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Abstract: In this study, detailed information on hepatocellular carcinoma (HCC) cells (HepG-2,
SMMC-7721, and HuH-7) and normal human liver cell L02 treated by ferrocene derivatives (com-
pounds 1, 2 and 3) is provided. The cell viability assay showed that compound 1 presented the
most potent and selective anti-HCC activity. Further mechanism study indicated that the prolifera-
tion inhibition effect of compound 1 was associated with the cycle arrest at the G0/G1 phase and
downregulation of cyclin D1/CDK4. Moreover, compound 1 could induce apoptosis in HCC cells by
loss of mitochondrial membrane potential (∆Ψm), accumulation of reactive oxygen species (ROS),
decrease in Bcl-2, increase in BAX and Bad, translocation of Cytochrome c, activation of Caspase-9, -3,
and cleavage of PARP. These results indicated that compound 1 would be a promising candidate
against HCC through G0/G1 cell cycle arrest-related proliferation inhibition and mitochondrial
pathway-dependent apoptosis.

Keywords: human hepatocellular carcinoma; apoptosis; cell cycle; reactive oxygen species; mito-
chondrial membrane permeabilization

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most commonly diagnosed of malignant
tumors worldwide [1], with approximately 841,000 new cases in 2018 [2]. So far, HCC
remains difficult to treat, owing to the poor response and severe toxicity of currently
available chemotherapeutic drugs [3]. Sorafenib, a broad-spectrum kinase inhibitor, has
been the first-line chemotherapeutic drug that can provide modest benefits for patients
with advanced HCC; however, this drug does have limited effects and inevitably causes
toxic reactions [4]. Toxic reactions caused by sorafenib have become increasingly prominent
in clinical treatment, particularly hand–foot syndrome [5]. Therefore, it is urgent to develop
a novel agent with low toxicity and high efficacy for the treatment of HCC.

Ferrocene derivatives are becoming more and more popular in medicinal molecules
due to their unique chemical structures, biological activities, low toxicity, and reversible
redox behavior [6]. Some compounds were found to exhibit a variety of pharmacolog-
ical properties, including antibacterial [7], antimalarial [8], antifungal [9], antiviral [10],
and anticancer activities [11]. Fortunately, we have successfully developed novel proto-
cols to build a series of ferrocene derivatives based on transition metal-catalyzed C-H
functionalization [12], and have explored the bioactivities of ferrocenyl olefins [13].
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Herein, we embarked on examining the anti-HCC activity of the ferrocene derivatives
obtained in our group, especially their underlying mechanism. The most important and
interesting observation was that the IC50 of compound 1 against HCC cells (~20 µM) was far
smaller than that of L02 (~210 µM), which indicated its potent anti-HCC activity and good
selectivity. The selectivity of compound 1 was more striking when compared to the IC50 of
sorafenib against L02 (0.35 µM). Furthermore, the antiproliferative effect of compound 1 was
associated with G0/G1 phase cell cycle arrest and the intrinsic apoptotic pathway, i.e., decrease
in Bcl-2 protein, increase in BAX and Bad protein, accumulation of reactive oxygen species (ROS),
loss of mitochondrial membrane potential (∆Ψm), translocation of Cytochrome c, activation of
Caspase-3 and -9, and cleavage of poly ADP-ribose polymerase (PARP). Thus, these findings
indicated that compound 1 might represent a promising anti-HCC agent.

2. Results
2.1. Compound 1 Was the Most Potent and Selective Compound

Poor selectivity mainly limits the clinical application of existing anticancer drugs [14].
We therefore evaluated the selectivity and anti-HCC potential of the compounds previously
prepared in our group. The cell viability of three HCC cells (HepG-2, SMMC-7721 and HuH-7)
and a normal human liver cell L02 was analyzed after being treated by compounds 1, 2 and 3,
respectively. As shown in Figure 1, the proliferation of HCC cells was significantly inhibited
by these compounds in a dose- and time-dependent manner. Interestingly, compound 1
presented the most potential selectivity, which was approximately 10-fold selectivity in inhibiting
the growth of HepG-2 cells vs. L02 cells (40 µM, 72 h). The IC50 of sorafenib against L02
(0.35 µM) also confirmed compound 1 had a higher anti-HCC selectivity (Table S1). Therefore,
compound 1 was chosen for the following molecular mechanism study.

Figure 1. The viability of HCC cells and L02 cells treated with compounds 1, 2, and 3. The viability of
HCC cells and L02 cells treated by compounds 1, 2, and 3 (0, 20, 40, 60, 80 and 120 µM). Cell viability
values are expressed as mean ± SD (n = 3). Significant differences from the control are indicated by
* p < 0.05, ** p < 0.01, *** p < 0.001.
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2.2. Cell Cycle Arrest at G0/G1 Phase Treated with Compound 1

Some anti-HCC drugs inhibit cell proliferation through cell cycle regulation, such as
Ribociclib [15], Palbociclib [16] and Milciclib [17]. Cell cycle distribution was then examined
by flow cytometry to determine how compound 1 affected HCC cell cycle progression.
As illustrated in Figure 2a,b, the percentage of HCC cells in the G0/G1 phase increased
significantly with the gradually increasing concentration of compound 1, whereas the
percentage of cells in the S and G2 phases decreased continually. Moreover, such a change
was less pronounced in L02 cells as compared with the HCC cells. These data indicated that
HCC cells arrested at the G0/G1 phase could be selectively induced by compound 1. In
addition, the evidence of a Western blot analysis showed that compound 1 downregulated
the protein level of cyclin-dependent kinase 1 (CDK1) and cyclin D1 in a dose-dependent
manner (Figure 2c,d). Therefore, compound 1 could induce HCC cell cycle arrest at the
G0/G1 phase, and downregulate the expression of CDK1 and cyclin D1.

Figure 2. The cell cycle arrest in HCC cells and L02 incubated with compound 1. (a,b) The cell
cycle phases of the treated cells were evaluated by flow cytometry. The x-axis represents periodic
distribution and the y-axis represents the number of cells. (c,d) The protein levels of cell cycle
regulators, CDK4 and cyclinD1, were examined by Western blot analysis. * p < 0.05, ** p < 0.01, and
*** p < 0.001 compared with the control.
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2.3. Selective Apoptosis Induced by Compound 1

The induction of cancer cell apoptosis has been an efficient approach for most
chemotherapeutic agents [18]. Apoptotic cells always present several typical morphol-
ogy changes, including cell shrinkage, chromatin condensation, cytoplasm vacuolization,
membrane blebbing, nuclear fragmentation, and the formation of apoptotic bodies [19].
To explore whether the proliferation inhibition of HCC cells induced by compound 1 was
associated with cell apoptosis, various methods of apoptosis evaluation were applied in
this study. Firstly, apoptosis was assessed by Hoechst staining. As shown in Figure 3a,
HCC cells incubated with compound 1 displayed significant changes in cell morphology
for 72 h when compared with the control group, such as chromatin condensation and
fragmentation, indicating cell apoptosis. Nevertheless, these changes were not observed in
L02, which reconfirmed the high selectivity of compound 1. To further confirm whether
compound 1 could induce apoptosis in cells, compound 1-incubated HCC cells and L02
cells were stained with Annexin V and PI. As shown in Figure 3b,c, compared with the
control group, the percentage of early and later apoptotic HepG-2 cells was significantly
elevated from 13 to 43% after being treated by compound 1 (40 µM) for 72 h. The results of
the SMMC-7721 cells and HuH-7 cells were similar to the HepG-2 cells. Surprisingly, there
was no obvious pro-apoptotic effect on the L02 cells after being treated by compound 1 at
the same concentration. Therefore, the apoptosis assay indicated that compound 1 induced
selective apoptosis in HCC cells.
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Figure 3. The apoptos is promoting effect of compound 1. (a) The morphological changes in HCC
cells and L02 cells. HCC cells and L02 cells were treated by compound 1 with various concentrations
(0, 10, 20, and 40 µM) for 72 h. Apoptosis was evaluated by Hoechst 33342 dye to observe all
morphological changes (bar = 100 µm). (b) HCC cells and L02 cells were treated by compound 1
with various concentrations (0, 10, 20 and 40 µM) for 72 h, and apoptosis effects were evaluated by
PI/annexin V staining-based flow cytometry. (c) Representative histograms of the total apoptotic
rate (% of total). The values are presented as mean ± SD (n = 3): * p < 0.05, ** p < 0.01, *** p < 0.001
compared to the control.

2.4. Mitochondrial Depolarization and ROS Generation Induced by Compound 1

Mitochondria have been certified to play a core role in the initiation of apoptosis [20].
In particular, the release of diverse pro-apoptotic factors from mitochondria leading to
∆Ψm change, which plays an important role in both extrinsic and intrinsic apoptosis [21].
In order to determine whether apoptosis induced by compound 1 was involved in the
disruption of mitochondrial membrane integrity, a JC-1 fluorescent probe was used to test
the change in ∆Ψm. As shown in Figure 4a,b, the intensity of the red fluorescence was
decreased in a dose-dependent manner after HepG-2 cells were treated with compound 1.
The loss of ∆Ψm was observed by flow cytometry analysis. These changes in mitochondrial
membrane were consistent with the data obtained above for the apoptosis assay.
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Figure 4. The loss of ∆Ψm and ROS changes in HCC cells induced by compound 1. (a) The change in
∆Ψm in HepG-2 cells treated with various concentrations (0, 10, 20 and 40 µM) of compound 1 for 72 h
were determined by flow cytometer analysis of JC-1. The regent JC+ from the JC-1 assay kit was used
as a positive control. (b) Representative histograms of the loss of ∆Ψm indicated by percentage (%)
of cells with red aggregates. Data are represented as mean ± SD of three independent experiments.
(c) HepG-2, SMMC-7721, and HuH-7 cells were first incubated with various concentrations (0, 10,
20 and 40 µM) of compound 1 for 72 h. Then, DCFH-DA (10 µM) was loaded, and the changes in
ROS levels were analyzed by flow cytometry. ROSup was used as a positive control. The values are
presented as mean ± SD (n = 3): ** p < 0.01, *** p < 0.001 compared to the control.

The anti-HCC properties of a variety of chemotherapeutic drugs, such as salinomycin
and oxaliplatin, have been ascribed to the generation of ROS [22,23]. Therefore, the effect
of compound 1 on the ROS levels was investigated by the DCFH-DA stain method. The
generation of ROS in HCC cells was detected after being treated with compound 1 in
different concentrations (0, 10, 20 and 40 µM) for 72 h. ROSup, from the ROS assay kit, was
used as the positive control. It was found that intracellular ROS generation significantly
increased in a dose-dependent manner of compound 1 as compared to the control group
(Figure 4c), which suggested that compound 1 could increase the level of ROS in HCC cells.
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2.5. Mitochondrial Cytochrome c-Dependent Apoptosis Pathway Was Triggered by Compound 1

To further clarify the underlying mechanism of compound 1-induced apoptosis in
HCC cells, a series of apoptosis-related proteins were detected in HCC cells by Western
blot analysis. As shown in Figure 5a,b, the expression of pro-apoptotic proteins in HCC
cells increased after being treated with compound 1 for 72 h, such as Cytochrome c,
cleaved Caspase-9 and -3, cleaved PARP, BAX and Bad, while the expression of Bcl-2
significantly decreased.

Figure 5. The apoptotic proteins analysis of HCC cells after being treated with compound 1. (a)
The expressions of Caspase-3, cleaved Caspase-3, Caspase-9, cleaved Caspase-9, Bcl-2, BAX, Bad,
and Cytochrome c were determined by Western blot analysis. β-actin was used as internal control.
(b) Representative histograms of the apoptotic proteins change. The density ratio of proteins to
β-actin was shown as relative expression. Data are represented as mean ± SD of three independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, the control compared with the cells treated with
compound 1.

The Bcl-2 family proteins (e.g., Bax, Bad and Bcl-2) control a critical step of apoptosis.
With downregulation of Bcl-2, the Bad and Bax proteins act on the mitochondria to increase
mitochondria permeability, resulting in the release of certain cellular components, such
as Cytochrome c [24]. Moreover, the mitochondrial Cytochrome c, once released into the
cytoplasm, was frequently involved in a chemically induced apoptotic signaling pathway
and the activation of Caspase-9 and -3, leading to degradation of PARP [25]. Based on
the results obtained above, a mitochondrial Cytochrome c-dependent death pathway was
proposed for the apoptosis induced by compound 1 (Figure 6).
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Figure 6. A proposed mitochondrial pathway for apoptosis in HCC cells induced by compound 1.

3. Discussion

A series of ferrocene derivatives were synthesized based on transition metal-catalyzed
C−H functionalization [12]. In this work, it was clearly demonstrated that compound 1
showed a potent and selective effect on anti-HCC (Figure 1). Moreover, the cell cycle of
HCC cells was blocked at G0/G1 after being treated by compound 1 for 72 h (Figure 2).
Furthermore, compound 1 could induce apoptosis of HCC cells (Figure 3) via the mi-
tochondrial pathway (Figure 6), i.e., the generation of ROS (Figure 4), the loss of ∆Ψm
(Figure 4), the disequilibration of anti-apoptotic (Bcl-2) and pro-apoptotic (BAX, Bad) pro-
teins, the release of mitochondrial Cytochrome c, and the activation of Caspase-9 and -3
(Figures 4 and 5).

In the present study, it was clear that the ferrocene derivatives exhibited anti-HCC
selectivity. The IC50 value of compound 1 against HepG-2 cells was more than 10-fold
higher than that of L02 cells (Table S1). A significant degree of safety was presented when
compared to the IC50 of sorafenib against L02 (0.35 µM). According to the structure–activity
relationship analysis, it was clear that compounds 1 and 2, with electron-withdrawing
substituents at the benzoyl group, were more active. Compound 1 with para-substituent
was also better than compound 2. A further investigation on the relationship of structure–
function is underway.

Cell cycle progression is the base of cell proliferation, tightly mediated by cell cycle-
related proteins, such as cyclins and cyclin-dependent kinases (CDKs), and depends on
the G1 checkpoint [26]. Cyclin D1 is a key regulator and leads to promotion of the G1 to S
phase. Moreover, the binding of cyclin D1 with CDK 4/6 employs a key role in the G1-S
checkpoint [27]. It has been reported that the overexpression of cyclin D1 is associated
with cancers. Some antitumor agents have been proven to inhibit degradation of cyclin
D1 [28,29]. In the present study, compound 1 could selectively induce G0/G1 arrest in HCC
cell lines through downregulating cyclin D1 and CDK4. It was reported that capecitabine
could induce arrest of the cell cycle in the G0/G1 phase to cause inhibition of colon cancer
growth [30]. Metronomic capecitabine was developed for patients with HCC unresponsive
to, or ineligible for, sorafenib treatment [31], and as second-line treatment of HCC after
sorafenib failure [32]. Our study suggested that a combination treatment of HCC with
compound 1 and capecitabine might achieve extra efficacy.

ROS has been identified to be involved in cell proliferation and apoptosis, as the
production of ROS reduces the antioxidant capacity of cells and then elevates the sensitivity
of cancer cells to chemotherapeutic agents [33]. HCC cells with high oxidative stress
might be more vulnerable to damage with ROS generation [34]. A major source of cellular
ROS is from mitochondria, which could stimulate mitochondrial dysfunction and thereby
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induce mitochondrial apoptosis to release Caspases family proteins [35]. The data obtained
above showed that the accumulation of cellular ROS was enhanced in a dose-dependent
manner in HCC cell lines (Figure 4c) after treatment with compound 1 (0–40 µM). Therefore,
increasing levels of ROS might be partly involved in the apoptosis induced by compound 1.

Activation of apoptosis can be classically triggered by two distinct pathways: the
extrinsic, or death receptor, and the intrinsic, or mitochondrial. The loss of ∆Ψm, a charac-
teristic of mitochondrial injury, could induce the mitochondrial Cytochrome c to release
into cytosol, which combines with Caspase to form a Caspase-activating complex [36].
Furthermore, signaling disruption of ∆Ψm could reflect the alteration of mitochondrial
membrane permeability and cause mitochondrial dysfunction—a pivotal and irreversible
event in the apoptotic pathway [37]. Our findings displayed that compound 1 caused a
loss of ∆Ψm in HepG-2 cells (Figure 4a,b), implying that compound 1 might induce HCC
cell apoptosis through the mitochondria-mediated pathway.

Previous studies demonstrated that the ratio of Bax/Bcl-2 impacts the ∆Ψm, which,
in turn, influences the initiation of apoptosis [38]. Bcl-2 family proteins include both
pro-apoptotic proteins (e.g., BAX, Bad, and Bak) and anti-apoptotic proteins (e.g., Bcl-2,
Bcl-w, and Bcl-xL). Disrupting the balance between anti-apoptotic Bcl-2 and pro-apoptotic
Bax leads to apoptosis [39]. Therefore, the Bax/Bcl-2 ratio is an important indicator of
apoptosis, which is the key regulator of mitochondrial pathway-mediated apoptosis [24].
Our studies showed that compound 1 could decrease the expression of anti-apoptotic Bcl-2
(Figure 5a,b) and increase the expression of pro-apoptotic BAX, while also increasing the
Bax/Bcl-2 ratio in HCC cells. Therefore, this study suggested that compound 1 might
trigger the mitochondrial apoptosis pathway by downregulating the expression of Bcl-2
and upregulating the expression of BAX/Bad.

Meanwhile, the mitochondrial-mediated intrinsic apoptotic pathway may involve
Cytochrome c release and Caspase-9 activation [40]. Caspase-9 is a major initiator protein
of Caspase cascade reaction in the mitochondrial apoptosis pathway, which could activate
the final executor of apoptosis, such as Caspase-3 [41]. Previous investigations showed
that Caspase-9 and Caspase-3 could be activated once Cytochrome c was released from the
inner mitochondrial membrane to the cytosol, leading to the cleavage of PARP and the final
apoptosis of a cell [42]. To understand the molecular mechanism underlying apoptosis
caused by compound 1, we focused on the potential involvement of the Caspase cascade in
the process of apoptosis. The increase in Caspase-9, -3, and PARP cleavage in HCC cells
demonstrated that apoptosis was induced by compound 1 (Figure 5a,b).

In summary, compound 1 exhibited significant antitumor efficacy and good selectivity
in vitro, and HCC cell death induced by compound 1 was proposed to be involved in the
relative mechanism (Figure 6). Compound 1 may therefore have the potential to be further
developed as a promising anti-HCC agent.

4. Materials and Methods
4.1. Materials

Compounds 1, 2, and 3 were synthesized according to the procedure developed by
our group [12]. They were dissolved in dimethyl sulfoxide (DMSO), the concentration of
which never exceeded 0.1% (v/v); 50 mM of stock solution was stored at −20 ◦C. The Cell
counting Kit-8 (CCK-8), Hoechst 33258, JC-1, and the ROS assay kit were purchased from
Beyotime Institute of Biotechnology Company (Shanghai, China). The annexin V-FITC and
propidium iodide (PI) kit was obtained from BD Pharmingen (BD, San Diego, CA, USA).
The primary antibodies used are as follows: CDK4 (D9G3E, Cell Signaling Technology,
Danvers, MA, USA), Cyclin D1 (E3P5S, Cell Signaling Technology), Caspase-3 and cleaved
Caspase-3 (D3R6Y, Cell Signaling Technology), PARP (46D11, Cell Signaling Technology),
Cytochrome c (AF0146, Affinity, Changzhou, China), Caspase-9 (AF6348, Affinity), cleaved
Caspase-9 (D8I9E, Cell Signaling Technology), BAX (D2E11, Cell Signaling Technology),
Bcl-2 (D17C4, Cell Signaling Technology), Bad (D24A9, Cell Signaling Technology), and
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β-actin (AF0003, Beyotime Biotechnology, Shanghai, China). All other chemicals used are
commercially available and reagent grade.

4.2. Cells Culture

Human hepatoblastoma cells (HepG2, SMMC-7721, and HuH-7) and normal human
cell line (L02) were obtained from the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). SMMC-7721 cells, HepG-2 cells, and HuH-7 cells
were cultured in DMEM (Gibco, Waltham, MA, USA), supplemented with 10% FBS (Gibco),
penicillin (100 U/mL), and streptomycin (100 U/mL). L02 cells were cultured in RPMI1640
(Gibco), supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 U/mL).
All cells were incubated at 37 ◦C with 5% CO2.

4.3. CCK-8 Assay

Cells were seeded in 96-well plates at a density of 5 × 103 cells/well, and incubated
for 12 h prior to treatment. Compounds were added in 0, 10, 20, 40, 80 and 120 µM for each
cell population. The 0 µM group was set as the control group. Cell viability was measured
after 24, 48 and 72 h, respectively. The CCK-8 (10 µL) was added to each well and incubated
for 2 h in the dark at 37 ◦C. The absorbance of the solution was measured at 450 nm using
enzyme labeling. The data were expressed as inhibited cell growth 50% (IC50), using Graph
Prism 7 to determine IC50 values. All of the experiments were repeated triply.

4.4. Cell Cycle Analysis

HepG-2, SMMC-7721, HuH-7, and L02 cells were treated with a gradually increasing
concentration of compound 1 (0, 10, 20 and 40 µM) for 72 h. Cells were collected, then
washed by cold phosphate-buffered saline (PBS) and fixed in 75% ethanol overnight at
4 ◦C. Cells were centrifuged and incubated with RNase (Sigma, St. Louis, MO, USA) at
37 ◦C for 30 min before being stained with PI. Cells were then resuspended in 500 µL of 1X
binding buffer after the residual RNase was removed. The DNA contents and cell cycle
distribution were analyzed with flow cytometry (FACS Calibur, BD).

4.5. Apoptosis Analysis

The cells (HepG-2, SMMC-7721, HuH-7 and L02) were incubated in a 6-well plate and
treated by compound 1 (0, 10, 20 and 40 µM) for 72 h. The cells were fixed for 10 min after
the culture medium was removed and 0.5 mL of fixative was added. Cells were washed
with PBS. Then, the morphological changes of apoptotic cell nuclei were detected with a
fluorescence microscope.

HepG-2, SMMC-7721, HuH-7, and L02 cells were treated with compound 1 of various
concentrations (0, 10, 20 and 40 µM) for 72 h. Then, cells were collected and washed 3 times
with cold PBS buffer. Cells were centrifuged and then suspended in 500 µL of 1X binding
buffer. Finally, the cells were stained with Annexin V-FITC (5 µL) and PI (5 µL) at 37 ◦C for
15 min in the dark, and then examined by flow cytometry. The percentages of apoptotic
cells were determined by flow cytometry on Flow Jo software.

4.6. ROS Detection

Intracellular ROS production was detected using the cell-permeable fluorogenic
probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA). The cells were incubated
with 10 mM DCFH-DA at 37 ◦C for 15 min. Following this, the cells were treated with
compound 1 (0, 10, 20 and 40 µM) for 72 h, and then examined by flow cytometry.

4.7. The ∆Ψm Analysis

HepG-2 cells were plated in a 12-well plate, then treated with compound 1 (0, 10, 20
and 40 µM) for 72 h. The ∆Ψm of HepG-2 cells was analyzed by the JC-1 staining method
after HepG-2 cells were collected, centrifuged, and then resuspended in 0.5 mL of cell
culture medium (0.5–1 × 106 cells/mL). The JC-1 dyeing working solution was added to
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cells with culture medium, which was incubated at 37 ◦C for 20 min. Cells were washed
with JC-1 staining buffer (1X) 3 times. Then, cells were resuspended with JC-1 staining
buffer (1X) and examined with a flow cytometer and analyzed with Flow Jo software:
excitation wavelength Ex = 488 nm and emission wavelength FL1 (Em = 579 nm); FL2
(Em = 599 nm).

4.8. Western Blot Analysis

HepG-2, SMMC-7721 and HuH-7 cells (1 × 106 cells/dish) were seeded in a 6-well plate.
After 12 h, the cells were treated by compound 1 with different concentrations (0, 10, 20 and
40 µM) for 72 h. Cells were then collected, washed by PBS, lysed in radioimmunoprecipitation
assay (RIPA) buffer (Beyotime Biotechnology), and supplemented with a protease inhibitor
cocktail (Thermo Scientific, Waltham, MA, USA) at 4 ◦C for 30 min for total protein extracts.
Lysates were removed by centrifugation at 15,000 g for 20 min at 4 ◦C. The protein extracts
were separated using 10% SDS–polyacrylamide gel electrophoresis, and then transferred to
nitrocellulose membrane (Thermo Scientific). The membranes were blocked in 5% skimmed
milk (BD) at room temperature for 3 h, and then incubated with primary antibodies overnight
at 4 ◦C. Next, the membranes were washed 3 times with 5% Tween–phosphate-buffered saline
(PBS) and incubated with appropriate horseradish peroxidase (HRP) conjugated secondary
antibodies for 1 h at room temperature. The protein bands were visualized with BeyoECL Star
(Beyotime Biotechnology) after cleaning the membrane 3 times with 5% Tween–PBS.

4.9. Statistical Analysis

Statistical significance was assessed by Student’s t-test or analysis of variance (ANOVA)
using GraphPad Prism 7 (GraphPad software).

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/6/3097/s1, Figure S1 shows chemical structures of compounds 1, 2, and 3. The IC50 (µM) of
compounds 1, 2, 3 and sorafenib against HCC and L02 cell lines for 72 h were available at Table S1.

Author Contributions: Conceptualization: J.Z.; methodology: J.Z.; software, J.Z.; preparation of
compounds: C.P.; validation: J.Z.; formal analysis: J.Z.; investigation: J.Z.; data curation: J.Z.;
writing—original draft preparation: J.Z.; writing—review and editing: J.Z., L.Z., H.L., X.C., M.T., R.X.
and C.P.; supervision: X.C. and M.T.; project administration: X.C., M.T. and R.X.; funding acquisition:
X.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Science and Technology Bureau of Fujian Province (No.
2019J01070), the Science and Technology Bureau of Quanzhou City (No. 2018Z012), the Key Projects
of Quanzhou City (2018Z017) and Subsidized Project for Cultivating Postgraduates’ Innovative
Ability in Scientific Research of Huaqiao University (No. 18014071027).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

HCC Human hepatocellular carcinoma
ROS Reactive oxygen species
FBS Fetal bovine serum
DMSO Dimethyl sulfoxide
PBS Phosphate-buffered saline
RIPA Radio-immunoprecipitation assay
∆Ψm (MMP) Mitochondrial membrane potential
DCFH-DA Dichlorodihydrofluorescein diacetate
CDKs Cyclin-dependent kinases

https://www.mdpi.com/1422-0067/22/6/3097/s1
https://www.mdpi.com/1422-0067/22/6/3097/s1


Int. J. Mol. Sci. 2021, 22, 3097 12 of 13

References
1. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Pineros, M.; Znaor, A.; Bray, F. Estimating the global cancer

incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J. Cancer 2019, 144, 1941–1953. [CrossRef]
2. Llovet, J.M.; Montal, R.; Sia, D.; Finn, R.S. Molecular therapies and precision medicine for hepatocellular carcinoma. Nat. Rev.

Clin. Oncol. 2018, 15, 599–616. [CrossRef]
3. Sueangoen, N.; Tantiwetrueangdet, A.; Panvichian, R. HCC-derived EGFR mutants are functioning, EGF-dependent, and

erlotinib-resistant. Cell Biosci. 2020, 10, 41. [CrossRef] [PubMed]
4. Nakamoto, Y. Promising new strategies for hepatocellular carcinoma. Hepatol. Res. 2017, 47, 251–265. [CrossRef]
5. Reig, M.; Torres, F.; Rodriguez-Lope, C.; Forner, A.; LLarch, N.; Rimola, J.; Darnell, A.; Rios, J.; Ayuso, C.; Bruix, J. Early

dermatologic adverse events predict better outcome in HCC patients treated with sorafenib. J. Hepatol. 2014, 61, 318–324.
[CrossRef]

6. Wang, R.; Chen, H.; Yan, W.; Zheng, M.; Zhang, T.; Zhang, Y. Ferrocene-containing hybrids as potential anticancer agents: Current
developments, mechanisms of action and structure-activity relationships. Eur. J. Med. Chem. 2020, 190, 112109. [CrossRef]

7. Sansook, S.; Hassell-Hart, S.; Ocasio, C.; Spencer, J. Ferrocenes in medicinal chemistry: A personal perspective. J. Organomet.
Chem. 2019, 905, 121017. [CrossRef]

8. Xiao, J.; Sun, Z.; Kong, F.; Gao, F. Current scenario of ferrocene-containing hybrids for antimalarial activity. Eur. J. Med. Chem.
2019, 185, 111791. [CrossRef]

9. Swetha, Y.; Reddy, E.R.; Kumar, J.R.; Trivedi, R.; Giribabu, L.; Sridhar, B.; Rathod, B.; Prakasham, R.S. Synthesis, characterization
and antimicrobial evaluation of ferrocene–oxime ether benzyl 1H-1,2,3-triazole hybrids. New J. Chem. 2019, 43, 8341–8351.

10. Monserrat, J.P.; Al-Safi, R.I.; Tiwari, K.N.; Quentin, L.; Chabot, G.G.; Vessières, A.; Jaouen, G.; Neamati, N.; Hillard, E.A.
Ferrocenyl chalcone difluoridoborates inhibit HIV-1 integrase and display low activity towards cancer and endothelial cells.
Bioorg. Med. Chem. Lett. 2011, 21, 6195–6197. [CrossRef] [PubMed]

11. Peter, S.; Aderibigbe, B.A. Ferrocene-Based Compounds with Antimalaria/Anticancer Activity. Molecules 2019, 24, 3604. [Cross-
Ref]

12. Pi, C.; Cui, X.; Liu, X.; Guo, M.; Zhang, H.; Wu, Y. Synthesis of ferrocene derivatives with planar chirality via palladium-catalyzed
enantioselective C-H bond activation. Org. Lett. 2014, 16, 5164–5167. [CrossRef]

13. Sun, A.; Lin, J.; Pi, C.; Xu, R.; Cui, X. Biological Evaluation of Ferrocenyl Olefins: Cancer Cell Growth Inhibition, ROS Production,
and Apoptosis Activity. Arch. Pharm. Chem. Life Sci. 2016, 349, 186–192. [CrossRef]

14. Dy, G.K.; Adjei, A.A. Understanding, recognizing, and managing toxicities of targeted anticancer therapies. CA-Cancer J. Clin.
2013, 63, 249–279. [CrossRef]

15. Mattia, E.D.; Cecchin, E.; Guardascione, M.; Foltran, L.; Toffoli, G. Pharmacogenetics of the systemic treatment in advanced
hepatocellular carcinoma. World J. Gastroenterol. 2019, 25, 3870–3896. [CrossRef]

16. Hsieh, F.S.; Chen, Y.L.; Hung, M.H.; Chu, P.Y.; Tsai, M.H.; Chen, L.J.; Hsiao, Y.J.; Shih, C.T.; Chang, M.J.; Chao, T.I. Palbociclib
induces activation of AMPK and inhibits hepatocellular carcinoma in a CDK4/6 independent manner. Mol. Oncol. 2017, 11,
1035–1049. [CrossRef]

17. Villa, E.; Piscaglia, F.; Geva, R.; Dalecos, G.; Sangiovanni, A. Phase IIa safety and efficacy of milciclib, a pan-cyclin dependent
kinase inhibitor, in unresectable, sorafenib-refractory or -intolerant hepatocellular carcinoma patients. J. Clin. Oncol. 2020, 38,
16711. [CrossRef]

18. Fesik, S.W. Promoting apoptosis as a strategy for cancer drug discovery. Nat. Rev. Cancer 2005, 5, 876–885. [CrossRef] [PubMed]
19. Doonan, F.; Cotter, T.G. Morphological assessment of apoptosis. Methods 2008, 44, 200–204. [CrossRef] [PubMed]
20. Mita, M.M.; Mita, A.C.; Tolcher, A.W. Apoptosis: Mechanisms and implications for cancer therapeutics. Target. Oncol. 2006, 1,

197–214. [CrossRef]
21. Kroemer, G.; Galluzzi, L.; Brenner, C. Mitochondrial membrane permeabilization in cell death. Physiol. Rev. 2007, 87, 99–163.

[CrossRef]
22. Qu, X.; Sheng, J.; Shen, L.; Su, J.; Xu, Y.; Xie, Q.; Wu, Y.; Zhang, X.; Sun, L. Autophagy inhibitor chloroquine increases sensitivity

to cisplatin in QBC939 cholangiocarcinoma cells by mitochondrial ROS. PLoS ONE 2017, 12, e0173712. [CrossRef] [PubMed]
23. Guo, X.L.; Li, D.; Sun, K.; Wang, J. Inhibition of autophagy enhances anticancer effects of bevacizumab in hepatocarcinoma.

J. Biol. Chem. 2013, 91, 473–483. [CrossRef]
24. Moldoveanu, T.; Follis, A.V.; Kriwacki, R.W.; Green, D.R. Many players in BCL-2 family affairs. Trends Biochem. Sci. 2014, 39,

101–111. [CrossRef] [PubMed]
25. Sun, X.M.; MacFarlane, M.; Zhuang, J.; Wolf, B.B.; Green, D.R.; Cohen, G.M. Distinct caspase cascades are initiated in receptor-

mediated and chemical-induced apoptosis. J. Biol. Chem. 1999, 274, 5053–5060. [CrossRef] [PubMed]
26. Huber, K.; Mestres-Arenas, A.; Fajas, L.; Leal-Esteban, L.C. The multifaceted role of cell cycle regulators in the coordination of

growth and metabolism. FEBS J. 2020. [CrossRef]
27. Marzec, M.; Kasprzycka, M.; Lai, R.; Gladden, A.B.; Wlodarski, P.; Tomczak, E.; Nowell, P.; Deprimo, S.E.; Sadis, S.; Eck, S.; et al.

Mantle cell lymphoma cells express predominantly cyclin D1a isoform and are highly sensitive to selective inhibition of CDK4
kinase activity. Blood 2006, 108, 1744–1750. [CrossRef]

28. Alao, J.P. The regulation of cyclin D1 degradation: Roles in cancer development and the potential for therapeutic invention.
Mol. Cancer 2007, 6, 1–24. [CrossRef]

http://doi.org/10.1002/ijc.31937
http://doi.org/10.1038/s41571-018-0073-4
http://doi.org/10.1186/s13578-020-00407-1
http://www.ncbi.nlm.nih.gov/pubmed/32190291
http://doi.org/10.1111/hepr.12795
http://doi.org/10.1016/j.jhep.2014.03.030
http://doi.org/10.1016/j.ejmech.2020.112109
http://doi.org/10.1016/j.jorganchem.2019.121017
http://doi.org/10.1016/j.ejmech.2019.111791
http://doi.org/10.1016/j.bmcl.2011.07.078
http://www.ncbi.nlm.nih.gov/pubmed/21889342
http://doi.org/10.3390/molecules24193604
http://doi.org/10.3390/molecules24193604
http://doi.org/10.1021/ol502509f
http://doi.org/10.1002/ardp.201500314
http://doi.org/10.3322/caac.21184
http://doi.org/10.3748/wjg.v25.i29.3870
http://doi.org/10.1002/1878-0261.12072
http://doi.org/10.1200/JCO.2020.38.15_suppl.e16711
http://doi.org/10.1038/nrc1736
http://www.ncbi.nlm.nih.gov/pubmed/16239906
http://doi.org/10.1016/j.ymeth.2007.11.006
http://www.ncbi.nlm.nih.gov/pubmed/18314050
http://doi.org/10.1007/s11523-006-0034-1
http://doi.org/10.1152/physrev.00013.2006
http://doi.org/10.1371/journal.pone.0173712
http://www.ncbi.nlm.nih.gov/pubmed/28301876
http://doi.org/10.1007/s00109-012-0966-0
http://doi.org/10.1016/j.tibs.2013.12.006
http://www.ncbi.nlm.nih.gov/pubmed/24503222
http://doi.org/10.1074/jbc.274.8.5053
http://www.ncbi.nlm.nih.gov/pubmed/9988752
http://doi.org/10.1111/febs.15586
http://doi.org/10.1182/blood-2006-04-016634
http://doi.org/10.1186/1476-4598-6-24


Int. J. Mol. Sci. 2021, 22, 3097 13 of 13

29. Chen, Y.C.; Chang, H.Y.; Deng, J.S.; Chen, J.J.; Huang, G.J. Hispolon from Phellinus linteus induces G0/G1 cell cycle arrest and
apoptosis in NB4 human leukaemia cells. Am. J. Chin. Med. 2013, 41, 1439–1457. [CrossRef]

30. Li, M.; Zhang, N.; Li, M. Capecitabine treatment of HCT-15 colon cancer cells induces apoptosis via mitochondrial pathway.
Trop. J. Pharm. Res. 2017, 16, 1529–1536. [CrossRef]

31. Marinelli, S.; Granito, A.; Piscaglia, F.; Renzulli, M.; Stagni, A.; Bolondi, L. Metronomic capecitabine in patients with hepatocellular
carcinoma unresponsive to or ineligible for sorafenib treatment: Report of two cases. Hepat. Mon. 2013, 13, e11721. [CrossRef]

32. Granito, A.; Marinelli, S.; Terzi, E.; Piscaglia, F.; Renzulli, M.; Venerandi, L.; Benevento, F.; Bolondi, L. Metronomic capecitabine as
second-line treatment in hepatocellular carcinoma after sorafenib failure. Dig. Liver. Dis. 2015, 47, 518–522. [CrossRef] [PubMed]

33. Wandee, J.; Prawan, A.; Senggunprai, L.; Kongpetch, S.; Kukongviriyapan, V. Metformin sensitizes cholangiocarcinoma cell to
cisplatin-induced cytotoxicity through oxidative stress mediated mitochondrial pathway. Life Sci. 2019, 217, 155–163. [CrossRef]
[PubMed]

34. Takaki, A.; Yamamoto, K. Control of oxidative stress in hepatocellular carcinoma: Helpful or harmful? World J. Hepatol. 2015, 7,
968–979. [CrossRef] [PubMed]

35. Zong, W.X.; Rabinowitz, J.D.; White, E. Mitochondria and Cancer. Mol. Cell 2016, 16, 667–676. [CrossRef]
36. Yang, Y.; Zong, M.; Xu, W.; Zhang, Y.; Wang, B.; Yang, M.; Tao, L. Natural pyrethrins induces apoptosis in human hepatocyte cells

via Bax- and Bcl-2-mediated mitochondrial pathway. Chem. Biol. Interact. 2017, 262, 38–45. [CrossRef]
37. Du, C.; Fang, M.; Li, Y.; Li, L.; Wang, X. Smac, a Mitochondrial Protein that Promotes Cytochrome c Dependent Caspase Activation

by Eliminating IAP Inhibition. Cell 2000, 102, 33–42. [CrossRef]
38. Ma, Y.S.; Hsu, S.C.; Weng, S.W.; Yu, C.C.; Yang, J.S.; Lai, K.C.; Lin, J.P.; Lin, J.G.; Chung, J.G. Crude extract of Rheum palmatum L

induced cell death in LS1034 human colon cancer cells acts through the caspase-dependent and -independent pathways. Environ.
Toxicol. 2014, 29, 969–980. [CrossRef]

39. Kalkavan, H.; Green, D.R. MOMP, cell suicide as a BCL-2 family business. Cell Death Differ. 2018, 25, 46–55. [CrossRef]
40. Olsson, M.; Zhivotovsky, B. Caspases and cancer. Cell Death Differ. 2011, 18, 1441–1449. [CrossRef]
41. Tian, H.Y.; Li, Z.X.; Li, H.Y.; Wang, H.J.; Zhu, X.W.; Dou, Z.H. Effects of 14 single herbs on the induction of caspase-3 in tumor

cells: A brief review. Chin. J. Integr. Med. 2013, 19, 636–640. [CrossRef] [PubMed]
42. Lee, Y.J.; Lee, C. Porcine deltacoronavirus induces caspase-dependent apoptosis through activation of the cytochrome c-mediated

intrinsic mitochondrial pathway. Virus Res. 2018, 253, 112–123. [CrossRef] [PubMed]

http://doi.org/10.1142/S0192415X13500961
http://doi.org/10.4314/tjpr.v16i7.10
http://doi.org/10.5812/hepatmon.11721
http://doi.org/10.1016/j.dld.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25861840
http://doi.org/10.1016/j.lfs.2018.12.007
http://www.ncbi.nlm.nih.gov/pubmed/30528773
http://doi.org/10.4254/wjh.v7.i7.968
http://www.ncbi.nlm.nih.gov/pubmed/25954479
http://doi.org/10.1016/j.molcel.2016.02.011
http://doi.org/10.1016/j.cbi.2016.12.006
http://doi.org/10.1016/S0092-8674(00)00008-8
http://doi.org/10.1002/tox.21827
http://doi.org/10.1038/cdd.2017.179
http://doi.org/10.1038/cdd.2011.30
http://doi.org/10.1007/s11655-013-1539-y
http://www.ncbi.nlm.nih.gov/pubmed/23893135
http://doi.org/10.1016/j.virusres.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29940190

	Introduction 
	Results 
	Compound 1 Was the Most Potent and Selective Compound 
	Cell Cycle Arrest at G0/G1 Phase Treated with Compound 1 
	Selective Apoptosis Induced by Compound 1 
	Mitochondrial Depolarization and ROS Generation Induced by Compound 1 
	Mitochondrial Cytochrome c-Dependent Apoptosis Pathway Was Triggered by Compound 1 

	Discussion 
	Materials and Methods 
	Materials 
	Cells Culture 
	CCK-8 Assay 
	Cell Cycle Analysis 
	Apoptosis Analysis 
	ROS Detection 
	The m Analysis 
	Western Blot Analysis 
	Statistical Analysis 

	References

