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a b s t r a c t

Cordycepin is one of the most crucial bioactive compounds produced by Cordyceps militaris

and has exhibited antitumor activity in various cancers. However, industrial production of

large amounts of cordycepin is difficult. The porcine liver is abundant in proteins, vitamins,

and adenosine, and these ingredients may increase cordycepin production and biocon-

version during C. militaris fermentation. We observed that porcine liver extracts increased

cordycepin production. In addition, air supply (2 h/d) significantly increased the cordycepin

level in surface liquid-cultured C. militaris after 14 days. Moreover, blue light light-emitting

diode irradiation (16 h/d) increased cordycepin production. These findings indicated that

these conditions are suitable for increasing cordycepin production. We used these condi-

tions to obtain water extract from the mycelia of surface liquid-cultured C. militaris (WECM)

and evaluated the anti-oral cancer activity of this extract in vitro and in vivo. The results

revealed that WECM inhibited the cell viability of SCC-4 oral cancer cells and arrested the

cell cycle in the G2/M phase. Oxidative stress and mitochondrial dysfunction (mitochon-

drial fission) were observed in SCC-4 cells treated with WECM for 12 hours. Furthermore,
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porcine liver extracts

water extract

WECM reduced tumor formation in 7,12-dimethylbenz[a]anthracene-induced hamster

buccal pouch carcinogenesis through the downregulation of proliferating cell nuclear an-

tigen, vascular endothelial growth factor, and c-fos expression. The results indicated that

porcine liver extracts irradiated with blue light light-emitting diode and supplied with air

can be used as a suitable medium for the growth of mycelia and production of cordycepin,

which can be used in the treatment of oral cancer.

Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Oral cancer is one of themost common cancersworldwide and

causes 135,000 deaths annually [1]. Oral squamous cell carci-

noma (OSCC) accounts for 90% of oral malignant tumors.

Therapeutic targets for cancer, such as gain-of-function mu-

tations in oncogenes and loss-of-function mutations in tumor

suppressor genes, are key factors for head and neck carcino-

genesis. Tobacco and alcohol consumption have been reported

to bemajor factors contributing to oral cancer development [2].

However, betel quid chewing is one of themajor causes of oral

cancer in Taiwan, which has high mortality and poor prog-

nosis. Therefore, new therapeutic approaches focusing on

molecular targets and mechanisms mediating tumor cell

growth or cell death have gained increasing attention for

improving patients' survival and quality of life.

The hamster buccal pouch (HBP) carcinogenesis model is

the most well-characterized animal model for investigating

the development of oral cancer and the effect of intervention

with chemopreventive agents. The development of both OSCC

and HBP carcinoma is associated with sustained genetic mu-

tations leading to excessive cell proliferation, prolonged cell

survival, and apoptosis evasion [3]. In addition, various

morphological and histological similarities are present be-

tween human OSCC and HBP carcinoma [4,5], providing a

rationale for analyzing the effect of putative chemopreventive

agents on the HBP model. Moreover, the HBP model has been

used in several studies on oral cancer [6e10].

Chemoprevention through dietary agents has evolved as

an effective strategy for controlling the incidence of oral

cancer. In recent years, natural food products have received

increasing attention because of their potential role in the

prevention of and intervention in carcinogenesis and

neoplastic progression [11,12]. Therefore, chemotherapy by

using functional foods may aid in cancer prevention.

The fungus Cordyceps militaris has been used as a herbal

tonic in traditional Chinese medicine for > 300 years.

Numerous studies have recently reported that the anticancer

activity of Cordyceps sinensis, including the inhibition of B16

melanoma [13], leukemia [14], thyroid carcinoma [15], hepa-

tocellular carcinoma [16], and renal cancer [17] cells, is due to

cordycepin, a crucial bioactive compound produced by C.

militaris. However, tumor inhibition by cordycepin is attenu-

ated by adenosine deaminase catalysis in vivo [18]. In addition,

the inhibition of oral cancer cells by cordycepin and C. militaris

remains unclear.

A study reported the use of a biochemical medium as a

fermentation medium in the surface liquid cultivation of C.

militaris [19]. In addition, another study indicated that natural

materials can be used as the components of a fungal medium

[20]. These studies suggested that natural materials can be

used to cultivate C. militaris. In addition, recent studies have

investigated optimal carbon and nitrogen resources and other

nutrients required for C. militaris cultivation and cordycepin

production [21]. Extracts from the porcine liver contain a high

amount of vitamins, proteins, adenosine, and Mg2þ; however,

the effect of porcine liver water extracts on the surface liquid

cultivation of C. militaris for cordycepin production remains

unknown. Therefore, in this study, we investigated the effect

of porcine liver extracts on the surface liquid cultivation of C.

militaris for cordycepin production. In addition, we evaluated

the anti-oral-cancer activity of water extract isolated from the

mycelia of surface liquid-cultured C. militaris (WECM).

Furthermore, we investigated whether WECM inhibits tumor

growth in 7,12-dimethylbenz[a]anthracene (DMBA)-induced

HBP carcinogenesis.

2. Materials and methods

2.1. Materials

Crystal violet, propidium iodide, DMBA, sodium dodecyl sul-

fate (SDS), cordycepin, Triton X-100, trypsin, and trypan blue

were purchased fromSigmaChemical Co. (St. Louis, MO, USA).

Fetal bovine serum was purchased from Life Technologies

(Auckland, New Zealand). MitoSOX Red andMitotracker Deep-

Red FM were purchased from Invitrogen (Carlsbad, CA, USA).

Porcine liver (500 g) extract was prepared through treatment

inwater (5 L) at 4�C for 24 hours. The liquid extract was filtered

and freeze dried, and the porcine liver powder extract was

stored at �80�C.

2.2. Sample preparation

C. militaris (BCRC34380) was obtained from the Bioresource

Collection and Research Center (Hsinchu, Taiwan). The liquid

seed culture was inoculated with a mycelial mat from a stock

slant and cultured in a 500-mL conical flask containing 200mL

medium (10 g/L peptone, 30 g/L glucose, 0.5 g/L MgSO4, 0.5 g/L

K2HPO4, and 0.5 g/L KH2PO4) at 25�C on a rotary shaker at

150 rpm for 7 days for maintenance. To evaluate the effects of

porcine liver powder extracts on cordycepin production in the
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mycelia of surface liquid-cultured C. militaris, porcine liver

powder extracts at 0.5 g/L, 1 g/L, 5 g/L, 7.5 g/L, and 10 g/L were

added into the basal medium (10 g/L peptone, 30 g/L glucose,

0.5 g/L MgSO4, 0.5 g/L K2HPO4, and 0.5 g/L KH2PO4), and the

surface liquid cultivation of C. militaris was performed at 25�C
for 14 days for cordycepin production. A blue light light-

emitting diode (LED; wavelength: 440e450 nm; 1.5 W) was

used in a light irradiation experiment (8 h/d, 16 h/d, and 24 h/

d). The cultured mycelia were collected and freeze dried, and

the mycelium powder was dissolved in 50% ethanol and

heated for 60 minutes at 60�C to extract intracellular cordy-

cepin. Finally, the extracts were filtered using a 0.22-mm

membrane, and the cordycepin level was assayed through

high-performance liquid chromatography. In the high-

performance liquid chromatography cordycepin assay, the

mobile phase was a mixture of methanol and 0.02 M potas-

sium dihydrogenphosphate (15:85), the column temperature

was 40�C, and the flow rate was 1.0 mL/min. The detector was

set at 260 nm [20]. In addition, WECMwas freeze-dried for use

in cell and animal models.

2.3. Cell culture

Human SCC-4 cells were obtained from the Bioresource

Collection and Research Center. SCC-4 cells were maintained

in Dulbecco's modified Eagle's medium/Ham's F-12 (1:1 v/v)

medium supplemented with 100 mL/L fetal bovine serum,

1.5 g/L sodium bicarbonate, 400 ng/mL hydrocortisone, and

10 mL/L antibiotic solution. The cells were incubated in 5%

CO2 and a 95% humidified atmosphere at 37�C.

2.4. Cell viability

The cell-killing effect of WECM on oral cancer cells was eval-

uated using the crystal violet staining assay. The cells were

seeded on 24 well plates (3 � 104 cells/well) and treated with

various concentrations of the water extracts for 24 hours and

48 hours. The medium was then removed, washed with

phosphate-buffered saline (PBS), and stainedwith 2 g/L crystal

violet in 100 mL/L phosphate-buffered formaldehyde for

20 minutes before being washed with water. The crystal violet

bound to the cells was dissolved using 20 g/L SDS solution, and

its absorbance was measured at 600 nm.

2.5. Cell cycle

After treatment with WECM for 12 hours, the medium was

aspirated and adherent cellswere harvested and centrifuged at

300 � g for 5 minutes. The cells were washed with PBS, fixed

with ice-cold ethanol at �20�C overnight, and then stained

with propidium iodide at room temperature for 30 minutes.

The cell cycle distribution was analyzed through flow cytom-

etry by using a FACScan-LSR flow cytometer equippedwith the

CellQuest software (BD Biosciences, San Jose, CA, USA).

2.6. Measurements of superoxide level and oxidative
stress

The assumption that mitochondria serve as the major intra-

cellular source of reactive oxygen species (ROS) has been

largely based on experiments with isolated mitochondria

rather than on direct measurements in living cells. The

MitoSOX Red mitochondrial superoxide indicator is a novel

fluorogenic dye for highly selective detection of superoxide in

the mitochondria of live cells. The MitoSOX Red reagent is a

live-cell permeant and rapidly and selectively targets the

mitochondria. Once in the mitochondria, the MitoSOX Red

reagent is oxidized by superoxide and exhibits red fluores-

cence. The MitoSOX Red reagent is readily oxidized by su-

peroxide but not by other ROS- or reactive-nitrogen-species-

generating systems, and the oxidation of the probe is pre-

vented by superoxide dismutase. The oxidation product be-

comes highly fluorescent upon binding to nucleic acids.

Mitochondrial superoxide is generated as a byproduct of

oxidative phosphorylation. The assumption that mitochon-

dria serve as the major intracellular source of ROS has been

largely based on experiments with isolated mitochondria

rather than on direct measurements in living cells. MitoSOX

Red mitochondrial superoxide indicator is a novel fluorogenic

dye for highly selective detection of superoxide in the mito-

chondria of live cells by using a fluorescence microscope. The

oxidative stress was monitored through the measurement of

ROS. Collected cells were suspended in 500 mL PBS and mixed

with 10 mM (final concentration) dichlorodihydrofluorescein

diacetate (DCFH-DA) for incubation for 20 minutes at 37�C.
The cells were washed three times with PBS to remove

redundant DCFH-DA. The cell pellet was mixed with 500 mL

PBS, and the ROS level was assayed through flow cytometry

(BD Biosciences).

2.7. Mitochondrial morphology

Cells were treated with 250 nM Mitotracker Deep-Red FM

(Invitrogen) for 30 minutes in a serum-free culture medium.

After being washed twice with PBS, nuclei were stained with

Hochest 33342 for 10 minutes. Themitochondrial morphology

was observed using a confocal microscope [22].

2.8. Animal model

An experiment was performed using 5-week-old male Syrian

hamsters (n ¼ 6) obtained from the National Laboratory Ani-

mal Center (Taipei, Taiwan). The hamsterswere subjected to a

12-hour light/dark cycle with maintained relative humidity of

60% and temperature of 25�C. The protocol complied with

guidelines described in the Animal Protection Law, amended

on January 17, 2001, Hua-Zong-(1)-Yi-Tzi-9000007530, Council

of Agriculture, Executive Yuan, Taiwan, R.O.C. The model of

DMBA-induced HBP carcinogenesis was modified [1,12]. A

0.5% solution of DMBA dissolved in mineral oil was applied to

the entiremucosal surface of the left buccal pouch three times

a week for 8 consecutive weeks, and WECM was applied for a

further 4 weeks. Mineral oil was applied in the control group.

The hamsters were killed, and the tumor volume and burden

were determined [1,12]. The tumor volume was measured

using the V ¼ 4/3 (D1/2) (D2/2) (D3/2), where D1, D2, and D3 are

the three diameters (mm) of the tumor. The tumor burdenwas

measured using the following formula: tumor burden ¼ total

number of tumors � mean volume.
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2.9. Western blotting

The cells were lysed in an ice-cold lysis buffer containing

20 mM TriseHCl (pH 7.4), 1% Triton X-100, 0.1% SDS, 2 mM

EDTA, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and

500 mM sodium vanadate overnight. The cell extract was then

centrifuged (12,000 � g for 10 minutes) to recover the super-

natant. The supernatant was used as the cell extract. The cell

protein was resolved on 10% SDS�polyacrylamide gel elec-

trophoresis and transferred onto polyvinyldiene fluoride

membranes. The membranes were blocked with 5% nonfat

dry milk solution for 1 hour and incubated overnight with

primary antibodies for 4 hours. Subsequently, each mem-

brane was washed three times for 5 minutes in PBS with

Tween 20, shaken in a solution of a horseradish-peroxidase-

linked secondary antibody for 1 hour, and washed three

times for 5 minutes in PBS with Tween 20. The expression of

proteinswas detected using an enhanced chemiluminescence

reagent (Millipore, Billerica, MA, USA).

2.10. Real-time polymerase chain reaction

Total RNAwas obtained using the TRIzol reagent (Gibco BRL Life

Technologies, Gaithersburg, MD, USA). Primers were synthe-

sized byMD-Bio (Taipei, Taiwan). The gene expression levelwas

determined through relative quantitative real-time polymerase

chain reaction (PCR) (CFX Cycler System; Bio-Rad Laboratories,

Hercules, CA, USA). The primers used were as follows: F:

5ʹGACATCAAGAAGGTGGTGAAGCAʹ3 and R: 5ʹCATCAAAGGTG-

GAAGAGTGGGAʹ3 for GAPDH; F: 5ʹGGTGCTTGGCGGGAGCʹ3 and

R: 5ʹATCGCTTGAGCCCAGAAGTʹ5 for proliferating cell nuclear

antigen (PCNA); F: 5ʹATGAACTTTCTGCTGTCTTGGʹ3 and R:

5ʹTCACCGCCTCGGCTTGTCACAʹ3 for vascular endothelial

growth factor (VEGF); F: 5ʹGGAGCAGCTTTGTGTGTGTGATTCʹ3

andR: 5ʹTCCATCCTTTG-ACTCTGCTCATGGʹ3 for caspase-3; and

F: 5ʹTTCAGTAGATTGGCAATCTCGGTCʹ3 and R: 5ʹTTGCGCA-

GATCTGTCCGTCTCTAGʹ3 for c-fos.

2.11. Statistical analysis

Experimental results were analyzed in triplicate and

expressed as themean ± standard deviation. The results were

examined using one-way analysis of variance and Duncan's
multiple range tests, and the significance of differences be-

tween sample means was calculated. A p value � 0.05 was

considered significant.

3. Results

3.1. Optimal conditions for cordycepin production

Cordycepin is an anticancer compound and has potential for

development as a therapeutic agent [22e25] and functional

food. Porcine liver extracts have a high amount of adenosine

and vitamins, which are the precursors of cordycepin and act

as cofactors during cordycepin bioconversion. This study

investigated the optimal condition required for cordycepin

production from surface liquid-cultured C. militaris in a me-

dium containing porcine liver extracts. We observed that at

Figure 1 e Effects of various concentrations of porcine liver

powder extracts (0.5 g/L, 1 g/L, 5 g/L, 7.5 g/L, and 10 g/L in

the medium) on (A) biomass production (g/L in medium),

(B) pH, and (C) cordycepin levels (cordycepin mg/dry

mycelia g/medium L) of the mycelia of surface liquid-

cultured Cordyceps militaris in 200 mL medium at 25�C for

14 days. Data are represented as mean ± standard

deviation (n ¼ 3). Significant differences are shown by

different letters (p < 0.05).
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5 g/L, 7.5 g/L, and 10 g/L, porcine liver extracts significantly

increased biomass production (mycelium weight) in surface

liquid-cultured C. militaris (Figure 1A) and reduced the pH in

the surface liquid culture of C. militaris during biomass pro-

duction (Figure 1B). In addition, we assayed the cordycepin

level in the mycelia of surface liquid-cultured C. militaris and

observed that at 5 g/L (1942mg/L), 7.5 g/L (2331mg/L), and 10 g/

L (2452mg/L), porcine liver extracts significantly increased the

production of cordycepin (isolated from the dry mycelia of

surface liquid-cultured C. militaris; Figure 1C).

As presented in Figure 2, air was pumped several times into

the surface liquid culture of C. militaris (0, 30 min/d, 1 h/d, or

2 h/d). The biomass production and cordycepin bioconversion

of the mycelia of surface liquid-cultured C. militaris were high

when porcine liver extracts were applied at 10 g/L. However,

the cordycepin production by 10 g/L supply was similar to

7.5 g/L, thereby the 7.5 g/L porcine liver extracts was chosen

and air was supplied for 2 h/d for investigation of cordycepin

production. These results indicated that porcine liver extracts

have potential for cordycepin production in surface liquid-

cultured C. militaris for 14 days.

A recent study reported that blue light LED irradiation in-

creases cordycepin production during the liquid cultivation of

C. militaris [26e28]. In this study, we evaluated the effects of

blue light LED irradiation on cordycepin production by the

mycelia of surface liquid-cultured C. militaris under the

optimal air supply and porcine liver extract conditions. The

results revealed that the weight of the mycelia of surface

liquid-cultured C. militaris irradiated with blue light was lower

(both for 16 h/d and 24 h/d) than that of mycelia of nonirra-

diated surface liquid-cultured C. militaris. However, blue light

LED irradiation (16 h/d) significantly increased the cordycepin

level (3483 mg cordycepin in 18.3 g dry mycelia in 1 L medium;

Figure 3). These results indicated that porcine liver extracts at

7.5 g/L (enrichedwith essential components such as selenium,

Figure 2 e Effects of air supply for various times (0, 30 min/

d, 1 h/d, or 2 h/d) on (A) biomass production (g/L in

medium) and (B) cordycepin level (cordycepin mg/dry

mycelium g/medium L) of the mycelia of surface liquid-

cultured Cordyceps militaris in 200 mL medium with or

without porcine liver powder extracts (7.5 g/L) at 25�C for

14 days. Data are represented as the mean ± standard

deviation (n ¼ 3). Significant differences are shown by

different letters (p < 0.05).

Figure 3 e Effects of blue light light-emitting diode

irradiation (8 h/d, 16 h/d, and 24 h/d) on (A) biomass

production (g/L in medium) and (B) cordycepin level

(cordycepin mg/dry mycelium g/medium L) of the

mycelium of surface liquid-cultured Cordyceps militaris in

200mLmediumwith porcine liver powder extracts (7.5 g/L)

and air supply (2 h/d) at 25�C for 14 days. Data are

represented as the mean ± standard deviation (n ¼ 3).

Significant differences are shown by different letters

(p < 0.05).
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vitamins, proteins, and adenosine) can increase cordycepin

production when supplied with air for 2 h/d and irradiated

with blue light for 16 h/d. In addition, WECM was obtained

using these conditions.

3.2. Suppression of oral cancer cells by WECM in vitro

We usedWECM from the mycelia of surface liquid-cultured C.

militaris treated with porcine liver extracts at 7.5 g/L, an air

supply of 2 h/d, and blue light LED irradiation to investigate

the anti-oral-cancer activity of WECM in vitro and in vivo.

Cordycepin is a potential anticancer compound. The mecha-

nisms underlying the inhibition of OSCC by cordycepin

remain unknown. We investigated whether WECM (18.3 g

mycelia contained 3483 mg cordycepin) inhibited the growth

of SCC-4 oral cancer cells. The results revealed that the iso-

latedWECM (50e500 mg/mL) inhibited SCC-4 cell viability after

24 hours (50% inhibitory concentration: 127.6 mg/mL) and

48 hours (50% inhibitory concentration: 74.2 mg/mL) treatment.

The cell viability significantly differed between the control

group (without treatment) and treatment group (treated with

50 mg/mL and higher WECM; Figure 4).

We investigated the effects of treatment with 50 mg/mL,

75 mg/mL, and 100 mg/mL WECM for 12 hours on the cell cycle

of SCC-4 oral cancer cells. As presented in Figure 5, WECM

significantly arrested the cell cycle of SCC-4 oral cancer cells in

the G2/M phase after 12 hours treatment.

Mitochondrial superoxide is generated as a byproduct of

oxidative phosphorylation. In an otherwise tightly coupled

electron transport chain, 1e3% of mitochondrial oxygen

consumed is incompletely reduced; these “leaky” electrons

can rapidly interact with molecular oxygen to form superox-

ide anions; the predominant ROS in mitochondria [23,24]. The

results of the staining of SCC-4 oral cancer cells with the

MitoSOX Red reagent after treatment with WECM for 12 hours

are presented in Figure 6A. The superoxide levels in SCC-4 oral

cancer cells were markedly increased after treatment with

WECM. DCFH-DA reacts with hydroxyl, peroxyl, or ROS, and

DCFH-DA is diffused into cells and is deacetylated by cellular

esterases to nonfluorescent DCFH,which is rapidly oxidized to

highly fluorescent 2, 7-dichlorodihydrofluorescein by free

radicals. As presented in Figure 6B, the fluorescence intensity

of DCFH-DA was significantly increased in SCC-4 oral cancer

cells treated with WECM for 12 hours.

Fission and fusion are crucial for growth, mitochondrial

redistribution, and maintenance of a healthy mitochondrial

network. In addition, mitochondrial fission and fusion have

prominent roles in disease-related processes such as

apoptosis and mitophagy. Recent studies have reported that

mitochondrial fission can be detected through staining [22,25].

We observed that mitochondrial fission was induced in SCC-4

Figure 4 e Inhibition of the cell viability of SCC-4 oral

cancer cells after treatment with water extracts isolated

from the mycelia of surface liquid-cultured Cordyceps

militaris (WECM) for (A) 24 hours and (B) 48 hours. Data are

represented as the mean ± standard deviation (n ¼ 3).

Significant differences are shown by different letters

(p < 0.05).

Figure 5 e Regulation of the cell cycle of SCC-4 cells after

treatment with water extracts isolated from the mycelia of

surface liquid-cultured Cordyceps militaris for 12 hours.

Data are represented as the mean ± standard deviation

(n ¼ 3). Significant differences are shown by different

letters (p < 0.05).
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oral cancer cells after treatment with WECM for 12 hours

(Figure 7).

3.3. Effects of WECM on oral tumor cells in vivo

The HBP carcinogenesis model was used to investigate the

anti-oral-cancer activity of WECM. HBP carcinogenesis was

induced through treatment with DMBA for 8 weeks, and oral

carcinoma was observed in the hamsters. Subsequently,

WECM or celecoxib (an anti-inflammatory drug) was applied

for 4 weeks for the inhibition of oral carcinoma. The results

revealed that WECM (100 mg/kg body weight) efficiently

reduced the tumor volume, tumor number, and tumor

burden, and this decrease was more substantial compared

with that caused by celecoxib treatment (Figure 8). Moreover,

we measured the mRNA levels of PCNA, VEGF, caspase-3, and

c-fos in DMBA-induced oral tumors through real-time PCR

(Figure 9). Our results demonstrated that the DMBA-induced

increase in the levels of PCNA, VEGF, and c-fos was inhibited

by treatment with WECM. In addition, expression of the pro-

apoptotic marker caspase-3 significantly increased after

treatment with WECM. These results indicated that WECM

has potential for inhibiting the growth of oral cancer cells

through triggering mitochondrial dysfunction involved in the

proapoptosis pathway (Figure 10).

Figure 6 e (A) Superoxide level (MitoSOX Red reagent) and

(B) oxidative stress (dichlorodihydrofluorescein diacetate)

induced in SCC-4 oral cancer cells after treatment with

water extracts isolated from the mycelia of surface liquid-

cultured Cordyceps militaris for 12 hours. Data are

represented as the mean ± standard deviation (n ¼ 3).

Significant differences are shown by different letters

(p < 0.05). DAPI ¼ 4',6-diamidino-2-phenylindole.

Figure 7 e Mitochondrial morphology of SCC-4 oral cancer

cells after treatment with water extracts isolated from the

mycelia of surface liquid-cultured Cordyceps militaris for

12 hours. Mitochondrial fission was observed through

confocal microscopy.

Figure 8 e Inhibition of oral tumor formation in hamsters

after treatment with water extracts isolated from the

mycelia of surface liquid-cultured Cordyceps militaris

(WECM). The hamsters (n ¼ 6) were treated with DMBA for

8 weeks and with WECM or celecoxib for 4 weeks.

Significant differences are shown by different letters

(p < 0.05). bw ¼ body weight; DMBA ¼ 7,12-dimethylbenz

[a]anthracene.
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4. Discussion

Different cultivation conditions, such as submerged culture,

surface liquid culture, and static liquid culture, affect cordy-

cepin production during C. militaris fermentation. Moreover,

optimal conditions required for cordycepin production during

surface liquid culture were investigated [28]. Therefore, we

used the surface liquid culture of C. militaris for cordycepin

production. Selenium has been found to promote cordycepin

production under blue light irradiation [29]. Because the

porcine liver contains an abundant amount of selenium [30], it

can be used in C. militaris culture for cordycepin production. In

our study, we observed that porcine liver extracts increased

cordycepin production (Figure 1). A study reported that oxy-

gen input increases the cordycepin level in surface liquid-

cultured C. militaris [31]. This result was consistent with that

of our study. We observed that compared with surface liquid-

cultured C. militaris without air supply, the cordycepin level

was markedly increased in those supplied with air for 2 h/

d (Figure 2). We observed that 14-day fermentation is suitable

for cordycepin and mycelial production in surface liquid-

cultured C. militaris.

Light significantly affects mycelial growth. In the plant

research field, red light is considered optimal for cell prolif-

eration and blueepurple light for secondary product accu-

mulation [32]. However, in the traditional culture of

microorganisms for bioactive compound production, dark-

ness or daylight has been considered a suitable light condi-

tion. In the cell cultures of microorganisms, the effect of light

Figure 9 e Regulation of the mRNA levels of (A) proliferating cell nuclear antigen (PCNA), (B) vascular endothelial growth

factor (VEGF), (C) c-fos, and (D) caspase-3 in DMBA-induced oral carcinogenesis in hamsters after treatment with water

extracts isolated from the mycelia of surface liquid-cultured Cordyceps militaris (WECM). The hamsters (n ¼ 6) were treated

with DMBA for 8 weeks and then with WECM or clelcoxib for 4 weeks. Significant differences are shown by different letters

(p < 0.05). DMBA ¼ 7,12-dimethylbenz[a]anthracene.

Figure 10 e Water extracts isolated from the mycelia of

surface liquid-cultured Cordyceps militaris containing

cordycepin inhibited oral cancer cell growth through the

downregulation of mitochondrial activity. RNS ¼ reactive

nitrogen species; ROS ¼ reactive oxygen species;

WECM ¼ water extract from the mycelia of surface liquid-

cultured C. militaris.
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at different wavelengths on mycelial growth and secondary

metabolite production deserves thorough study. In recent

years, a few studies evaluated the effect of light wavelengths

on fungal metabolism-related factors, such as biomass pro-

duction, exopolysaccharides and endopolysaccharides, poly-

saccharide composition, and mycelial sensitivity [33,34]. In

this study, blue light (440e450 nm) significantly affected

mycelial and cordycepin production in surface liquid-cultured

C. militaris (Figure 3). These results were consistent with those

of recent studies, which showed that blue light promotes

cordycepin production in biomass (mycelium) of liquid-

cultured C. militaris, however, the over irradiation with blue

light is able to suppress growth of C. militaris and biomass

production, thereby lowering the total level of cordycepin

[26e29]. Moreover, the amount of cordycepin produced under

these conditions through surface liquid cultivation in our

study was higher (3483mg/L) than that reported in the studies

of Masuda et al [35] (640 mg/L), Masuda et al [36] (2500 mg/L),

and Das et al [37] (3100 mg/L).

The toxicity and safety of cordycepin have been examined.

Tsai et al [38] reported that cordycepin did not cause acute

toxicity at 10 mg/kg body weight in rats; however, cordycepin

was metabolized and lost its function in vivo. Therefore, we

considered the therapeutic potential of WECM in cancer cell

suppression and evaluated its effects on oral carcinoma. The

results revealed that WECM inhibited the cell viability of SCC-

4 oral cancer cells (Figure 4) and arrested the cell cycle in the

G2/M phase (Figure 5).

Mitochondria undergo fission and fusion change, called

mitochondrial dynamics, which have a critical role in regu-

lating cell metabolism, survival, and proliferation [39]. Mo-

lecular mechanisms involved in mitochondrial dynamics

have been partially elucidated. Fusion unifies mitochondrial

compartments, whereas fission generates morphologically

and functionally distinct mitochondria. Mitochondrial fission

often occurs early in an apoptotic event [39]. Oxidative stress

induction (Figure 6) and mitochondrial fission were observed

in SCC-4 oral cancer cells treated with WECM for 12 hours

(Figure 7).

PCNA is an acidic nuclear protein that fluctuates during the

cell cycle. The synthesis of PCNA is regulated during the cell

cycle and increases during the DNA replication period [40].

VEGF is a secreted protein that promotes angiogenesis in tu-

mors, chronic inflammation, and wound healing. VEGF has

also been reported to cause metastasis during cancer devel-

opment [41]. Studies have reported that the c-fos has a crucial

role in the G0/G1 transition [42], which is a transcriptional

regulator that can elevate expression of many genes associ-

ated with cell proliferation. Moreover, studies have reported

that c-fos can be activated by different kinase (such as

extracellular signal-regulated and Akt) to promote cell prolif-

eration and invasion [43e45]. These findings suggested that

suppression of c-fos level could attenuate cell proliferation.

Different caspasesmediate two apoptotic signaling pathways.

The initiation of the Fas signaling pathway by Fas/death re-

ceptors or tumor necrosis factor receptors causes the

recruitment of Fas-associated protein with death domain

(FADD) through interactions between the death domains of

Fas and FADD. The binding of procaspase-8 to the Fas/FADD

complex in turn activates caspase-3 and induces apoptosis.

The second apoptotic pathway is regulated by the mitochon-

drial release of cytochrome c, resulting in the activation of

caspase-9 and caspase-3 [1]. Moreover, we investigated the

anti-oral-cancer activity of WECM in a DMBA-induced HBP

model. As presented in Figures 8 and 9, WECM markedly

inhibited oral carcinogenesis in vivo through inhibiting VEGF,

PCNA, and c-fos expression and increasing caspase-3

expression.
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