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Abstract 

Melanoma is one of the most aggressive and lethal skin cancers. Lucidadiol is a triterpenoid isolated from Ganoderma 
lucidum and is known to have various biological functions, including antibacterial effects. However, the anti‑cancer 
effects and mechanism of action of lucidadiol in malignant melanoma are unknown. In this study, lucidadiol signifi‑
cantly reduced B16 melanoma cell viability in a dose‑ and time‑dependent manner. In addition, lucidadiol induced 
apoptosis and suppressed cell mobility in B16 melanoma cells. Moreover, our findings revealed that lucidadiol remark‑
ably downregulated phospho‑Akt/ERK/JNK, but not p38. Taken together, our results suggest that lucidadiol could 
exerts its anti‑cancer effects by inducing apoptosis via modulation of the Akt/MAPK pathway. Therefore, lucidadiol 
may be a potential cancer therapeutic agent for malignant melanoma.
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Introduction
Melanoma is one of the most lethal types of skin cancer, 
developing from melanocytes located in the basal layer of 
epithelial surfaces [1]. Although it accounts for only 4% 
of all skin cancers, melanoma-associated mortality is esti-
mated to be approximately 80% [2]. The main risk factors 
for developing melanoma are the number of melanocytic 
nevi, genetic susceptibility, mutagenesis, and exposure 
to ultraviolet radiation, which induces genotoxic effects 
[3]. Current therapies include surgery, radiotherapy, 
and chemotherapy; however, these are only effective for 
early-stage melanoma, which is less invasive [4]. Notably, 
melanoma has a poor prognosis at later stages of tumor 
progression, often progressing to an unresectable stage 
or advanced metastatic disease. Moreover, the current 
therapeutic agents used to treat melanoma have several 
side effects, often inducing resistance to conventional 
chemotherapy and radiation [5]. Thus, there is an urgent 

need to develop an early diagnosis system and improve 
therapeutic agents for melanoma.

Natural products are a critical source for the develop-
ment of novel anti-cancer drugs, as they are considered 
to be less toxic and have fewer side effects than syn-
thetic drugs [6]. As such, interest in chemotherapy drugs 
originating from natural sources has been progressively 
increasing for various cancer types, including melanoma 
[7–9].

Lucidadiol (Fig.  1A) is a lanostane-type triterpenoid 
isolated from Garnoderma lucidum, commonly known 
as Lingzhi. This species has been previously used as a 
medicinal mushroom to treat various diseases, as well as 
for its life-prolonging effects [10]. Its anti-cancer proper-
ties are mainly attributed to triterpenoids, which are one 
of the main constituents [11]. Until now, lucidadiol has 
been reported to have antiviral activity against influenza 
virus A and herpes simplex virus (HSV) 1 [12]. However, 
the anticancer mechanism of lucidadiol in melanoma 
cells has yet to be investigated.

Recent studies have found that melanoma has the 
highest mutation frequency among cancers analyzed 
to determine genetic factors of malignancies [13]. In 
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particular, the phosphoinositide 3-kinase (PI3K) and 
mitogen-activated protein kinase (MAPK) signal-
ing pathways are among the most important signaling 
pathways which might play a role in the pathogenesis 
of melanoma [14–16]. The PI3K/Akt pathway is one of 
the most critical signaling networks in cancer develop-
ment and is frequently activated in melanomas, with an 
N-RAS mutation being exhibited by 20% of cases [17]. 
In addition, the MAPK signaling pathways include ERK, 
c-Jun NH2-terminal kinase (JNK), and p38 MAPK [18]. 
MAPK pathways modulate various cellular functions 
such as proliferation, survival, and invasion in mela-
noma [19–22]. Notably, ERK was shown to be hyperac-
tivated in approximately 90% of melanoma cases, which 
is induced by several factors, such as growth factors 
and genetic alteration of upstream factors, including 
Ras and Raf [23]. Accordingly, dysregulation of these 
signaling pathways is commonly identified in almost 
all cancers, including melanoma, due to amplification 
and the cascade of genetic mutations, which lead to 
enhanced growth, survival, and metabolism of cancer 
cells [24, 25]. Thus, the Akt/MAPK signaling pathway 
may be an important therapeutic target in malignant 
melanoma.

In this study, we explored the anti-cancer effects of 
lucidadiol in melanoma by investigating the molecu-
lar mechanisms underlying its anti-cancer effects. We 
demonstrated that lucidadiol significantly decreased cell 
viability by inducing apoptosis and suppressed cancer 
cell colony formation and migration by inducing apopto-
sis. Furthermore, we found that the lucidadiol-mediated 
cancer suppressive effects in melanoma cells could be 
controlled by the Akt/MAPK signaling pathway. Thus, 
the results of this study indicate that lucidadiol could 
be a potential novel and universal drug for melanoma 
treatment.

Materials and methods
Chemicals and reagent
Lucidadiol was purchased from ChemFaces, dissolved in 
dimethyl sulfoxide (DMSO), and diluted in serum-free 
medium (SFM) to achieve the required concentration 
at the time of use. Dulbecco’s Modified Eagle’s medium 
(DMEM, high glucose) was purchased from Hyclone and 
fetal bovine serum (FBS) was purchased from Corning. 
Penicillin- streptomycin-glutamine was purchased from 
Gibco. MTT [3-(4,5-dimethylthiazol-2-yl) − 2,5-diphe-
nyltetrazolium bromide] and DMSO were purchased 
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Fig. 1 The inhibitory effects of lucidadiol on the viability of B16 melanoma cells. A The structure of lucidadiol. B, C Cells were treated with 
lucidadiol at various concentrations for 24 h or treated with 15 µM for 0, 12, 24, and 48 h. Cell viability was measured using the MTT assay. D, E Cell 
viability was determined via trypan blue and crystal violet staining, after treatment with/without lucidadiol for 24 and 48 h. scale bar = 100 µm. 
F The colonies were stained with crystal violet and analyzed using a microplate reader. The data are presented as the mean ± SD. *p < 0.05 when 
compared with the control group
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from Sigma-Aldrich Co. Primary antibodies was pur-
chased from Cell Signaling Technology (Danvers, MA, 
USA), Abcam (Cambrige, MA, USA) and Invitrogen 
(Middlesex Country, MA, USA). Goat anti-rabbit IgG 
(5220-0036) and goat anti-mouse IgG (5220-0341) anti-
bodies were purchased from Seracare.

Cell culture
Mouse melanoma B16 cells were cultured in DMEM high 
glucose medium supplemented with 10% FBS and 1% 
streptomycin/penicillin/glucose at 5%  CO2 at 37 °C. The 
medium was renewed every 3 days.

Cell viability and proliferation assay
B16 melanoma cells were cultured in 96-well plates at 
5 ×  104 cells/mL for 24 h. Cells were treated with various 
concentrations of lucidadiol for 12, 24, and 48  h. After-
wards, 40 µL of MTT solution (1 mg/mL) was added to 
the cells and incubated at 37 °C for 2 h. Then, the MTT 
solution was removed and 100 µL of DMSO was added 
to dissolve the formazan crystals. Absorbance was meas-
ured using a microplate reader at 570 nm.

Trypan blue and crystal violet staining were performed 
to assess cell viability, according to a published method 
with modifications [26]. For Trypan blue staining, B16 
melanoma cells were cultured in 6-well plates with/
without lucidadiol for 24 and 48 h. The cells were trypsi-
nized and counted using a hemocytometer after staining 
with trypan blue. For crystal violet staining, B16 mela-
noma cells were cultured in 24-well plates as described 
above. The cells were fixed with 4% paraformaldehyde 
for 10 min and stained with 0.05% crystal violet in 20% 
methanol for 5  min. The cells were then washed with 
distilled water and dried for 1 d at room temperature 
(RT). The cell images were observed under a microscope 
at × 200 magnification.

Colony‑forming assay
B16 melanoma cells were cultured in 6-well plates with/
without lucidadiol for 48  h, after which the medium 
was removed and growth medium was added. The cells 
were further cultured to form a colony for 9  days with 
the growth medium being renewed every 3  days. After 
9 days, the colonies were fixed with 4% paraformaldehyde 
and stained with 0.05% crystal violet, as described above. 
The colonies were dissolved in 10% acetic acid for 20 min. 
The absorbance was measured using a microplate reader 
at 570 nm.

Cell cycle analysis
As mentioned above, the cells were cultured in 6-well 
plates at 1 ×  105 cells/mL with/without lucidadiol. Then, 
the cell pellets were collected after trypsinization and 

fixed with cold 70% ethanol at − 20 °C overnight. RNase 
(100 µg/mL) was added to the cell pellet in 0.1% Triton 
X-100 for 2 h at 37 °C after washing with cold phosphate-
buffered saline (PBS) twice and then the PI solution 
(20 µg/mL) was added for 5 min at RT. The DNA content 
was measured via flow cytometry (BD FACSVerse™, BD 
Bioscience) and was analyzed with Flowjo software.

Apoptosis detection
As mentioned above, the cells were cultured in 6-well 
plates at 1 ×  105 cells/mL with/without lucidadiol. The 
cell pellets were collected after trypsinization and washed 
twice with cold PBS. The cell pellets were then incubated 
with a binding buffer and stained with Annexin V-FITC/
PI for 15  min. The percentage of apoptotic cells was 
measured by flow cytometry (BD FACSVerse™, BD Bio-
science) and was analyzed with Flowjo software.

Wound healing assay
B16 melanoma cells were seeded in 60 mm dish at 5 ×  106 
cells/dish and cultured until confluence. After 24  h, the 
cell monolayer was scratched with a sterile 1 mL pipette 
tip, followed by changing the medium to one with/with-
out lucidadiol. Cell migration was evaluated by observing 
them at intervals of 0, 12, and 24 h under a microscope. 
Images were recorded and the area of the wound gap was 
measured using the ImageJ software.

Western blot analysis
For protein analysis, total protein was extracted by lysing 
cells in lysis buffer [10 mM Tris pH 7.4, 150 mM NaCl, 
1 mM EDTA pH 8, 1% Triton X-100, 1% sodium deoxy-
cholate, 30 mM NaF, 1.5 mM  NaVO4, 1 mM PMSF, and 
1 mg/mL each of aprotinin, leupeptin, and pepstatin A] 
with sonication for 10 s. The cell lysates were then cen-
trifuged at 13,000 rpm for 10 min at 4 °C and quantified 
using the Bradford assay. Then, the proteins (25 µg) were 
resolved by SDS-PAGE and transferred to a nitrocellu-
lose membrane. After blocking with 5% skimmed milk in 
Tris-buffered saline supplemented with 0.1% Tween-20 
(TBS-T) at RT for 30 min, the membrane was incubated 
with appropriate primary antibodies overnight at RT with 
gentle shaking and then washed three times with TBS-T 
for 10  min. Subsequently, the membrane was incubated 
with secondary horseradish peroxidase (HRP)-conju-
gated anti-rabbit/mouse IgG antibodies for 1  h at RT. 
β-Actin was used as the loading control. The membranes 
were then incubated with an ECL reagent and bands were 
visualized using a Chemidoc and analyzed via ImageJ. 
The primary antibodies used in this study were as fol-
lows: anti-β-actin (#8457), anti-p53 (#MA5-12453), anti-
Bax (#2772), anti-PARP (#9532), anti-p-ERK1/2 (#4370), 
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anti-pJNK (#9255), anti-p38 (#9216), anti-pAKT (#4060), 
anti-caspase3 (#9662), and anti-MMP-9 (#Ab38898).

Statistical analysis
The results are presented as mean ± standard deviation 
(SD). Differences between groups were analyzed using 
Dunnett’s test. Statistical significance was set at p < 0.05.

Result
Lucidadiol inhibits cell viability and colony‑formation 
in B16 melanoma cells
To evaluate the effects of lucidadiol on the viability of 
B16 melanoma cells, the MTT assay was performed at 
various lucidadiol concentrations (0–50 µM) and incuba-
tion times (0, 12, 24, and 48 h). The results showed that 
lucidadiol decreased the viability of B16 melanoma cells 
in a concentration-dependent manner (IC50 values of 
48.42 µM at 24 h) (Fig. 1B) and time-dependent manner 
(with 15 and 25 µM) (Fig. 1C). Similarly, we tested the cell 
survival rate after lucidadiol treatment using trypan blue 
and crystal violet staining. The number of crystal violet-
stained cells and trypan blue-unstained cells was similar 
to the number of viable cells (MTT assay) (Fig.  1D and 
E). Moreover, we assessed the anti-proliferative capacity 
of lucidadiol using a colony formation assay. Our findings 
indicate that lucidadiol reduces the number of B16 mela-
noma cell colonies (Fig.  1F). Thus, these data indicate 
that lucidadiol treatment may decrease the viability and 
growth of melanoma cells.

Lucidadiol treatment induces the accumulation of Sub‑G1 
phase in B16 melanoma cells
Previous studies have suggested that the inhibition of 
cancer cell viability is often mediated by regulating the 
cell cycle phase distribution [27–29]. Thus, to investi-
gate the possible mechanism underlying the lucidadiol-
induced decrease in cancer cell survival, the cell cycle 
distribution after lucidadiol treatment was measured via 
flow cytometry with propidium iodide (PI) staining. The 
cells were treated with 0, 15, and 25  µM lucidadiol for 
24 and 48 h. Our results showed that lucidadiol-treated 
cells accumulated in the Sub-G1 phase (apoptotic cells) at 
48 h post-treatment when compared to the control group 
(Fig.  2A). The percentage of cells in the Sub G1 phase, 
which indicates apoptosis, was found to be significantly 
increased, from 1.16% in control cells to 3.26% and 3.43% 
in cells treated with 15 and 25 µM lucidadiol, respectively 
(Fig. 2B). These results suggest that lucidadiol suppressed 
cell viability by inducing the accumulation of Sub-G1 
phase, leading to an increased number of apoptotic mela-
noma cells.

Lucidadiol induces apoptosis in B16 melanoma cells
Despite different patterns of interaction with intracellular 
targets, induction of apoptosis is one of the characteristic 
mechanisms of action of most cytotoxic anticancer agents 
that ultimately induce cancer cell death [30]. Therefore, 
we used Annexin V/PI double staining to measure the 
type of lucidadiol-induced cell death. Annexin V, an indi-
cator of apoptotic cells, can bind with phosphatidylserine, 
which is exposed from the inner leaflet to the outer leaf-
let of the plasma membrane during apoptosis [31]. The 
results showed that the population of Annexin V/PI posi-
tive apoptotic cells increased in lucidadiol-treated cells 
in a time-dependent manner (Fig.  3A). The apoptotic 
cell ratio in B16 melanoma cells treated with lucidadiol 
was 7.46% (0 µM), 18.18% (15 µM), and 18.9% (25 µM) at 
24 h post-treatment, and 6.36% (0 µM), 24.5% (15 µM), 
and 25.23% (25 µM) at 48 h post-treatment (Fig. 3B). To 
elucidate the potential molecular mechanism underly-
ing lucidadiol-induced apoptosis of B16 melanoma cells, 
the expression level of apoptosis-related proteins was 
analyzed by western blot. In no treatment condition as 
control, apoptotic-related proteins (Bax, p53, PARP, and 
procaspase-3) indicated slightly apoptotic status due to 
serum starvation for 48  h (Fig.  4). Bax (pro-apoptotic) 
expression levels were shown to be increased slightly in 
lucidadiol (15 µM)-treated cells, when compared to con-
trol cells (Fig. 4A). Furthermore, lucidadiol promoted the 
cleavage of procaspase-3 and PARP, as well as the expres-
sion of p53 (tumor suppressor protein) (Fig.  4B). These 
results suggest that lucidadiol decreases cell viability by 
inducing apoptosis in B16 melanoma cells.

Lucidadiol blocks the migration of B16 melanoma cells
Cell migration is an important phenomenon that is one 
of the key determinants of malignant cancers, includ-
ing melanoma, breast, and lung cancer [32]. Thus, we 
investigated the effect of lucidadiol on B16 melanoma 
cell mobility, which is a hallmark of tumor progression 
and metastasis, by using a concentration lower than the 
cytotoxic IC50 (48.42 µM for 24 h). The results showed 
that the migration of cells treated with lucidadiol (15 and 
25 µM) was decreased to 46.3% and 59.7%, respectively, 
when compared to control cells (Fig. 5A). Matrix metal-
loproteinases (MMPs) are proteins that modulate cancer 
cell adhesion, migration, and invasion [33]. MMP-9 is 
known to contribute to cancer cell invasion and metasta-
sis by degrading the extracellular matrix [34]. Notably, we 
found that MMP-9 expression levels were significantly 
decreased in B16 melanoma cells treated with lucidadiol 
(15 and 25 µM) via western blot analysis (Fig. 5B). There-
fore, these results suggest that lucidadiol regulates cell 
migration in B16 melanoma cells.
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Lucidadiol modulates Akt/MAPK pathway in B16 
melanoma cells
Finally, we attempted to uncover the molecular path-
ways underlying the anti-cancer effects of lucidadiol. 
Considering that the Akt/MAPK signaling pathway 
plays a critical role in melanoma progression by affect-
ing cell proliferation, migration, and apoptosis [35], the 
phosphorylation level of proteins associated with the 
Akt/MAPK signaling pathway in lucidadiol-treated B16 
melanoma cells was assessed by western blotting. The 
results indicated that Akt, ERK, and JNK phosphoryla-
tion levels were markedly decreased following lucidadiol 
treatment (Fig. 6A) but p38 phosphorylation levels were 
significantly increased (Fig.  6B). These results suggest 
that lucidadiol could induces apoptosis and suppression 
of migration in B16 melanoma cells by regulating the 
Akt/MAPK signaling pathways.

Discussion
Lucidadiol was isolated from Ganoderma lucidum, which 
has been used in oriental medicine for approximately 
2000 years [12, 36]. Lucidadiol was shown to have diverse 
biological functions, including antibacterial effects [12, 
37]. However, its anti-cancer activity against melanoma 
and its mechanism of action has yet to be uncovered. 
In this study, we demonstrated for the first time that 

lucidadiol exhibits anti-cancer activity against B16 mela-
noma cells by modulating the Akt/MAPK pathway.

To investigate the molecular mechanism underlying the 
lucidadiol-induced decrease in melanoma cell viability, 
we first examined whether lucidadiol affected cell cycle 
progression. We discovered that lucidadiol treatment sig-
nificantly induced an increased population in the Sub-G1 
phase (only at 48 h). The populations of B16 melanoma 
cells in each cell cycle phase, including G1, S, and G2/M, 
were only shown slightly different after lucidadiol treat-
ment, but the difference was not significant. The accu-
mulation of cells in the Sub-G1 phase is considered to be 
a biomarker of DNA damage and is also associated with 
apoptosis [38]. Therefore, these results suggest that the 
lucidadiol-induced decrease in cell viability is related to 
apoptosis.

Apoptosis, a form of physiological cell death, occurs as 
a homeostatic and defense mechanism during develop-
mental and immune reactions or when cells are damaged 
by various stimuli, such as disease [39]. The characteris-
tics of apoptotic cells include chromatin condensation, 
cell shrinkage, membrane lipid rearrangement, caspase 
activation, DNA fragmentation, and cell fragmentation 
[40]. p53 is a tumor suppressor protein and may be a 
potential molecular target for regulating cell growth, by 
promoting apoptosis and DNA repair [41]. Activation 
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of p53 is sufficient to trigger apoptosis by inducing the 
pro-apoptotic Bax protein family and inhibiting the anti-
apoptotic Bcl-2 protein family, leading to the activation 
of caspase-3 (effector caspase) [42, 43]. Consequently, 
cleaved PARP levels are increased by cleaved caspase-3 
(activated form), which plays a role in apoptotic pro-
cesses, including DNA repair and cell cycle regulation 
[44]. As shown in Fig.  3, lucidadiol induces a potential 
increase in the apoptotic cell population through an 
apoptosis-related molecular mechanism. Overall, our 
findings indicate that the lucidadiol-induced decrease in 
melanoma cell viability is mediated by apoptosis and cell 
cycle arrest.

Given that distant metastasis is a leading cause of 
death in melanoma patients, it is important to elucidate 
the mechanisms underlying cancer cell metastasis [45]. 
Cancer metastasis is a complex process involving multi-
ple steps such as migration, invasion, and adhesion [46]. 
MMPs are involved in cancer cell invasion and metas-
tasis by cleaving extracellular matrix proteins [34]. In 
particular, MMP-9 has been found to be an indicator of 
melanoma invasiveness [47]. Our findings showed that 
lucidadiol treatment reduced the migration of melanoma 
cells by suppressing MMP9 expression levels. This sug-
gests that lucidadiol may also have anti-metastasis effects 
in melanoma.

The Akt and ERK pathways have been shown to play 
crucial roles in the tumorigenesis of many cancers, 
including melanoma, by promoting the translation of 
target genes associated with cell proliferation, migration, 
and invasion [48]. Therefore, several studies have empha-
sized that inhibition of the PI3K/Akt and ERK signaling 
pathways may be a promising strategy for melanoma 
treatment [49–51]. In this study, lucidadiol treatment 
decreased the phosphorylation of Akt and ERK1/2 in B16 
melanoma cells. As a result, we speculated that the altera-
tion of biological activity induced by lucidadiol treatment 
in B16 melanoma could be, in part, attributed to its abil-
ity to inhibit the Akt/ERK pathway. In addition, the JNK 
signaling pathways, which are a subfamily of MAPK, have 
been shown to have paradoxical roles in carcinogenesis, 
with both tumor growth and tumor suppressor properties 
[52]. Alexaki et al. reported that JNK supports the viabil-
ity of melanoma cells by modulating cell cycle arrest and 
apoptosis [53], while Qin et al. reported that a decrease 
in JNK activation is involved in suppressing melanoma 
cell growth [54]. Accordingly, our results indicate that 
lucidadiol induces apoptosis and cell cycle arrest through 
the inhibition of JNK activation. Another subfamily, p38 
MAPK, is also activated by diverse pro-inflammatory 
and stressful stimuli. Although the role of p38 MAPK in 
tumors is complicated, many studies have suggested that 
p38 MAPK functions as a tumor suppressor associated 

with apoptosis in some cell systems [21, 55]. In addition, 
She et al. reported that p38 MAPK activates p53 and p53-
induced apoptosis [56]. Moreover, activation of the ERK 
and p38 pathways is inversely regulated and high p38 
activity levels inhibit ERK activity and prevent tumori-
genesis [18]. Overall, our findings suggest that lucidadiol 
induces apoptosis of melanoma cells via cell cycle arrest 
and blocking of migration by suppressing Akt, ERK, and 
JNK activation while activating p38 MAPK.

To the best of our knowledge, this is the first demon-
stration of the anti-cancer mechanism of lucidadiol in 
melanoma cells. Taken together, our findings not only 
reveal the important role of the Akt/MAPK pathway in 
lucidadiol-induced bioactivity in melanoma cells but also 
suggest that lucidadiol may be a promising novel thera-
peutic agent for melanoma treatment.
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