermoFisher), the cell lines were cultivated at 5%
CO2/95% air, 37 °C. The cell cytotoxicity was examined by MTT (3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide)
assay. Fe(III) complexes and ligands were dissolved in stock solutions
(10mM) of DMSO (Dimethyl Sulphoxide). Different concentration of
compounds was diluted by cell culture medium to ensure DMSO con-
centration<0.1% which will not influence cell proliferation. A 96 well
plate was cultured with 100 μl medium (5×104 cells), and incubated
for 12 h at 37 °C, 5% CO2/95%, followed by different concentrations
(100, 50, 25, 10, 1, 0 μM) Fe(III) complexes and ligands for 72 h, then
20 μL of MTT (5mg/mL) was added to it at 37 °C, 5% CO2 for 4 h. The
living cells' optical density (OD) was characterized at 570 nm wave-
length, after adding 100ul of DMSO. IC50 (half maximal inhibitory
concentration) values were provided by the nonlinear multipurpose
curve–fitting program GraphPad Prism.

4.5. Ribonucleotide reductase inhibition

The test substances were seeded to exponentially growing A549
cells (5× 106) for 4 h. At 37 °C. 3H–cytidine (0.3125 μCi, 5 nM) was

Fig. 6. Intracellular production of ROS of A549 cells by the treatment of control (A); 20 μM of L5 (B) and 20 μM of C5 (C) for 24 h.

Fig. 7. Representative dot plots of Annexin V and PI double staining on the A549 cells by the treatment of control (A); 20 μM of L5 (B) and 20 μM of C5 (C) for 24 h.
(D) Comparison of apoptosis distributions of A549 cells treated with L5 and C5.
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used for A549 cells for 1 h. The cells were collected and rinsed with
PBS, and dissolved in a lysis buffer containing 50mM Tris (pH 8.0),
10mM EDTA, and 0.5% sodium lauryl sarcosinate, frozen at −20 °C.
Cell lysates were incubated in 20 units of RNase for 1 h using standard
procedures, and then DNA was extracted after treatment it with 150 μg
of Proteinase K for 24 h. The precipitate was precipitated with ethanol,
dissolved in water, and the DNA content and radioactivity were mea-
sured.

4.6. Cell division analysis

Proliferative capacity was determined with 5,6–carboxyfluorescein
diacetate succinimidyl ester (CFSE) (Beyotime, China) dilution assay
[57]. The cells labeled with CFSE and incubated on 6-well plate for 12 h
were collected and rinsed with PBS (phosphate buffer, pH=7.4) for 3
times after treated with 20 μM of L5 or C5 for 24 h. The fluorescence
intensity was detected with an FCMScan flow cytometer (BD Accuri C6)
and solved with FlowJo software.

4.7. Cell cycle analysis

At 37 °C, 5% CO2/95%, 5mL of A549 cells (1×105 cells/mL) were
seeded and incubated for 12 h in 70mm petri dish. The cells were col-
lected and rinsed with PBS (phosphate buffer, pH=7.4) for 3 times after
treated with 20 μM of L5 or C5 for 24 h. Then cells were fixed with 75%
ethanol at −20 °C for 12 h and washed with cold PBS. The samples were
incubated with RNase (Ribonuclease) A (2.5mg/mL) and stained by
propidium iodide (50mg/mL) for 0.5 h. 10,000 events were recorded for
each sample and operated by flow cytometry (FACScan, Becton
Dickinson, USA). MFLT32 software was used for analyzing the data.

4.8. Western blot analysis

The 5mL A549 cells (1× 105 cells/mL) were incubated at 37 °C, 5%
CO2/95% for 24 h in 100mm petri dish. Samples were collected after
being fed with 20 μM of L5 or C5 for 24 h and rinsed with cold PBS
(phosphate buffer, pH=7.4) for 3 times. The cells were disrupted in
lysis buffer. The supernatant was separated by centrifugation at
10,000g for 0.25 h at 4 °C. The SDS–polyacrylamide gel electrophoresis
was used for analyzing the samples, while the BCA assay kit (Beyotime,
China) was used for recognizing the protein's concentration. After
adding a polyvinylidene fluoride membrane to the ice bath for 3 h, the
protein was stored in TBST buffer containing 5% skim milk at 25 °C for
1 h. At 4 °C, the membranes were seeded with primary antibodies
overnight and rinsed with TBST (0.05% Tween 20, 20mM Tris–HCl,
150mM NaCl, pH 8.0) for 3 times. Secondary antibodies were used for
incubating the membrane for 1 h at 25 °C and washed it again. The
immunoreactivity was characterized by Amersham ECL Plus
(Amersham) and the amount of proteins of each lane was revealed by
β–actin.

4.9. Intracellular ROS measurements

Intracellular ROS generation was characterized by Flow Cytometer
with the specification of the Reactive oxygen species assay kit (KeyGEN
BioTECH, Nanjing). In serum free cell culture medium, 20 μM of L5 or
C5 was added to A549 cells for 0.5 h. The samples were incubated for
0.5 h at 37 °C with 2 μM H2DCF–DA and rinsed with serum free medium
for twice times. With excitation 488 nm and emission wavelength at
525 nm, the Flow Cytometer was applied to assay the samples, which
were analyzed by FlowJo software.

4.10. Cell apoptosis assay

The A549 cell apoptotic events induced by L5 or C5 were measured
by PI staining and Annexin V with the manufacturer's suggestion for the

Annexin V: FITC Apoptosis Detection Kit (Bection Dickinson). After
2ml the cells (1× 105 cells/mL) were seeded with 20 μM of L5 or C5
for 24 h at 37 °C, 5% CO2/95%, the samples were suspended in 100 μL
Annexin V–binding buffer and followed by the adding of 5 μL each of
Annexin V and PI. Next, the samples incubated at room temperature for
15min was measured by flow cytometry analysis (BD Accuri C6).
Apoptosis results were analyzed by FlowJo software. All tests were
conducted at least three times.

4.11. Statistical analysis

All three experiments were conducted at least. The significance of
differences was evaluated by Student's t-test. Data was revealed as
mean ± SD with p < 0.05was needed.
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