
Abstract. We have previously reported the efficient synthesis of
bis(phenylidenebenzeneamine)-1-disulfide derivatives 1-8. In the
present article, we delineated the signaling pathways involved in
the anticancer effects of compound 2 on melanoma cells. The
treatment of melanoma cells with compound 2 resulted in ROS
generation, a decrease in ΔΨmt, ATP, and protein expression of
mitochondrial respiratory chain subunits. In addition, no
significant apoptotic or necrotic effect was seen following
compound 2 treatment using an annexin V and propidium iodide
(PI) double-staining. Nevertheless, autophagy-related proteins
LC3 and Beclin 1 were enhanced by compound 2. Furthermore,
compound 2 was also shown to reduce murine melanoma size in
a mouse model. We revealed a novel bio-evaluation of
bis(phenylidenebenzeneamine)-1-disulfide derivatives anti-tumor
proliferation mechanism and suggest that these agents may have
potential chemotherapeutic activity for melanoma cells.

Disulfide bridges represent important evolutionarily-conserved
structural motifs in many natural peptides and proteins,
including hormones, enzymes, growth factors, toxins, and
immunoglobulins (1, 2). In recent years intensive efforts have
been made to develop disulfide frameworks in order to obtain
analogs with better therapeutical potential than the endogenous
prototypes (3-5). In this context, our research group has also
developed a new synthetic strategy for the construction of
disulfide bond formation through an oxidative radical
formation strategy (6, 7). In the present article, we delineated

the signaling pathways involved in the anticancer effect of
previously synthesized bis(phenylidenebenzeneamine)-1-
disulfide derivatives 1-8 on melanoma cells.

ROS are vitally implicated in the regulation of cell death
pathways (8, 9) and they are harmful on excessive production.
Mitochondria are notable and actively involved in the production
of ROS. Anticancer drugs may damage the mitochondria by
increasing the permeability of the outer mitochondrial
membrane, which is associated with collapse of mitochondrial
membrane potential (ΔΨmt). A decline in ΔΨmt can decrease
the expression of mitochondrial respiratory enzymes, and disturb
the intracellular ATP synthesis, ultimately leading to cell death.
Nevertheless, ROS may provoke accumulation of
autophagosomes by affecting lysosome function, and can further
induce autophagic cell death (10, 11). In this regard, we initiated
experiments aimed at characterizing the above molecules in the
process of cell death in melanoma cells (A2058, RPMI7951, and
B16) following treatment with compound 2. 

Materials and Methods

Cell culture. Anti-tumor compounds were dissolved in DMSO at a
final concentration of 10 mM and stored at –20˚C. Six cell lines,
human melanoma (A375, RPMI7951, A2058), lung (A549), oral (Ca9-
22) and mouse melanoma (B16) purchased from American Type
Culture Collection (Manassas, VA, USA), was maintained in DMEM
(A375, A2058, B16, Ca9-22), MEM (RPMI7951) or RPMI1640
(A549) supplemented with10% FCS and 100 U/ml penicillin G, and
100 μg/ml streptomycin sulfate (Gibco, Invitrogen™, Grand Island,
NY, USA). Cells were passaged at confluence after treatment with 5
mM EDTA (Gibco) and incubated at 37˚C in a humidified atmosphere
containing 5% CO2. Fibroblasts were obtained from adult foreskin
specimens, as previously described (12).

Cell viability. The methods used were as reported previously (13).

Determination of intracellular ROS levels. The methods utilized were
as described previously (14).
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Analysis of mitochondrial membrane potential. Melanoma cells
were cultured in 6-well plates and allowed to reach exponential
growth for 24h before treatment. The methods used were as reported
previously (14).

ATP content bioluminescence assay. The methods utilized were as
described previously (14).

Immunocytochemical staining. The mitochondrial marker COX IV and
cytochrome c in A2058 cells treated with compound 2 and its
expression were correlated with apoptotic. The methods used were as
reported previously (14).

Annexin V and PI binding assay. To assess the simultaneous
observation of early phase of apoptotic and necrotic features, cells
were treated with various concentrations of compound 2 for 48 h. The
methods used were as reported previously (13).

Lysotracker and Mitotracker staining. Cultured RPMI7951 cells were
seeded on glass coverslips with a density of 3×105 cells/well in 6-well
plates for 24 h, until cell attachment. Then the cells were exposed to
compound 2 at 5 μM for 48 h. The cells were washed twice with PBS
and were then stained with Lysotracker and Mitotracker (Invitrogen,
Grand Island, NY, USA), and then incubated at room temperature for
at least 15 min in the dark. After staining, the preparations were
washed and transferred to glass slides for observation under a
fluorescence microscope (Leica DMI6000, Wetzlar Germany).

Protein extraction and western blot analysis. Mouse monoclonal
antibodies against NDUFS3 and GAPDH were purchased from Novus
Biologicals (Littleton, CO, USA) and Gene Tex (Irvine, CA, USA),
respectively. Mouse polyclonal antibody against UQCRC2 was
purchased from Novus Biologicals (Littleton, CO, USA). Rabbit
monoclonal antibody against COX II was purchased from Abcam
(Burlingame, CA, USA). Rabbit polyclonal antibody against LC3 and
Beclin 1were purchased from Gene Tex (Irvine, CA, USA). The
methods used were as reported previously (15).

Animal experiments. The methods utilized were as described
previously (14, 15).

Statistical analysis. All results were expressed as means values
±standard deviation (SD) and analyzed by using the statistical analysis

system (SPSS, SPSS Inc., Chicago, IL, USA). Differences among
groups were analyzed by Student’s t-test. p-Values <0.05 were
considered significant.

Results and Discussion

Cell viability. We evaluated the cytotoxicity of eight
compounds in various human or mouse cells by the MTT assay
(Figure 1). As shown in Table I, most compounds exhibited
significant cytotoxic effect on several cancer cell lines, but not
on human dermal fibroblast cells. Compound 2 exhibited a
higher inhibitory activity on melanoma than the other
compounds. Three melanoma cell lines (A2058, RPMI7951
and B16) were selected as a model for further studies. 

ROS generation. Excessive ROS production has been identified
to cause cell death; therefore, we measured the production of
intracellular H2O2, the final product of intracellular ROS, by
directly using a DCFH-DA probe. Our results showed that
compound 2 significantly increases levels of intracellular H2O2
(Figure 2).

Mitochondrial function. Previous studies have suggested that a
decline of ΔΨmt may be an early event in the process of cell
death (16, 17). Therefore, melanoma cells were treated with
graded concentrations of compound 2 for 48 h, and then
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Figure 1. Bis(phenylidenebenzeneamine)-1-disulfide derivatives used in the
study. 

Table I. Cytotoxic activities of compounds in different human cell lines and a mouse cell line.

Survival (% control) Compound (10 μM)

1 2 3 4 5 6 7 8

A2058 (melanoma) 99.2±0.1 38.3±0.3 99.6±0.3 98.8±0.4 91.5±0.5 105.9±0.9 86.2±0.8 73.8±0.7
RPMI7951 (melanoma) 24.5±1.3 32.5±0.7 68.9±1.1 28.5±0.4 92.9±0.6 34.2±0.7 33.4±1.3 91.6±0.4
A375 (melanoma) 96.7±4.3 61.8±4.3 93.5±3.6 87.6±2.2 88.9±3.2 81.2±4.4 91.7±3.5 78.4±2.8
A549 (lung cancer) 71.3±2.1 43.8±2.0 68.9±1.1 59.6±2.4 70.5±1.2 10.7±3.8 46.7±2.1 38.4±2.3
Ca9-22 (oral cancer) 71.6±0.7 49.8±0.6 84.7±2.0 85.6±0.9 112.0±0.4 66.6±0.7 82.8±1.2 88.4±0.4
B16 (mouse melanoma) 25.8±0.8 11.2±0.7 74.6±4.0 68.2±1.6 16.2±1.5 6.4±2.9 10.4±1.7 5.6±1.2
Fibroblast 81.3±0.2 91.6±2.0 104.3±1.0 81.6±0.3 98.6±0.6 98.2±0.3 99.1±1.0 94.9±0.7

Cells were cultured with agents at a concentration of 10 μM for 48 h before growth and viability was assessed by the MTT assay.



analyzed by flow cytometry after DiOC6 dye labeling. Cells
treated with compound 2 exhibited a significant decline of
ΔΨmt that was dose-dependent (Figure 3A). Another
assessment of mitochondrial function was to determine the
expression of the subunits of mitochondrial oxidative
phosphorylation system (OXPHOS). Western blot analysis
showed that NDUFS3 of complex I, UQCRC1 of complex III,
and COX II of complex IV were decreased in melanoma cells
in a dose-dependent manner after compound 2 treatments
(Figure 3B). Since mitochondrial oxidative phosphorylation is
the major ATP synthetic pathway in eukaryotes, we elucidate
whether decreased intracellular ATP is due to compound 2
treatment. The intracellular ATP contents of melanoma cells
were decreased after compound 2 treatment in a dose-
dependent manner (Figure 3C).

Autophagic stimulation. The release of cytochrome c to the
cytosol shows one more consequence of the mitochondrial
permeability transitions. Cytosolic cytochrome c has been
implicated in the activation of caspases 3 and 9 that are
associated with the apoptotic cascade (18-19). Immuno -
fluorescent staining showed that no significant increase of
cytochrome c in A2058 cells treated with compound 2 (Figure
4A). Moreover, we performed an annexin V and propidium
iodide (PI) double-staining to elucidate whether compound 2
induces apoptotic cells (annexin V+/PI–) or necrotic cells
(annexin V+/PI+), Our data showed that no significant apoptotic
or necrotic effect was seen after compound 2 treatment
compared to the control group (Figure 4B). The preceding
results demonstrate that compound 2 induces cell death but not
through apoptosis and necrosis. Autophagy is characterized by
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Figure 2. Compound 2 induced ROS generation. Melanoma cells were
treated with graded concentrations of compound 2 for 48 h and stained
with DCFH-DA. Similar results were obtained after three independent
experiments.

Figure 3. Effect of compound 2 on mitochondrial function. (A) ΔΨmt of
melanoma cells after exposure to compound 2 (5, 10 μM) for 48 h and
following staining with DiOC6 and flow cytometry analysis. (B)
Immunoblot analysis showed the effect of compound 2 on the protein
expression of mitochondrial respiratory enzyme in melanoma cells. (C)
Melanoma cells were treated with different concentrations of compound 2
for 48 h. Relative ATP levels were calculated as the percentage of the
control group (0 μM) level.



the formation of microtubule-associated protein light-chain 3
(LC3)-II and autophagosomes (20-21). Beclin-1 participates in
the regulation of autophagy and has an important role in
development, tumorigenesis, and neurodegeneration (22-23).

Since mitochondria become targets for autophagic degradation,
we used LysoTracker Green and MitoTracker Red to
characterize the level of autophagosomal proliferation in
RPMI7951 cells after compound 2 treatment (Figure 4C).
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Figure 4. Effect of compound 2 on cell autophagy. (A) Immunofluorescent staining of DAPI (nuclei), COX IV (mitochondria), and cytochrome c in A2058
cells. (B) Dot plots for melanoma cells treated with graded concentrations of compound 2 for 48 h and then stained with PI and an annexin V-FITC
conjugate specifically detecting the exposure of PS residues at the cell surface. (C) Immunofluorescent staining of lysosome and mitochondria in RPMI7951
cells. (D) Western blots showed the expression of proteins involved in the autophagic cell death. 



Additionally, cells treated with compound 2 also showed an
increased expression of Beclin 1 and LC3-II, the
autophagosome-specific form of LC3, suggesting that
autophagy is induced (Figure 4D).

Anti-tumor activity of compound 2 in tumor-bearing mice.
To investigate whether compound 2 has any in vivo antitumor
activity, we injected mouse melanoma B16 cells into the
footpad of ICR mice. Compound 2 at various doses was
delivered to the mice. We then observed the tumor sizes
sequentially. Compound 2 induced a significant proportion
of tumor reduction in a concentration-dependent manner,
indicating the anticancer activity of compound 2 (Figure 5). 

Conclusion 

We revealed a novel bio-evaluation of bis(phenylidene-
benzeneamine)-1-disulfide derivatives anti-tumor proliferation
mechanism and suggest that these agents may have a potential
chemotherapeutic activity for melanoma cells. Our results
indicated that compound 2 compared to other agents
exhibited a higher inhibitory activity on three melanoma cells
A2058, RPMI7951 and B16. Our data disclosed that
treatment of melanoma cells with compound 2 resulted in a
decrease in ΔΨmt, OXPHOS subunits, and ATP via ROS
generation, but to no significant increase of the cytochrome
c in A2058 cells. Moreover, data from annexin V/PI double-
staining showed that no significant apoptotic or necrotic effect
of compound 2 on melanoma cells was induced. ROS may
provoke accumulation of autophagosomes by affecting
lysosome function, and can further induce autophagic cell
death. Therefore, the expression of autophagy-related protein
LC3 and Beclin 1 were determined. Our results indicated that
compound 2 increases the expression of both LC3 and Beclin

1 to identify autophagic cells. Compound 2 induces
autophagy in melanoma cells and may be involved in
mitochondrial dysfunction. Furthermore, compound 2 could
reduce murine melanoma size in the mouse model. This study
successfully demonstrated the in vitro and in vivo efficacy of
compound 2 in the B16 melanoma cell tumorigenesis in ICR
mice. 
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