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Abstract 

Melanoma is a deadly skin cancer with high mortality, and its incidence is increasing every year. Although numerous 
anticancer drugs have been developed, these treatments have various side effects, such as skin rash, fatigue, diarrhea, 
cough, and muscle pain. Therefore, there is a need for research on novel anticancer drugs with low cytotoxicity and 
few side effects. In this study, we investigated whether afrormosin (7‑hydroxy‑4′,6‑dimethoxyisoflavone), a member 
of the isoflavonoid family, could have the potential as a novel anticancer drug. Afrormosin decreased the viability of 
B16F10 melanoma cells in a time‑ and dose‑dependent manner. We also found that the afrormosin‑induced decrease 
in cell viability was caused by the reduction of cell proliferation through Go/G1 arrest and the induction of apoptosis 
in B16F10 melanoma cells. Furthermore, afrormosin decreased the metastatic activity (cell invasion and migration) of 
B16F10 melanoma cells. At the molecular level, afrormosin reduced the levels of Bcl‑2, an anti‑apoptotic protein, and 
augmented the levels of Bax, a pro‑apoptotic protein, and p53, a tumor suppressor. Additionally, procaspase‑3 levels 
were reduced by afrormosin treatment. When we examined the signaling pathways affected by afrormosin, we found 
that the AKT/ERK pathways were inhibited and the p38/JNK pathway was activated by afrormosin. Collectively, these 
results suggest the potential anticancer effect of afrormosin, making it a prospective candidate for development as an 
anticancer drug.
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Introduction
The skin is an innate immune system that functions as 
the first defense barrier and protects the human body 
from various environmental attacks [1]. The skin is par-
ticularly vulnerable to exposure to various harmful sub-
stances, sun damage, and microbes [1]. A combination 
of genetic and environmental risk factors causes most 
skin cancers [2]. The three major types of skin cancer 
include melanoma, squamous cell carcinoma (SSC), and 
basal cell carcinoma (BBC). Melanoma is a lethal skin 

cancer whose incidence rate is increasing rapidly every 
year [3]. Although melanoma constitutes approximately 
2% of skin cancers, it has a highly metastatic property 
that leads to the majority of deaths [4, 5]. Early diagnosis 
and rapid treatment are required to decrease the mortal-
ity rate of malignant melanoma; however, it is difficult 
to distinguish melanoma from spots, and early diagno-
sis is difficult because of its rapid spread [6–8]. Several 
chemotherapeutic drugs are available for the treatment 
of inoperable or metastatic melanoma. Dacarbazine and 
temozolomide have mainly been used to treat metastatic 
melanoma. Both dacarbazine and temozolomide sup-
press cancer cell division and trigger cancer cell death by 
methylating nucleic acids, thereby causing DNA damage 
[9, 10]. However, they damage some healthy cells and 
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have common side effects such as skin rash, fatigue, diar-
rhea, cough, and muscle pain, which are the most urgent 
and significant dilemmas in cancer therapy [11]. There-
fore, developing new anticancer treatment strategies is 
required to reduce side effects and improve the therapeu-
tic effect for malignant melanoma.

Cancer is caused by the misregulation of the cell cycle 
and apoptotic processes. Therefore, available anticancer 
drugs exhibit cytotoxic and antiproliferative effects by 
inducing apoptosis or arresting the cell cycle [12]. The 
apoptotic processes are the main mechanism that cancer 
drugs cause the death of tumor cells [13]. The apoptosis 
pathway is achieved by regulating the expression levels of 
anti-apoptotic proteins (Bcl-2, Bcl-w, Bcl-xL, Mcl-1, and 
A1) and pro-apoptotic proteins (Bax, Bak, Bad, and Bok). 
Mechanisms regulating the proliferation, survival, and 
migration (metastasis) of cancer cells include the MAPK 
(mitogen-activated protein kinase) and PI3K (phospho-
inositide 3-kinase)/AKT signaling pathways. The MAPK 
signaling pathway consists of c-Jun N-terminal kinases 
(JNK), extracellular signal-related kinases (ERK), and p38 
proteins (p38) signaling pathways [14]. ERK signaling 
pathway has been known to be overactivated in over 80% 
of all melanomas. The carcinogenic effects of B-RAF and 
RAS genes are related to the overactivation of the MAPK 
pathway that leads to the unlimited growth of melanoma 
cells [15]. p38 has been shown to function as an anti-
tumorigenic factor in cancer. For example, p38 activation 
triggers apoptosis when oxidative stress increases [16]. 
JNK is a MAPK family protein that is mainly activated by 
stress stimuli [17]. Many indispensable cellular processes, 
including cell growth, differentiation, and survival, are 
regulated by the PI3K/AKT pathway, which is induced 
by various extracellular stimuli, such as cytokines, hor-
mones, and growth factors [18, 19]. AKT activation by 
PI3K is involved in many cellular processes (the prolifera-
tion, cell cycle, survival, and migration) by upregulating 
various transcription factors [20]. Abnormal mTOR acti-
vation has been observed in metastatic melanoma and 
several different types of cancer [21].

Currently, treatments for cancer have already been 
developed and used; however, cancer survival rates 
have not been significantly improved by chemically 
synthesized drugs, which have several problems, such 
as side effects and high cost. Therefore, cancer treat-
ment will continue to be an unresolved problem in the 
future [22]. Novel strategies and chemotherapies are 
required to complement the current cancer treatments, 
and recently, drugs using phytochemicals have emerged 
as new anticancer agents. Phytochemicals are bioactive 
plant chemicals that have been reported to have vari-
ous biological functions, including immunomodulatory 
properties, anti-inflammation, anticancer, antioxidant, 

and antibacterial effects. They also appear to be beneficial 
because of their wide availability and cost-effective prop-
erties [1]. Therefore, recently, research on phytochemi-
cals as potential new anticancer agents that can overcome 
the side effects of existing chemotherapy has become 
more active, and drugs using phytochemicals such as 
paclitaxel and podophyllotoxin have already been used 
for cancer treatment [23]. Paclitaxel is a natural antican-
cer drug derived from Taxus brevifolia. Paclitaxel pre-
vents cancer cell growth and induces cell cycle arrest by 
suppressing microtubule dynamics [24]. Podophyllotoxin 
is an aryltetralin-type lignan extracted from Podophyllum 
species that also induces apoptosis by preventing tubulin 
assembly [25].

Afrormosin, a member of the isoflavone family, is a 
4’-methoxyisoflavone, which is substituted with two 
methoxy groups at the 6 and 4’ positions and a hydroxyl 
group at the 7 position. Afrormosins are typically found 
in soybeans and other soy products. In addition, gen-
istein and daidzein, as phytochemicals from soybeans, 
have been known to have anticancer effects. Genistein 
can regulate several intracellular signaling pathways and 
work as an anticancer agent for various cancers by inhib-
iting the proliferation of cancer cells [26]. Daidzein is also 
known to inhibit cell proliferation and induce apoptosis 
in various cancer cells [27]. Although there have been 
some reports on the biological activity of afrormosin [28, 
29], its anticancer mechanism has not yet been studied. 
In this study, we investigated the anticancer mechanism 
of afrormosin in melanoma cells.

Materials and methods
Chemicals and reagent
Afrormosin was purchased from ChemFaces (Wuhan, 
China). Dulbecco’s Modified Eagle’s medium (DMEM) 
and Penicillin/streptomycin/glutamine (PSQ) were 
purchased from Hyclone (Marlborough, MA, USA) 
and Gibco (Waltham, MA, USA), respectively. MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide), trypan blue, collagen type I, paraformaldehyde, 
DMSO, and crystal violet were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). DPBS and trypsin 
(EDTA) solutions were purchased from WELGENE, Inc. 
(Gyeongsan, Korea). Carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) and propidium iodide (PI) were 
purchased from Invitrogen (Carlsbad, CA, USA). Etha-
nol was purchased from Emsure (Billerica, MA). Tran-
swell inserts (8-µm pore) and fetal bovine serum (FBS) 
were purchased from Corning (Corning, NY, USA). 
Agar was purchased from Affymetrix (Santa Clara, 
CA). FITC-labeled annexin V was purchased from BD 
Pharmingen (San Diego, CA, USA). Primary antibod-
ies [β-actin (Cat.#8457), Caspase-3 (Cat.#9662), Bcl-2 
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(Cat.#3498), Bax (Cat.#2772), phospho-p38 (Cat.#9216), 
phospho-ERK (Cat.#4370), phospho-AKT (Cat.#4060) 
and phospho-JNK (Cat.#9255)] were purchased from 
Cell Signaling Technology (Danvers, MA, USA) and anti-
p53 (Cat.#MA5-12453) was purchased from Invitrogen 
(Carlsbad, CA, USA). Secondary antibodies (goat anti-
mouse IgG (Cat.#5220–0341) and goat anti-rabbit IgG 
(Cat.#5220–0036) were purchased from SeraCare (Gaith-
ersburg, MD, USA).

Cell culture
The melanoma cell line (B16F10 (mouse)) was a gift from 
Dr. Kwang Dong Kim (Gyeongsang National University, 
Jinju, Korea). Cells were cultured in DMEM (high glucose 
medium) supplemented with 10% FBS and 1% PSQ at 
37 °C in a 5%  CO2 incubator.

Cell viability and density
After 24 h of seeding B16F10 cells in a 48-well plate at a 
density of 2 ×  103 cells/well, B16F10 cells were incubated 
with afrormosin (25, 50, and 100  µM) and incubated 
for 24, 48, and 72  h. Afterward, MTT (1  mg/mL) assay 
was performed. The absorbance was measured using a 
Varioskan LUX Multimode Microplate Reader (Thermo 
Fisher Scientific Co.) at 570 nm.

To assess cell density, B16F10 cells were plated in a 
24-well plate at a 4 ×  103 cells/well for 24 h, and then cells 
were incubated with 100 μM afrormosin for 72 h. After-
ward, the cells were fixed with 4% paraformaldehyde for 
10 min at room temperature (RT) and stained with crys-
tal violet (0.05%). The cell density was recorded using a 
microscope (IMT i-Solution Inc.).

Trypan blue exclusion assay
B16F10 cells were cultured in 24-well plates at 
4 ×  103  cells/well. The next day, cells were incubated 
with 25, 50, and 100 µM afrormosin for 24, 48, and 72 h. 
Living cells were counted using a hemocytometer after 
staining with trypan blue solution.

Apoptosis assay
After 24  h of seeding B16F10 cells in 6-well plates at 
2 ×  104 cells/well, the cells were cultured with 100  μM 
afrormosin for 48 h. For staining, the cells were incubated 
with FITC labeled Annexin V and propidium iodide (PI) 
for 15 min at RT. Apoptosis rates were analyzed by flow 
cytometry (BD FACSVerse™, BD Biosciences).

Colony formation assay
B16F10 cells were seeded in 6-well plates at 5 ×  102 cells/
well. After one day, the cells were incubated with 100 μM 
afrormosin at 37 °C with 5%  CO2 for 72 h. The cells were 
incubated with 4% paraformaldehyde for 10  min at RT, 

and then further incubated with 0.05% crystal violet for 
10  min at RT. Colonies were dissolved in methanol for 
1 h. The degree of colony formation was analyzed with a 
microplate reader at 570 nm.

CFSE‑based proliferation assay
After 24  h of seeding B16F10 cells in 6-well plates at 
2 ×  104  cells/well, the cells were stained with 3  μM car-
boxyfluorescein diacetate succinimidyl ester (CFSE). And 
then, the cells were treated with 100 μM afrormosin and 
incubated for 24, 48, and 72  h. The degree of prolifera-
tion was analyzed by fluorescence-activated cell sorting 
(FACS) machine (BD FACSVerse™, BD Biosciences).

Cell cylce assay
B16F10 cells were seeded in 6-well plates at 2 ×  104 cells/
well. On the next day, the cells were treated with 100 μM 
afrormosin and cultured for 72  h. After staining the 
cells with propidium iodide (PI) solution (10  μg/mL), 
DNA content was analyzed using fluorescence-activated 
cell sorting (FACS) machine (BD FACSVerse™, BD 
Biosciences).

Migration assay
For the wound healing assay, B16F10 cells were seeded in 
6-well plates at 5 ×  105 cells/well. On the next day, the cell 
monolayer was scratched with a sterile yellow tip, and 
then the cells were cultured in the medium containing 
100 μM afrormosin for 24 h. Cell migration was recorded 
under a microscope, and the area of the wound gap was 
measured using ImageJ software.

Transwell migration of B16F10 cells was analyzed using 
a transwell insert (8-µm pore). Before seeding, serum 
starvation was performed for 24  h. After that, 1 ×  105 
cells were cultured in the upper region of the collagen-
coated transwell insert for 24 h. Non-migration cells were 
removed from the upper part. The migrated cells were 
incubated with 4% paraformaldehyde for 10 min. After-
ward, the cells were further incubated with 0.05% crystal 
violet solution and examined under a microscope (IMT 
i-Solution, Inc.).

Invasion assay
The bottom of a 6-well plate was filled with medium con-
taining 0.6% agar, and the cells (5 ×  103 cells/well) were 
seeded in medium containing 0.3% agar. The cells were 
incubated for 3 weeks at 37  °C. The size of cell colonies 
was analyzed using a microscope (IMT i-Solution, Inc.).

Western blot analysis
After 24 h of seeding B16F10 cells in a 60 mm culture 
dish at  105 cells/well, the cells were incubated with 
100 µM afrormosin for 2 or 48 h. Cells were collected 
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and lysed with lysis RIPA buffer (150 mM NaCl, 10 mM 
Tris pH 7.4, 1 mM EDTA (pH 8), 1% sodium deoxycho-
late, 1% Triton X-100, phosphatase inhibitors (30  mM 
NaF and 1.5  mM NaVO4), protease inhibitors (1  mM 
PMSF and 1  mg/mL each of aprotinin, leupeptin, and 
pepstatin A). The proteins were resolved by SDS-PAGE 
and transferred to a nitrocellulose (NC) membrane 
with the wet method. After blocking the NC mem-
brane with 5% skimmed milk in Tris-buffered saline 
(TBS) buffer supplemented with 0.1% Tween-20 for 
30  min, the NC membrane was incubated with pri-
mary antibodies for 4 h or overnight. Then, the mem-
brane was washed with TBS buffer supplemented with 
0.1% Tween-20 every 10 min for 30 min. Subsequently, 
the membrane was incubated with secondary antibod-
ies (horseradish peroxidase (HRP)-conjugated IgG) for 
1  h. The membrane was then washed with TBS buffer 
supplemented with 0.1% Tween-20 every 10  min for 
30  min. Finally, the membranes were incubated with 
an ECL solution, and the signals were detected using a 
Chemidoc (iBright™ CL1500, Invitrogen). Signal inten-
sities were further analyzed via ImageJ software.

Statistical analysis
Data are represented as three independent replicate 
experiments. The results are presented as mean ± stand-
ard deviation (SD). The difference between groups was 
analyzed using Student’s t-test. Statistical significance is 
indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.

Result
The effects of afrormosin on the viability of B16F10 
melanoma cells
First, to evaluate the effect of afrormosin on the viabil-
ity of B16F10 cells, an MTT assay was performed at vari-
ous concentrations of afrormosin (25, 50, and 100  μM) 
for 24, 48, and 72  h. As shown in Fig.  1A and B, afror-
mosin significantly inhibited cell viability time- and 
dose-dependently. In the trypan blue exclusion assay, 
afrormosin reduced cell viability in a dose-dependent 
manner (Fig.  1C). Crystal violet assay was executed to 
assess cell density (Fig. 1D). The density of B16F10 cells 
was lower in afrormosin-treated cells than in control 
cells. These results confirmed that afrormosin reduced 
cell viability.

Fig. 1 The effects of afrormosin on the viability of B16F10 melanoma cells. A Chemical structure of afrormosin. B The effect of afrormosin on the 
viability of B16F10 cells using the MTT assay. C Trypan blue exclusion assay. D Cell density was determined using crystal violet staining. *p < 0.05, 
**p < 0.01, and ***p < 0.001 when compared with the control group. The data are presented as the mean ± SD; n = 3
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Afrormosin induces apoptosis in B16F10 melanoma cells
To investigate whether the reduction in viability of 
B16F10 cells by afrormosin was due to the induction of 
apoptosis, we measured the type of afrormosin-induced 
cell death using Annexin V/PI double staining. (Fig. 2A). 
In cell viability analysis (Fig.  1B), cell viability at 48  h 
was similar to that at 72 h. Therefore, we performed the 
apoptosis analysis at 48 h. As a result of treatment with 
100 μM afrormosin for 48 h, the induction of apoptosis 
was approximately 2 times higher than that of the control 
group. (Fig. 2B). This suggests that afrormosin could have 
anticancer effects by inducing apoptosis in malignant 
melanoma B16F10 cells.

Effects of afrormosin on the proliferation of B16F10 
melanoma cells
A subsequent study was conducted to ascertain the effect 
of afroromosin on the proliferation of B16F10 cells. The 
effect on B16F10 cell proliferation was validated using 
a colony formation assay under the same conditions 
(Fig.  3A–C). When B16F10 cells were cultured at a low 
density and treated with 100 μM afrormosin for 72 h, the 
colony size was reduced compared to that of the control 
(Fig.  3B), but there was no significant difference in the 
number of colonies (Fig. 3C). A CFSE-based proliferation 
assay was performed to analyze the effect of afrormosin 
on the proliferation of B16F10 cells (Fig. 3D). After CFSE 
fluorescent labeling, B16F10 cells were incubated with 
100  μM afrormosin and cultured for 24, 48, and 72  h. 
The extent of cell proliferation was monitored by flow 

cytometry. Compared to the control cells, cells treated 
with afrormosin showed higher fluorescence intensity. 
This suggests that afrormosin reduces the proliferation of 
B16F10 cells.

Afrormosin causes cell cycle arrest in the G0/G1 phase 
in B16F10 melanoma cells
To determine whether the effect of afrormosin on the 
proliferation of B16F10 cells was the result of cell cycle 
inhibition, an experiment was conducted to confirm the 
cell cycle using flow cytometry. As shown in Fig. 4A–C, 
when afrormosin-treated group for 72  h was compared 
to the control, the afrormosin-treated group showed 
increased cells in the G0/G1 population and decreased 
cells in the G2/M population. In addition, subG1 groups 
that are considered as the apoptotic population were 
increased by afrormosin treatment. Therefore, we suggest 
that afrormosin induces apoptosis in B16F10 cells and 
causes cell cycle arrest in the G0/G1 phase.

Effects of afrormosin on the migration of B16F10 
melanoma cells
Next, we investigated whether afrormosin affected cell 
movement. The wound healing assay involves scratch-
ing the cell layer and verifying cell movement in two 
dimensions while maintaining cell-to-cell junctions. To 
minimize the effect of cell proliferation on cell migra-
tion, a wound healing assay was performed with DMEM 
containing1% FBS. The wound gap in cells treated with 
100 μM afrormosin did not heal after 24 h (Fig. 5A and 

Fig. 2 The effects of afrormosin on apoptosis of B16F10 melanoma cells. The apoptotic rate of B16F10 cells was measured by flow cytometry. A The 
FITC‑positive population indicates the apoptotic rate. B The proportion of apoptosis is represented by the bar graph. The apoptotic rate of the cells, 
following treatment with 100 μM afrormosin for 48 h, is 2 times higher than that of the control. **p < 0.01 when compared with the control group. 
The data are presented as the mean ± SD; n = 3
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B). In contrast, the wound gap was completely closed in 
the control cells (Fig. 5A and B). This suggests that afror-
mosin inhibits the migration of B16F10 cells. In addition, 
the migratory effect of afrormosin was verified using a 
transwell migration analysis. We found that afrormosin 
inhibited chemotactic cell migration through the mem-
brane (Fig. 5C).

Effects of afrormosin on the invasion of B16F10 melanoma 
cells
Next, we checked the colony-forming cell invasion abil-
ity using soft agar assay, a well-established in  vitro sys-
tem for proving malignant transformation in cells. Cells 
with anchorage-independent capacities transform and 
continue to grow, forming colonies of various sizes. The 
size of colonies observed under the microscope is shown 
in Fig.  6A. The results showed that afrormosin inhib-
ited colony size (Fig. 6B), indicating that afrormosin can 
effectively suppress cell invasion in vitro.

Afrormosin modulates the apoptosis signaling pathway
Western blot analysis of apoptotic proteins was 
performed to reveal the mechanisms of apoptotic 

processes. We confirmed that the expression of BAX, 
a pro-apoptotic protein related to apoptosis, increased, 
and the expression of the anti-apoptotic protein, Bcl-2, 
decreased (Fig. 7A and B). Furthermore, we confirmed 
that the expression of p53 (a tumor suppressor) was 
increased, and caspase-3 was activated (Fig. 7A and B). 
Therefore, these results indicated that afrormosin could 
induce apoptosis by inhibiting anti-apoptotic proteins 
(Bcl-2) and activating pro-apoptotic proteins/apoptotic 
mediators (BAX, caspase-3, and p53).

Afrormosin modulates the MAPK and PI3K/AKT pathways
AKT and MAPK signaling pathways play essential roles 
in cell survival and proliferation. We investigated the 
effects of afrormosin on the MAPK and AKT signaling 
pathways in B16F10 cells. While afrormosin decreased 
the phosphorylation of ERK and AKT, it augmented the 
activation of p38 and JNK as cellular stress mediators 
(Fig. 8A and B). These results indicated that afrormosin 
regulates apoptosis and cell proliferation through the 
MAPK and AKT signaling pathway in B16F10 mela-
noma cells.

Fig. 3 The effects of afrormosin on cell proliferation in B16F10 cells. A The colony formation assay was performed after treating cells with 100 μM 
afrormosin for 7 days and staining using crystal violet. B The bar graph shows the percentage of OD values. C The bar graph shows the percentage 
of the number of colony units. D The CFSE‑based proliferation is analyzed using flow cytometry. ***p < 0.001 when compared with the control 
group. The data are presented as the mean ± SD; n = 3
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Discussion
Skin cancers occur due to various reasons, such as envi-
ronmental and genetic risk factors. Melanoma has a high 
mortality rate owing to rapid metastasis, even though it 

has the lowest incidence among the three types of skin 
cancer [2, 5, 30]. The number of patients with melanoma 
is increasing every year, and new treatments are needed. 
Drugs for melanoma treatments, such as dacarbazine and 

Fig. 4 The effects of afrormosin on cell cycle in B16F10 melanoma cells. The cell cycle was measured by flow cytometry. A The histogram shows 
the cell cycle phase of B16F10 cells following treatment with 100 μM afrormosin for 72 h. B, C The bar graph shows the percentage of each cell 
cycle phase. **p < 0.01 and ***p < 0.001 when compared with the control group. The data are presented as the means ± SD; n = 3

Fig. 5 The effects of afrormosin on the inhibition of migration in B16F10 melanoma cells. The wound healing assay was performed to confirm cell 
mobility following 100 μM afrormosin treatment for 24 h after scratching. A The cell movement was captured using microscopy. B The bar graph 
represents the percentage of the wound gap in B16F10 melanoma cells. C A transwell migration assay was performed to confirm cell mobility. The 
migrated cells were captured using a microscope. **p < 0.01 and ***p < 0.001 when compared with the control group. The data are presented as the 
mean ± SD; n = 3
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temozolomide, are being used, but they have problems 
such as drug tolerance and side effects [11]. Accordingly, 
it is necessary to develop novel anticancer drugs that can 
overcome the limitations of existing anticancer drugs. 
Recently, phytochemicals with relatively fewer side effects 
and lower cost compared to existing chemotherapy drugs 
have emerged as new anticancer drug candidates [23]. 
Paclitaxel and podophyllotoxin are phytochemical drugs 
used to treat melanomas. Paclitaxel is a natural com-
pound derived from Taxus brevifolia that promotes tubu-
lin assembly into microtubules, thereby blocking cancer 
cell growth, mitosis, and cell cycle progression [24]. 
Podophyllotoxin is a natural compound obtained from 
podophyllum species and has anticancer activities that 

prevent tubulin from assembling into microtubules and 
inducing apoptosis [25]. Isoflavones are known to have 
anticancer, anti-inflammation, and antioxidant properties 
[31]. Among the isoflavone-based phytochemicals, gen-
istein and daidzein are known to have anticancer effects. 
The anticancer mechanism of afrormosin, an isoflavone, 
has not yet been reported. Here, we found that afrormo-
sin inhibited cell proliferation by mediating G0/G1 arrest, 
inducing apoptosis by regulating pro/anti-apoptotic pro-
teins, and decreasing the metastatic activity (cell migra-
tion/invasion) of melanoma. Furthermore, we identified 
that the anticancer effects of afrormosin could be medi-
ated by the regulation of the MAPK and AKT signaling 
pathways.

Fig. 6 The effects of afrormosin on inhibition of migration of B16F10 melanoma cells. The soft agar colony forming assay was performed to 
confirm anchorage‑independent growth, followed by 100 μM afrormosin treatment for 3 weeks. A The cell size of the colony was captured using 
microscopy. B The bar graph represents the percentage of the size of the colony of B16F10 melanoma cells. *p < 0.05 when compared with the 
control group. The data are presented as the mean ± SD; n = 3. Scale bars: 100 μm

Fig. 7 Signaling apoptosis pathway in B16F10 melanoma cells following treatment with afrormosin. Afrormosin modulates the apoptosis signaling 
pathway in B16F10 cells. A After treatment with afrormosin for 48 h, the expression of the pro‑apoptotic protein BAX increased and the expression 
of the anti‑apoptotic protein Bcl‑2 decreased. After treatment with afrormosin for 48 h, the expression level of p53 increased and the protein level 
of procaspase‑3 decreased. B The analysis of the protein level by quantitation. *p < 0.05 and **p < 0.01when compared with the control group. The 
data are presented as the mean ± SD; n = 3
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When we investigated the effect of afrormosin on 
the viability of B16F10 cells, we identified that afror-
mosin reduced the viability of B16F10 cells in a time- 
and dose-dependent manner. Afrormosin induced 

apoptosis and inhibited cell proliferation by inducing 
G0/G1 arrest. These indicated that afrormosin could 
reduce B16F10 cell viability under the influence of both 
apoptosis induction and cell proliferation inhibition. 

Fig. 8 Signaling pathway of PI3K/AKT and MAPK in B16F10 cells following treatment with afrormosin. Afrormosin modulates the MAPK signaling 
pathway in B16F10 cells. A After treatment of B16F10 cells with afrormosin for 2 h, phosphorylation levels of ERK and AKT decreased and 
phosphorylation levels of p38 and JNK increased. B Analysis of protein level by quantitation. *p < 0.05 and **p < 0.01 when compared with the 
control group. The data are presented as the mean ± SD; n = 3

Fig. 9 The effect of afrormosin on MAPK and PI3K/AKT pathways in B16F10 cells. Afrormosin could inhibit the phosphorylation of ERK and AKT to 
reduce cell proliferation, but it could increase the phosphorylation of p38 and JNK to induce apoptosis. Red lines: MAPK signaling. Blue lines: AKT 
signaling.
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Moreover, afrormosin decreased the invasion and 
migration of the B16F10 cells. In terms of apoptosis, 
afrormosin reduced the level of anti-apoptotic protein 
Bcl2, augmented the level of pro-apoptotic protein 
BAX, increased the level of tumor suppressor protein 
p53, and activated caspase3, an important mediator of 
apoptosis. The MAPK pathway regulates various bio-
logical functions such as differentiation, apoptosis, 
proliferation, invasion, migration, and stress responses. 
The JNK/p38 pathway primarily involves cellular stress 
and apoptosis, and the ERK signaling pathway regulates 
cell proliferation and growth [32]. The PI3K/AKT path-
way also controls cell proliferation, growth, cell cycle, 
angiogenesis, and motility [33]. Afrormosin decreased 
the phosphorylation of ERK and AKT and augmented 
the phosphorylation of JNK and p38. These results sug-
gest that afrormosin may exert anticancer effects by 
activating the JNK/p38 pathway to induce apoptosis 
and inhibit proliferation by downregulating the ERK 
and AKT pathways. In addition, isoflavones, as diphe-
nolic compounds, have estrogen-like chemical struc-
tures. They can interact with estrogen receptor alpha 
(ERα) and beta (ERβ) to regulate various biological 
functions [34]. Therefore, it needs to investigate next 
whether afrormosin, a member of the isoflavone family, 
can mediate anticancer effects through ER.

In conclusion, we found that afrormosin activated 
the JNK/p38 pathway in B16F10 cells to induce apop-
tosis and downregulate the ERK and AKT pathways to 
induce G0/G1 arrest and inhibit proliferation (Fig.  9). 
These results imply that the phytochemical afrormo-
sin has the potential to become a new alternative drug 
with fewer side effects through the regulation of apop-
tosis and proliferation in the future for the treatment of 
malignant melanoma.
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