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we found that 5-alkyl-2-ferrocenyl-6,7-dihydropyrazolo[1,5-a]pyrazin-4(5H)-one derivatives 8d, 8e and
8f could effectively induce apoptosis in A549 lung cancer cells and elevate the levels of integrin b4 and
ROS. The data suggested that these compounds might be promising agents for the cancer therapy, and
these compounds would be useful tools for further investigate the functions of integrin b4 in regulation
of the cancer cell apoptosis.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Lung cancer is one of the leading causes of death world-
wide.1 Our understanding of the biology of cancer has undoubt-
edly improved in the last decade. One characteristic of cancer
cells is their highly proliferative nature. Consequently, inhibition
of proliferative pathways is considered an effective strategy to
fight cancer and much attention has recently been paid to the
discovery and development of new, more selective anticancer
agents.2–4

Many pyrazole derivatives are known to exhibit a wide range of
biological properties such as cannabinoid hCB1 and hCB2 receptor,
anti-inflammatory, inhibitors of p38 kinase, CB1 receptor antago-
nists, antimicrobial activity.5–9 In the course of our search for novel
anti-lung cancer drug candidates, we synthesized a series of novel
pyrazole derivatives including ethyl 1-(20-hydroxy-30-aroxypro-
pyl)-3-aryl-1H-pyrazole-5-carboxylate derivatives, 6-(aroxymeth-
yl)-2-aryl-6,7-dihydropyrazolo[5,1-c][1,4]oxazin-4-one derivatives,
ll rights reserved.
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ethyl 1-arylmethyl-3-aryl-1H-pyrazole-5-carboxylate derivatives,
1-arylmethyl-3-aryl-1H-pyrazole-5-carbohydrazide derivatives,
and 1-arylmethyl-3-aryl-1H-pyrazole-5-carbohydrazide hydrazone
derivatives.10–14 The evaluation of biological activity showed that
these compounds can inhibit A549 lung cancer cell growth.

It is well known that the incorporation of heterocyclic rings
into prospective pharmaceutical candidates is a major tactic to
gain activity and safety advantages. Ferrocene-containing com-
pounds have attracted much more attention in medicinal chem-
istry.15 Incorporation of a ferrocene fragment into a molecule of
an organic compound often obtained unexpected biological
activity, which is rationalized as being due to their different
membrane permeation properties and anomalous metabolism.
Many ferrocenyl compounds display interesting cytotoxic,
antitumor, antimalarial, antifungal and DNA-cleaving activity.16

Furthermore, the stability and non-toxicity of the ferrocenyl
moiety is of particular interest rendering such drugs compatible
with other treatment.17 Therefore, the integration of one or
more ferrocene units into a heterocyclic ring molecule has been
recognized as an attractive way to endow a novel molecule
functionally.18–22

In our previous paper, we have described the synthesis and
evaluation of an unknown ferrocene-containing pyrazole-fused
pyrazinone compounds, 5-alkyl-2-ferrocenyl-6,7-dihydropyr-
azolo[1,5-a]pyrazin-4(5H)-one.23 The results showed that all
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compounds had almost inhibitory effects on the growth of A549
cells. As a continuation of this project, we are interested in the
mechanism by which the 5-alkyl-2-ferrocenyl-6,7-dihydropyraz-
olo[1,5-a]pyrazin-4(5H)-one derivatives performed their
functions.

Apoptosis, a universal genetic program of cell death in higher
eukaryotes, is a basic process involved in cellular development
and differentiation. Apoptosis may be essential for the prevention
of cancer cell proliferation, and its deregulation is widely believed
to be involved in pathogenesis of many human diseases, including
cancer.24 Further studies are needed to identify the signal(s) that
mediate apoptosis program.

The integrins play key roles in the signaling networks that drive
pathological angiogenesis and tumor progression. Integrin b4 as a
target for cancer and anti-angiogenic therapy have attracted con-
siderable attention.25

The aim of this study was to investigate whether the 5-alkyl-2-
ferrocenyl-6,7-dihydropyrazolo[1,5-a]pyrazin-4(5H)-one deriva-
tives (Chart 1) can induce apoptosis and modulate the level of inte-
grin b4 in A549 lung cancer cells.
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Chart 1. Structures of

Figure 1. Morphology image of A549 cells treated with compounds 8d, 8e and 8f (20 lM
(A) DMSO; (B) 8d; (C) 8e; (D) 8f.
2. Results and discussion

2.1. Inhibitory effects of 5-alkyl-2-ferrocenyl-6,7-dihydropyrazolo
[1,5-a]pyrazin-4(5H)-one derivatives on the proliferation of A549
lung cancer cells

As the previous report,23 the proliferative inhibitory effects of 5-
alkyl-2-ferrocenyl-6,7-dihydropyrazolo[1,5-a]pyrazin-4(5H)-one
derivatives were in a dose-dependent manner. Among of them, 8d,
8e and 8f have more effects on the growth of A549 cells. Thus, we
selected 20 lM of the compounds 8d, 8e and 8f as the most appro-
priate concentration for the following study.

2.2. Compounds 8d, 8e and 8f induce apoptosis in A549 cells

First we observed the morphological changes of the cells treated
with compounds 8d, 8e and 8f under a phase contrast microscope.
The results showed that the morphological changes associated
with apoptosis occurred. Many apoptotic cells were found in the
treated cells, especially in the cells treated with compound 8d
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the compounds.

) for 48 h. The figures were obtained by using a phase contrast microscope (400�).



Figure 2. Nuclear DNA fragmentation image of A549 cells treated with compounds 8d, 8e and 8f (20 lM) for 48 h. (A) DMSO; (B) 8d; (C) 8e; (D) 8f. The arrowheads show the
DNA fragmentation of nuclei.
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(Fig. 1). To further demonstrate the cell death was due to apoptosis,
we examined the DNA fragmentation of the treated cells by acri-
dine orange assay and TUNEL assay. Treated with 8d, 8e and 8f
at 20 lM for 48 h, the cells presented chromatin condensation
and DNA fragmentation (Fig. 2). We found compound 8d was the
most effective apoptosis inducer (Fig. 3). The results showed that
the compounds 8d, 8e and 8f inhibited A549 cells’ proliferation
by inducing apoptosis. Results from LDH assays showed that there
was no significant difference in LDH release between the control
group and the treatment groups with compounds 8d, 8e and 8f
at 20 lM for 24, 48 and 72 h (Fig. 4), indicating that 8d, 8e and
8f did not induce necrosis in A549 cells.

2.3. Effects of compounds 8d, 8e and 8f on the level of integrin
b4

To understand the mechanism by which these compounds in-
duce apoptosis in A549 cells, we first examined the changes of
integrin b4 level after treatments with the three compounds,
respectively, for 48 h, because integrin b4 as a target for cancer
and anti-angiogenic therapy have attracted considerable atten-
tion.25 Surprisingly, the results showed that these compounds ele-
vated the level of integrin b4 in A549 cells significantly (Fig. 5).
Integrin b4 is a cell type specific protein, in breast cancer cells
and normal mouse neurons, knockdown of this protein induces
apoptosis,26,27 however, in human umbilical vein endothelial cells,
the level of integrin b4 is increased when apoptosis is induced by
deprivation of serum and FGF-2.28,29 Here, our data first suggested
that elevating integrin b4 level might be induce apoptosis in A549
lung cancer cells.
2.4. Effects of compounds 8d, 8e and 8f on the levels of
intracellular ROS

It is known that regulated changes in intracellular ROS levels
can induce biochemical signaling processes that control basic cel-
lular functions, such as proliferation and apoptosis which are pre-
valent in the development of cancer. Thus, to understand the
possible mechanisms by which compounds 8d, 8e and 8f induced
apoptosis in A549 lung cancer cells, we further measured the level
of intracellular ROS that has been reported to be affected by inte-
grin b4.30 As shown in Figures 6 and 8d–f significantly increased
the level of ROS.

2.5. Effects of compounds 8d, 8e and 8f on the levels of
intracellular ROS and apoptosis when integrin b4 was
knockdown

To understand whether the cell death was induced by elevated
expression of integrin b4, before the cells were incubated with the
derivatives, we pretreated the cells with 40 nM integrin b4 siRNA
for 24 h, which has been demonstrated to downregulate integrin
b4 effectively in our lab (data not shown). As shown in Figures 7
and 8, when integrin b4 was knockdown compounds 8d and 8e
could not elevate the level of intracellular ROS, at the same time,
the abilities of compounds 8d and 8e to induce apoptosis were
attenuated obviously. These data suggested that compounds 8d
and 8e elevated ROS level and induced apoptosis partially through
integrin b4 in A549 cells. Interestingly, we found that, when inte-
grin b4 was knockdown, compound 8f depressed ROS level dra-
matically and promoted apoptosis instead of inhibiting apoptosis.



Figure 3. Quantification of apoptotic cells by TUNEL assay. (A) Fluorescent micrographs show the TUNEL-positive cells in A549 cells treated with compounds 8d, 8e and 8f
(20 lM), respectively, for 48 h. (a) DMSO; (b) 8d; (c) 8e; (d) 8f. (B) The quantity of apoptotic cells (**p < 0.01 vs control group, n = 3).
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These data support the notion that very low level of ROS may have
a proapoptotic effect as very high level of ROS,28 although the de-
tailed mechanism of compound 8f action needs to be investigated.
Figure 4. Effects of the compounds 8d, 8e and 8f on the release of LDH from A549
cells. The culture media from the cells treated with the compounds 20 lM for 48 h,
respectively. Light absorption was analyzed at 340 nm using a model Cintra 5 UV–
vis spectrometer. There was no significant difference in LDH release among the four
groups (p > 0.05 vs control group, n = 5).
3. Conclusion

The results showed that compounds 8d, 8e and 8f could
effectively induce apoptosis in A549 lung cancer cells. The data
suggested that these compounds might be promising agents
for the cancer therapy. Moreover, the results showed that
compounds 8d, 8e and 8f elevated the levels of integrin b4
and ROS when they induced apoptosis in A549 cells, suggesting
that these compounds were useful tools for further investigate
the functions of integrin b4 in regulation of the cancer cell
apoptosis.
4. Experimental

4.1. Reagents and chemicals

Acridine orange (AO) was purchased from Shandong Chemical
Industries (Jinan, China). RPMI 1640 was obtained from Gibco
BRL (Grand Island, NY, USA) and Bovine calf serum was supplied
by Beijing DingGuo Biotechnology Co., China. DMSO was bought



Figure 5. Effects of the compounds 8d, 8e and 8f on the level of integrin b4 in A549 cells. (A) Fluorescent micrographs show the relative intensity of integrin b4 in A549 cells
treated with compounds 8d, 8e and 8f (20 lM), respectively, for 48 h. (a) DMSO; (b) 8d; (c) 8e; (d) 8f. (B) The relative quantity of integrin b4 (*p < 0.05 vs control group, n = 3).
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from Shanghai Sangon Biological Engineering Technology and Ser-
vices Company.
4.2. Cell culture

A549 lung cancer cells were cultured in RPMI 1640 medium
at 37 �C with 5% CO2, and 95% air, supplemented with 10% (v/v)
bovine calf serum and 80 U/ml penicillin/streptomycin. The cells
were seeded onto 96-well plates or other appropriate dishes con-
taining the medium at the density of 6250/cm2.

4.3. Cell viability assay

As the previous report, cells were seeded onto 96-well plates
and treated with compounds 8a–8f at 2.5, 5.0, 10, 20 and 40 lM
for 24 and 48 h, respectively. Cell viability was determined by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay
according to Price and McMillan31 The light absorption was mea-
sured at 570 nm using Spectra MAX 190 microplate spectropho-
tometer (GMI Co., USA).

4.4. DNA fragmentation assay

The cells were incubated with compounds 8d, 8e and 8f
(20 lM) for 48 h, and stained with 5 lg/ml of acridine orange
(AO) at room temperature for 1 min. Then the cells were observed
and photographed using the laser scanning confocal microscope
(TCS-SP2, Leica, Germany).

4.5. LDH assay

Lactate dehydrogenase (LDH) assay was performed on cells
treated with 20 lM compounds 8d, 8e and 8f for 48 h using a



Figure 6. Effects of the compounds 8d, 8e and 8f on the level of ROS in A549 cells. (A) Fluorescent micrographs show the relative intensity of ROS in A549 cells treated with
compounds 8d, 8e and 8f (20 lM), respectively, for 48 h. (a) DMSO; (b) 8d; (c) 8e; (d) 8f. (B) The relative quantity of ROS (**p < 0.01 vs control group, n = 3).
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LDH kit (ZhongSheng, China) according to the manufacturer’s
protocol. Light absorption was measured at 340 nm using a model
Cintra 5 UV–vis spectrometer (GBC, Australia).

4.6. Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay

The TdT-mediated dUTP nick-end labeling technique was
used to detect in situ nuclear DNA fragmentation and measure
the apoptosis ratio.32 In brief, after cells were treated in the
presence or absence of 20 lM compounds 8d, 8e and 8f for
48 h, DNA fragmentation was detected by the DeadEndTM Fluo-
rometric TUNEL System (Promega, USA) according to the manu-
facturer’s protocol. Cells were evaluated by the laser scanning
confocal microscope (TCS-SP2, Leica, Germany). The percent
apoptosis rate was quantified according to the TUNEL-positive
rate.
4.7. Immunofluorescence assay

The level of integrin b4 was examined using an immunofluores-
cence assay. After treatments, the cells were washed three times
with 0.1 M PBS. Following fixation (15 min in 4% paraformalde-
hyde), the cells were washed three times in 0.1 M PBS and blocked
with sheep serum (1:50 dilution) in 0.1 M PBS for 20 min at room
temperature. Then cells were stained with rabbit anti-mouse inte-
grin b4 IgG (Santa Cruz, USA, 1:100 dilution) in a humid chamber
overnight at 4 �C. The cells were washed three times with 0.1 M
PBS and incubated for 30 min at 37 �C with the secondary antibod-
ies, FITC-conjugated goat anti-rabbit (Santa Cruz, USA, 1:200 dilu-
tion). Finally the cells were washed three times with 0.1 M PBS.
Then the samples were evaluated by a laser scanning confocal
microscope (Leica, Germany). We randomly selected the region
of interest (ROI), and then zoomed in the same frames. The value
of relative fluorescent intensity per cell equals the total value of



Figure 7. Effects of compounds 8d, 8e and 8f on apoptosis when integrin b4 was
knockdown in A549 cells. The cells were pretreated with 40 nM integrin b4 specific
siRNA (b4 siRNA) or scramble siRNA (control siRNA) for 24 h, then treated with
compounds 8d, 8e or 8f (20 lM) for another 24 h, respectively. Quantification of
apoptotic cells was examined by TUNEL assay. 8d, compound 8d; 8e, compound 8e;
8f, compound 8f (*p < 0.05 vs control siRNA group, n = 3).

Figure 8. Effects of compounds 8d, 8e and 8f on ROS level when integrin b4 was
knockdown in A549 cells. The cells were pretreated with 40 nM integrin b4 specific
siRNA (b4 siRNA) or scramble siRNA (control siRNA) for 24 h, then treated with
compounds 8d, 8e or 8f (20 lM) for another 24 h, respectively. The relative
quantity of ROS level was examined by ROS assay. 8d, compound 8d; 8e, compound
8e; 8f, compound 8f (*p < 0.05; **p < 0.01 vs control siRNA group, n = 3).
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sample in scan zoom divided by the total number of cells (at least
200 cells) in same zoom.
4.8. Intracellular ROS assay

The levels of intracellular ROS were detected in the cells treated
with or without 20 lM compounds 8d, 8e and 8f using a fluores-
cent probe, 20,70-dichlorodihydrofluorescin (DCHF, Sigma, USA),
which can be oxidized into fluorescent 20,70-dichlorofluorescin
(DCF) by intracellular ROS. This assay is a reliable method for mea-
suring the intracellular ROS.33 The fluorescence was monitored
with laser scanning confocal microscopy (Leica, Germany). The
amount of ROS was quantified as the relative fluorescence inten-
sity of DCF per cell in the scanned area.
4.9. RNA interference (RNAi)

RNAi was performed as described27,34 with the use of the spe-
cific integrin b4 siRNA, a pool of 3 target-specific, 20–25 nt siRNAs
(sc-35678; Santa Cruz Biotechnology), which is available for down-
regulation of integrin b4.34 RNAi experiments followed the manu-
facturer’s protocols. Integrin b4 siRNA (20–80 nM) was transfected
into A549 cells with RNAiFectTM Transfection Reagent (Qiagen,
USA). Then, we monitored the effect of gene silencing using wes-
tern immunoblotting assay. Furthermore, to evaluate siRNA-medi-
ated gene silence, rhodamine-labeled siRNA and scramble siRNA
were used as controls (Qiagen & Santa Cruz Biotechnology, USA).

4.10. Statistical analyses

Data were presented as means ± SE and analyzed by SPSS soft-
ware. Pictures were processed with Photoshop software. Mean val-
ues were derived from at least three independent experiments.
Differences at p < 0.05 were considered statistically significant.
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