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Abstract

Cordyceps militaris (CM) is traditionally used as dietary therapy for lung cancer pa-
tients in China. CM extract (CME) is hydrosoluble fraction of CM and extensively
investigated. Caspase-3-involved cell death is considered as its major anticancer
mechanism but inconclusive. Therefore, we explore its caspase-3-dependent pro-
grammed cell death nature (apoptosis and pyroptosis) and validate its caspase-3-
dependent property in loss-of-function experiment. Component profile of CME is
detected by High Performance Liquid Chromatography- quadrupole time-of-flight
mass spectrometry (HPLC-qTOF). Results show that CME causes pyroptosis-featured
cell bubbling and cell lysis and inhibits cell proliferation in A549 cell. CME induces
chromatin condensing and makes Pl+/annexin V+ staining in bubbling cells, indi-
cating genotoxicity, apoptosis, and pyroptosis cell death are caused by CME. High
concentration of CME (200 pg/ml) exerts G2/M and GO cell cycles arresting and
suppresses P53-downstream proliferative proteins, including P53, P21, CDC25B,
CyclinB1, Bcl-2, and BCL2 associated agonist of cell death (BAD), but 1-100 pg/ml
of CME show less effect on proteins above. Correspondingly, caspase-3 activity and
caspase-3 downstream proteins including pyroptotic effector gasdermin-E (GSDME)
and apoptotic marker cleaved-poly-ADP-ribose polymerase (PARP) are significantly
promoted by CME. Moreover, regarding membrane pore formation in pyroptotic cell,
expression of membrane GSDME (GSDME antibody conjugated with PE-Cy7 for de-
tection in flow cytometry) is remarkably increased by CME treatment. By contrast,
other pyroptosis-related proteins such as P2X7, NLRP3, GSDMD, and Caspase-1 are
not affected after CME treatment. Additionally, TET2 is unexpectedly raised by CME.
In present of caspase-3 inhibitor Ac-DEVD-CHO (Ac-DC), CME-induced cytotoxicity,
cell bubbling, and genotoxicity are reduced, and CME-induced upregulation of ap-
optosis (cleaved-PARP-1) and pyroptosis (GSDME-NT) proteins are reversed. Lastly,
22 components are identified in HPLC-qTOF experiment, and they are classified into
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cancer patients.
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1 | INTRODUCTION

Lung cancer is the most ubiquitous malignant with highest incidence
of cancer-related death worldwide (Hirsch et al., 2017). Nonsmall
cell lung cancer (NSCLC) is one of major subtypes of lung cancer,
and it accounts for 80% of lung cancers and has a low 5-year sur-
vival rate (Huang, Li, et al., 2018). Despite that advance is made in
anticancer medicine for NSCLC, side effect of first-line chemother-
apy still remains one of the barriers for sustainable therapy (Merk
et al., 2011). Therefore, adjuvant therapy is suggested for maintain-
ing efficacy and alleviating side effect in chemotherapy interval.
Herbal and dietary therapies are considered as alternative option
for first-line cancer treatment due to their anticancer properties and
tonic effect. Cordyceps militaris, a dietary food in South China, is tra-
ditionally used as adjuvant treatment for cancer patient as decoc-
tion (Cai et al., 2018). Its adjuvant usage may partially stem from its
cytotoxicity toward cancer cell as emerging evidence revealed (Bai
& Sheu, 2018; Chou et al., 2014; Kim et al., 2017; Lee et al., 2015).
Meanwhile, adenosine, cordycepin, and cordycepic acid, which are
bioactive components in C. militaris extract (CME), have been iden-
tified as proapoptotic constituents. However, its clinic application is
still controversial due to the concern that cytotoxic effect and tar-
gets of CME are not validated. Therefore, loss-of-function assay is
applied to validate its cytotoxicity and target gene of CME in our
research, and this validation will improve our understanding on anti-
cancer property of CME.

Cytotoxic effect and programmed cell death (PCD) are some
properties of adjuvant medicine, and they are taken into consider-
ation in their clinic applications. These properties are still elusive in
herbal medicine; therefore, more precise and validated PCD mech-
anism is needed for convincing clinic practicians. In term of PCD
regulation, caspase-3 is a critical enzyme that integrated upstream
signaling and consequently regulated cell death including apop-
tosis and pyroptosis. Caspase-3-dependent pyroptosis, which is
inflammation-involved PCD and one of the downstream pathways
of reactive oxygen species (ROS), is increasingly recognized as crit-
ical pathways for PCD beyond apoptosis (Wang et al., 2017). CME
is reported to induce apoptosis through affecting multiple targets
(Bub et al., 2019). Noticeably, intracellular ROS production is fre-

quently reported to be responsive molecule for proapoptotic effect

trophism, neoadjuvant component, cytotoxic component, and cancer deterioration
promoter according to previous references. Conclusively, CME causes caspase-3-
dependent apoptosis and pyroptosis in A549 through caspase-3/PARP and caspase-
3/GSDME pathways, and it provides basic insight into clinic application of CME for

A549, anticancer, apoptosis, Cordyceps militaris, pyroptosis

of CME (Nasser et al., 2017). ROS triggers mitochondria- (Lee &
Hong, 2011) and caspase-3-involved apoptosis and mammalian tar-
get of rapamycin-involved autophagic cell death in A549 cell line.
However, CME-induced pyroptosis is not reported even though it
may play a critical role in adjuvant treatment. CME-induced pyropto-
sis is hypothesized in our research because that CME is also found
to exert immunogenic cell death, and this kind of cell death is indica-
tive of pyroptosis-related effect (Han et al., 2010; Quan et al., 2020).
Therefore, pyroptosis and capsase-3-mediating effect are cho-
sen for validating anticancer mechanism of CME in our research.
Caspase-3 inhibitor Ac-DEVD-CHO (Ac-DC) is employed to validate
caspase-3-dependent effect and mechanism. Specifically, Ac-DC is
used to get a loss of function of caspase-3, and regulative effect of
CME is comparatively validated in A549 with inactive caspase-3 or
normal caspase-3. In our research, CME is found to cause caspase-
3-dependent pyroptosis and apoptosis toward NSCLC A549 cell line,
and it is firstly confirmed that caspase-3-depended pyroptosis can
be induced by CME.

Feature of pyroptosis is defined in cell morphology, including
cell lysis, cell bubbling, and inflammation. Moreover, a set of pro-
teins called gasdermin (GSDM) family have been characterized
as biomarker of pyroptosis (Shi et al., 2017; Zhu et al., 2018), and
these proteins could be activated by ROS/inflammasome through
caspase-depended pathway (Zhang et al., 2019) in lung cancer. In
term of inflammation in pyroptosis, interleukin-1 beta (IL-1p) is also
stimulated and excreted through GSDM-formed membrane pore,
and it is regulated by P2X purinoceptor 7 (P2X7R)/tet methylcy-
tosine dioxygenase 2 (TET2)/NLR family pyrin domain contain-
ing 3 (NLRP3), which is another downstream pathway of ROS.
Proinflammatory nature, cell lysis, and marker proteins GSDM not
only cause distinguished cell death but also sensitize cancer cells
to immunity system (Jorgensen et al., 2016; Kovacs & Miao, 2017),
and it may provide new insight into clinic application of CME as an
adjuvant treatment. In sum, feature of CME-induced pyroptosis is
explored and validated in phenotype and genotype as described
above. Fortunately, slight CME-induced pyroptosis is validated
in loss of function of caspase-3 even though its clinic application
needs further refinement of CME which can achieve greater ef-
ficacy, and our finding highlights rationale of clinic application of

CME as a dietary therapy.
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2 | METHOD
2.1 | Material

Cordyceps militaris extract (CME) is purchased from GENETERRA
(CHINESE) CO. LTD. Contents of cordycepin, adenosine, and crude
polysaccharideare are 3749.29 + 36.90 mg/kg, 4022.26 + 13.58 mg/
kg, and 27.4 + 2.83 g/kg, respectively, in CME by high-performance
liquid chromatography (HPLC; Appendix S1). Crude polysaccharide-

are was detected according to previous method (Qiao et al., 2019).

2.2 | Cell culture and treatment

A549 was purchased from the Shanghai Institute of Cell Biology and
was cultured using Dulbecco's Modified Eagle's medium (DMEM,
Gibco) supplemented with 10% fetal bovine serum (FBS) (Bovogen),
100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco) in 37°C in
incubator with 5% CO, saturation.

2.3 | Cell cytotoxicity

Cytotoxicity of CME on A549 cells was measured by using the Cell
Counting Kit-8 (CCK-8, Dojindo) as previously described (Zhang
et al., 2016) with modification. Briefly, cells were seeded in 96-well
plates at a density of 1 x 10* cells/well and treated with differ-
ent concentrations of CME (0, 1, 10, 100, 200, 400, 600, 800, and
1000 pg/ml) for 24, 48, or 72 h, and cells were observed by using
microscope before addition of CCK-8. CCK-8 solution was added to
each well and incubated for another 1 h. The absorbance was meas-
ured using a microplate reader (Varioskan Flash, Thermo) at 450 nm.

LDH concentration (U/L) =

(Mean OD of test sample — Mean OD of the control)

conducted according to manufacture protocol. Thus, the morphologi-
cal manifestation of bubbling cell and ANXA5-FITC- and Pl-stained

cells were analyzed under fluorescence microscope (Leica, MDi).

2.6 | ROS assay

Intracellular ROS generation was analyzed using the ROS Assay Kit
(Beyotime) according to the manufacturer's instructions. A549 cells
were seeded in 96-well plates at a density of 1 x 10* cells/well and
incubated for 24 h. Then, cells were treated with various concentra-
tions (0, 10, 100, and 200 pg/ml) of CME or 10-nM taxol for 24 h,
and culture media was replaced by dichlorofluorescin diacetate
(DCFH-DA) dilution (1:2000) and incubated for 20 min. Then DCF
(oxidative conversion of cell permeable DCFH-DA to fluorescent
DCF) fluorescence distribution was observed by fluorescence mi-
croscope (Leica, MDi) at an excitation wavelength of 488 nm and at

an emission wavelength of 535 nm.

2.7 | LDH releases assay

Lactate dehydrogenase (LDH) Assay Kit (Nanjingjiancheng) was
employed to assay the effect of CME on release of lactate dehydro-
genase in A549 cell line as previously described. Briefly, 549 cells
were seeded in 96-well plates at a density of 1 x 10 cells/well and
incubated for 24 h. Then, cells were treated with various concentra-
tions (0, 1, 10, 100, and 200 pg/ml) of CME for 24 h. Then 20 pl su-
pernatants were transferred to a new 96-well plate and processed
following the manufacturer's instructions, and then the absorbance
was immediately measured at 450 nm by Microplate reader.

The content of LDH release of 20-ul supernatants was reflected

by activity of LDH calculated according to the following equation:

x standard concentration (0.2 pmol/ml).

2.4 | Annexin V-FITC and propidium iodide assay

Cell apoptosis was analyzed using the Annexin V-FITC Apoptosis
Detection Kit (Beyotime) according to the manufacturer's instruc-
tions. Briefly, A549 cells were seeded in 6-well plates at a density of
1 x 10° cells/well and incubated for 24 h. Then, cells were treated
with various concentrations (0, 100, 200, and 400 pg/ml) of CME
for 24 h, and then annexin V and PI solution were added. Cells were

analyzed by flow cytometry (FC500, Beckman).

2.5 | Fluorescence detection of apoptosis

To detect apoptosis, cells were treated with CME in various of con-
centration, and annexin V-FITC (ANXA5-FITC) and PI staining are

(Mean OD of the standard — Mean OD of the blank)

2.8 | Caspase-1 and caspase-3 activity
measurement

A549 cells were plated in 6-cm? cell culture dishes at a density
of 2 x 10° cells/ml and incubated for 24 h and then treated with
200 pg/ml of CME for 2, 8, 12, and 24 h. After that, the cells were
washed three times with phosphate buffer saline (PBS) and lysed
with 100-pl radioimmunoprecipitation assay (RIPA) buffer at 4°C
for 30 min. The cell lysates were collected and centrifuged at
12,000 g at 4°C for 10 min. Supernatants were transferred to pre-
cooled centrifuge tubes for immediate measurement of caspase-1,
caspase-3 activities by using caspase-1, caspase-3 activity assay
kits (Beyotime) according to the manufacturer's protocols. The
protein content was measured by bicinchoninic acid (BCA) protein

assay kit (Thermo).
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2.9 | Hoechest 33342 staining assay

The culture medium of CME-treated cells was replaced by fresh cul-
ture containing Hoechest 33342 Green Detection Reagent accord-

ing to the manufacturer's protocol (Ribobio Scientific).

2.10 | Woestern blot analysis

Western blot assays were performed as previously described with
modification. Briefly, A549 cells were treated with CME (1, 10,
100, and 200 pg/ml) for 24 h. Protein from cell lysates was meas-
ured using the BCA assay, separated by electrophoresis, and trans-
ferred onto polyvinylidene fluoride (PVDF) membrane (0.45 pm;
EMD Millipore). The membrane was blocked with 5% skim milk and
washed with tris buffered saline tween (TBST) (0.5% Tween-50)
and incubated overnight with primary antibodies at 4°C. Primary
antibodies against cleaved-caspase-1 (1:1000), caspase-3 (1:1000),
gasdermin-D (GSDMD) (1:2000), gasdermin-E (GSDME) (1:2000),
IL-1B (1:1000), NLRP3 (1:1000), P2X7 (1:1000), TET2 (1:1000), p-
JAK1 (1:1000), phosphorylated-signal transduction and activators
of transcription 3 (p-stat3) (1:2000), protein 53 (p53) (1:1000), pro-
tein 21 (p21) (1:2000), cell division cycle 25B (Cdc25B) (1:1000),
cyclinB1 (1:1000), cyclin-dependent kinase 1 (CDK1) (1:10,000),
bcl-2 (1:5000), BCL2 associated agonist of cell death (BAD)
(1:1000), poly-ADP-ribose polymerase 1 (PARP1) (1:1000), and a-
tubulin (1:2000) were purchased from Abcam. Membranes were
washed three times for 5 min with TBST before addition of goat
antimouse or antirabbit horseradish peroxidase-conjugated sec-
ondary antibody (1:5000 dilution, Abcam). The antibody-antigen
complexes were visualized by means of enhanced chemilumines-
cence. The exposure was performed with 5220 Multi (Tanon), and

the acquired image was analyzed with Tanon Gis (Tanon).

2.11 | Analysis of chemical constituents from
C. militaris by HPLC and ultraperformance liquid
chromatography-quadrupole/time-of-flight mass
spectrometry

Cordyceps militaris extract is solved in double distilled water and
centrifugated in 12400 g, and supernatant is analyzed by HPLC and
ultraperformance liquid chromatography-quadrupole/time-of-flight
(UPLC-Q-TOF).

High-performance liquid chromatography assay was carried out
on a Waters SunFire™ C18 column (150 mm x 4.6 mm i.d.; 5 pm)
with an SGE protecol C18 guard column (250 mm x 4.6 mm, 5 um) at
35°C. The mobile phase was a mixture of aqueous 0.1% formic acid
(eluent A) and pure methanol (eluent B). The gradient elution pro-
gram was as follows: 0-4 min, 40% B; 5-14 min, 100% B; 15-25 min,
95% B; and 26-30 min, 40% B. The total run time was 30 min, the
flow rate was set at 1 ml/min, and the sample volume was 20 pl. The

detection wave was 260 nm.

UPLC/ESI-Q-TOF-MS/MS analysis was performed on an Acquity
BEH C18 column (100 x 2.1 mm, 1.7 pm, Waters). The optimal mobile
phase consisted of a linear gradient system of (A) 0.1% formic acid in
water and (B) acetonitrile: 0-0.5 min, 10% B; 0.5-3 min, 10%-20%
B; 3-7.5 min, 20%-35% B; 7.5-15 min, 35%-95% B; 15-18 min, 95%
B; 18-18.1 min, 95%-10% B; and 18.1-23 min, 10% B. The column
temperature was maintained at 30°C. The flow rate was 0.25 ml/min,
and the injection volume was 1.0 pl.

2.12 | Mass spectrometry

Chromatograms were acquired using ESI in both positive and nega-
tive ionization mode. The instrumental settings of Q-TOF-MS/
MS were as follows: lon source gas 1 and gas 2 were both 55 psi,
curtain gas was 35 psi, ion source temperature was 500°C, an ion-
spray voltage of +5500/-4500 V, an declustering potential voltage
of 100/-80 V, and a collision energy of +35 V, and collision energy
spread was 15 V. Nitrogen was used as nebulizer and auxiliary gas.
Samples were analyzed in both positive and negative ionization
modes with scanning mass-to-charge (m/z) range from 100 to 1500.
Data were collected in information-dependent acquisition (IDA)
mode. Chemical identifications were based on reference standards,
chromatographic elution behaviors, chemical composition, mass
fragment patterns, and mass spectral library (Natural Products HR
MS/MS Spectral Library, Version 1.0, AB Sciex).

2.13 | Statistical analysis

Data were expressed as mean + SD in excel software. The difference
among several means was analyzed by using one-way Analysis of
Variance (LSD or Dannet's T3) in SPSS 20.0 software. p < .05 was

considered to be statistically significant.

3 | RESULTS
3.1 | Cytotoxic effect of CME toward A549

As Figure 1a shows, the growth of A549 cell was inhibited by CME ina
dose and time dependent within concentration of 1-600 pg/ml from
24 to 72 h. At exposure of 600 pg/ml of CME, the inhibition rates are
64.84 +1.66%in 24 hand 97.98 + 1.98% in 72 h. By contrast, growth
of A549 is only inhibited by CME in time-dependent manner from
600 to 1000 pg/ml, and the inhibitory rate are 65.46 + 1.96% for
24 h, 76.82 + 2.58% for 48 h, and 97.72 + 0.34% for 72 h. However,
inhibitory effect is not affected by concentration in this section
(600-1000 pg/ml). As Figure 1b shows, after 24-h exposure of CME,
cells swell (black arrow), small amount of large bubbles blowing form
the cellular membrane (white arrow), and increasing amount of large
bubbles are observed in 100, 200, and 400 pg/ml CME treatment. By

contrast, number of shrinking cell with irregular membrane (yellow
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FIGURE 1 Effect of Cordyceps militaris extract (CME) on the viability of A549 cells and observation on cytotoxicity. (a) Inhibitory effect of
various concentration of CME on A549 in 24, 48, and 72 h. (b) Morphological observation on cytotoxicity of CME in 24 h. Yellow arrow heads
indicate early apoptotic cells with irregular shrinkage; black arrow heads indicate early pyroptosis with cells swell; and white arrows indicate
pyroptotic cells with large bubbles blowing form the cellular membrane. (c) Effect of CME treatment on reactive oxygen species generation

in A549 cells. (d) Effect of CME on lactate dehydrogenase release in A549 cells. The data represent the mean + SD of six replicates and three
independent experiments. *Significant difference from the control (p < .05), **Very significant difference from control (p < .01)

arrow), which is indicated as early apoptosis, is gradually reduced by
CME in concentration-dependent manner.

Compared with the control group, fluorescent DCF, which is con-
verted by ROS from DCFH-DA, was increased by CME (1-200 pg/
ml, 24 h) in a concentration-dependent manner. Mean density of flu-
orescent DCF is quantized by Image Pro Plus software, and mean
density of ROS index is significantly increased by treatment of CME
in 100 and 200 pg/ml (Figure 1c).

A dose-dependent LDH release was observed in A549 treated
with CME (1-200 pg/ml) (Figure 1d). Noticeably, compared with in-
tact cells (0.06 + 0.01 U/L), CME-treated cells released more LDH of
0.12 +0.02 U/L when they were exposed to CME of 200 pg/ml (p < .05).

3.2 | CME inhibits proliferation of A549 cells and
cell cycle proteins

As Figure 2a,b shows, approximately 19%-28% of A549 cells accu-
mulated in G2/M cell cycle after CME treatment of 1 to 200 pg/ml

when compared with control group. Noticeably, approximately 19% of
A549 cells accumulated in GO stage after exposure of CME of 200 pg/
ml. Afterward, we investigated the levels of G2/M cell cycle check-
point proteins in CME-treated cells by western blotting (Figure 2c,d),
which shows that the p-JAK1, p-stat3, Cdc25B, cyclinB1, CDK1, Bcl-
2, and BAD protein expressions were significantly inhibited in the
concentration of 200 pg/ml while they are hardly affected in lower

concentrations.

3.3 | CME induces apoptosis and pyroptosis-like cell
lysis in A549 cells

We examined whether CME induced apoptosis in A549 cells. As
Figure 3a shows, amount of condensing point, which represented
DNA damage, was increased notably in a dose-dependent manner
after treatment with CME when compared with control. The results
of flow cytometry (Figure 3b) confirmed that the percentage of ad-
vanced apoptosis (Pl+/annexin V+) and the percentages of apoptotic
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FIGURE 2 Effect of Cordyceps militaris extract (CME) on cell cycle and cycle regulative proteins. (a, b) Graphic representation of cell
cycle distribution, data points are the percentage of cells in GO, G1, S, and G2/M at 24 h after treatment. (c, d) Western blotting analysis of
lysates (20 ug) prepared from A549 cells treated with taxol or CME at the indicated concentrations for 24 h. Membranes were incubated
with antibodies against p-JAK1, p-stat3, P53, P21, Cdc25B, cyclinB1, CDK1, and bcl-2 BAD (protein loading control). The data represent the
mean + SD of six replicates and three independent experiments. *Significant difference from the control (p < .05)

cell death (Pl-/annexin V+) were increased by CME treatment in
concentration-dependent manner, especially in the concentration of
100 pg/ml (Figure 3c). As Figure 3d shows, the morphology mani-
festation of A549 cells bubbling was significantly observed in cells
treating with CME of 100 and 200 pg/ml; meanwhile, the annexin V-
FITC (green) and PI (red) staining images show that the bubbling cells
with dual positive staining (annexin V* and PI*) were only found in
the concentration of 200 pg/ml, and annexin V positive cell bubbling

was detected in the concentration of 100 pg/ml.

3.4 | Effect of CME on expression of pyroptosis and
apoptosis proteins in A549 cells

As Figure 4a,c shows, protein levels of GSDME, P2X7R, NLRPS3,
IL-1B, cleaved-caspase-3, caspase-1, and cleaved-PARP were sig-
nificantly upregulated by CME in concentration-dependent man-
ner. Meanwhile, as Figure 4b,d shows, the activity of caspase-1 and

caspase-3 was progressively promoted in time-dependent manner.

Moreover, as Figure 4e,f showed, mean potency of PE-Cy7, which
represents overall membrane expression of GSDME, was upregu-
lated by CME, especially in the concentration of 10 pg/ml. By con-
trast, membrane expression of GSDME is slightly affected in 100
and 200 pg/ml.

3.5 | Effect of CME on viability and morphology
was revered by caspase-3 inhibitor Ac-DC

As Figure 5a shows, inhibition rate is elevated along with uphill of
the CME concentration (1-1000 pg/ml). On the contrast, inhibitory
effect of CME is reversed in present of AC-Dc 270pM, and this re-
version is more significant in the high concentration of CME (600
and 800 pg/ml). As Figure 5b shows, after 24-h exposure of CME of
100 pg/ml, major amount of shrinking cell with irregular membrane
(yellow arrow) and minor ballooning cells (white arrow) remarkably
increased. Meanwhile, amount of shrinking cell and bubbling cells
were reduced by CME combining AC-Dc of 270pM.
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FIGURE 3 Effect of Cordyceps militaris extract (CME) on cell apoptosis. (a) Fluorescence images in A549 cells treated with CME in the
different concentration from 100 to 400 pg/ml for 24 h. Cells were stained with Hoechst 33258 (blue) to highlight the nuclei. (b) Flow
cytometric analysis of ANXAS5-FITC and Pl staining for the determination of apoptosis in A549 cells after treatment of CME for 24 h. (c)
Graphic representation of cell apoptosis, data points are the percentage of cells apoptosis at 24 h after treatment. (d) Fluorescence detection
of apoptosis in A549 cells after treatment of CME in the concentration of 100 and 200 pg/ml for 24 h. The data represent the mean + SD

of six replicates and three independent experiments. *Significant difference from the control (p < .05), **Very significant difference from

control (p <.01)

3.6 | Inhibitory effect of CME on pyroptosis and
apoptosis was reversed by capase-3 inhibitor Ac-DC

In experiment of western blotting (Figure 6a,b), apoptosis-related
proteins, such as cleaved-caspase-3 and pyroptosis-related protein
GSDME-NT, were increased in CME-treated A549 cells, whereas
they were downregulated in the presence of Ac-DC 270pM, a
specific caspase-3 inhibitor. It was observed that CME remark-
ably enhanced the expression of the protein levels of GSDME and
cleaved-caspase-3, and the treatment of CME with Ac-DC 270pM
inhibited their expression. Correspondingly, as Figure 6c showed,
condensing point of Hoechst 33258 (blue) appeared after 24-h ex-
posure of CME, and CME-induced DNA condensing was reduced in
present of Ac-DC. To sum up, this phenomenon confirmed that py-

roptosis was caspase-3 dependent. The similar trends were found in

flow cytometry of ANXAS5-FITC and PI staining, as well as GSDME
PE CY-7 staining of treated cells. CME-induced apoptosis and py-
roptosis were downstream of caspase-3, and they may share some
phenomena (annexin V staining and DNA damage) as shown in
Figure 6d-g.

3.7 | Constituent analysis of CME by HPLC and
UPLC-TOF

According to the research of chemical constituents in C. militaris,
nucleotides and nucleotide derivatives, including cordycepin, were
effective components in Cordyceps. Twenty-two small molecules
of CME were identified by UPLC-Q-TOF (Figure 7a,b), and they

were further classified by biofunction and contribution to cancer
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FIGURE 4 Effect of Cordyceps militaris extract (CME) on cells pyroptosis and the caspase-3/gasdermin-E (GSDME) pathway in A549 cell

line. (a, c) Western blotting analysis of lysates (60 ug) prepared from A549 cells treated with CME or taxol at the indicated concentrations
for 24 h. (b, d) Graphic representation of results from the activity of caspase-1 and caspase-3 in each experimental group (2, 8, 12, and 24 h).
(e) Flow cytometric analysis of GSDME in A549 cells after treatment of CME in different concentration for 24 h. (f) Graphic representation
of the positive percentage and mean of GSDME in A549. The data represent the mean + SD of three replicates and three independent
experiments. *Significant difference from the control (p < .05), *Very significant difference from control (p < .01)

treatment through reviewing academic articles (Table 1). They were chemotherapy, and the vitamin B2 was found to have a potential

composed of trophism, neoadjuvant component, cytotoxic compo- factor for preventing carcinogenesis.

nent, and cancer deterioration promoter as described as follows.

3.7.3 | Cytotoxic component
3.7.1 | Trophism

Chemical constituents such as betaine, trehalose, nicotinic acid,
They served as nutritional component, such as lysine, histidine, pro- adenosine, and cordycepin had the cytotoxic effect toward cancer.
line, arginine, glutamic acid, tyrosine, leucine, phenylalanine, and They induced cell apoptosis and inhibit proliferation according to

tryptophan. previous research.

3.7.2 | Neoadjuvant component 3.7.4 | Cancer deterioration promoter

Some of chemical constituents were reported to protect cell and Some of chemical constituents were found to promote deterioration
organ during chemotherapy in some published articles, for exam- in reported cancer treatment, such as, betaine, uridine, guanosine,

ple, the mannitol was detected to a nephrotoxicity prevention in and nicotinamide.
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FIGURE 5 Effect of Cordyceps militaris extract (CME) on viability and morphology in the present of caspase-3 inhibitor Ac-DEVD-CHO
(Ac-DC). (a) Inhibitory effect of various concentration of CME on A549. Data points are the percentage (%; AC-Dc 270pM treated/AC-Dc
270pM untreated) relative to untreated cells at same time point. (b) Morphological observation on cells pyroptosis. (Yellow arrow heads
indicate early apoptotic cells with irregular shrinkage, and white arrows indicate pyroptotic cells with large bubbles blowing form the cellular
membrane.) The data represent the mean + SD of six replicates and three independent experiments. *Significant difference from the control

(p < .05), **Very significant difference from control (p < .01)

Other chemical constituents have not been reported in term
of cancer treatment, like 6-succinoaminopurine, succinic acid, and
adenine.

Components of CME were analyzed by UPLC-TOF, and repre-
sentative component is qualified by using HPLC. The results show
cordycepin and adenosine are detected in CME, and the contents
of them were 3749.29 + 36.90 and 4022.26 + 13.58 mg/kg, respec-
tively, in CME (Figure 7c,d).

4 | DISCUSSION

First-line anticancer drugs are mainly designed to target specific
molecule to cause malignant cell apoptosis, whereas dietary ther-
apy may benefit cancer treatment in an alternative manner. CME,
one of well-known dietary therapy, could serve as a complemen-
tary medicine in anticancer treatment. However, it requires more
scientific validation on its anticancer effect to facilitate clinic ap-
plication of CME. In our study, it is validated that CME exerted
cytotoxicity toward A549 cell line through inducing caspase-3-

dependent apoptosis and pyroptosis. To our knowledge, this study

firstly reported pyroptosis-causing effect of CME against A549
cell line in vitro along with regulation on caspase-3-dependent
GSDME pathway (shown as Figure 8).

4.1 | CME causes pyroptosis through caspase-3/
GSDME pathway in A549 cell line

To date, increasing attention is paid to pyroptosis in cancer research
due to its alternative role in improving efficacy of cancer treatment
(Abe & Morrell, 2016). Pyroptosis is one of the novel inflammation-
involved PCD, which depended on ROS/inflammasome/caspase-1,3
activation (Chen et al., 1996). Furthermore, GSDMD and GSDME
are identified as molecular effectors and markers of pyroptosis, and
they can be activated to form membrane pores (Sborgi et al., 2016).
Damaged membrane results in cell bubbling and subsequent lytic
cell death. Additionally, ROS generation, which can be triggered
by anticancer agents, acts as secondary messengers for activate
inflammasome/caspase-1/GSDMD and caspase-3/GSDME pyrop-
totic pathway (Yang et al., 2016). In our research, it is found that

CME exerts antitumor effect toward A549 along with causing cell
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FIGURE 6 Effect of Cordyceps militaris extract (CME) on caspase-3/gasdermin-E (GSDME) pathway and cell morphology in present of
Ac-DEVD-CHO (Ac-DC). (a) Western blotting analysis of lysates (20 ug) prepared from A549 cells treated with CME 100 pg/ml or AC-Dc
270pM for 24 h. (b) Graphic representation of result from protein levels of A549 cell after treatment of CME 200 pg/ml or AC-Dc 270pM
for 24 h, Data points are gasdermin-D (GSDMD), poly-ADP-ribose polymerase (PARP), GSDME, and caspase-3. (c) Fluorescence images in
A549 cells treated with CME 100 pg/ml or AD-Cd 270pM for 24 h. Cells were stained with Hoechst 33258 (blue) to highlight the nuclei. (d)
Flow cytometric analysis of GSDME in A549 cells after treatment of CME in different concentration for 24 h. (e) Flow cytometric analysis
of ANXAS5-FITC and Pl staining for the determination of apoptosis in A549 cells after treatment of CME for 24 h. (f) Graphic representation
of GSDME PE CY-7 and SSC staining for the determination of cell pyroptotic in A549 cells after treatment of CME 200 pg/ml or AC-Dc
270pM for 24 h, data points are the (Pl+/annexin V+) or (Pl-/annexin V+). (g) Graphic representation of the percentage and mean of GSDME
in A549, data points are the CME 100 or Ac-DC at 24 h after treatment. The data represent the mean + SD of six replicates and three
independent experiments. *Significant difference from the control (p < .05), **Very significant difference from control (p < .01)

bubbling, upregulating intracellular ROS, and activating caspase-3/ cause cell bubbling through forming membrane pores. Therefore,
GSDME pathways, implying that pyroptosis is induced by CME in caspase-3/GSDME axis is assumed to be responsive for initiating
the putative pathway. CME-induced cell bubbling. Moreover, advanced stage of CME-

Cell bubbling, which is a morphological feature of pyroptosis, is induced pyroptosis, which is charactered as high expression of
reported to be induced by chemotherapy or herbal extract in A549 GSDME-NT membrane pore (Lei et al., 2018), is further validated to
cell line (Liang et al., 2020; Wang et al., 2017). Consistently, cell be dependent of caspase-3 in our research. Specifically, membrane
bubbling is induced by CME in our research. Furthermore, large cell GSDME-NT is seldom detected, whereas plasma GSDME-NT is ex-
bubbles, which undergo advanced pyroptosis, are also induced by tensively highlighted in current research. Therefore, flow cytome-
high concentration of CME. Cell bubbling is found to be associated try method (GSDME antibody conjugated with PE-cy5 probe) is set
with GSDME activation in previous research (Yu et al., 2019). In our up to measure membrane GSDME in our research. As results show,
research, both of CME-induced cell bubbling and GSDME activation overall membrane GSDME expression is slightly increased, whereas

are validated to be caspase-3 dependent, and cleaved-GSDME can individual expression is remarkably enhanced in specific single cell.
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FIGURE 7 Chemical component analysis and qualification of bioactive component in Cordyceps militaris extract. Total ion chromatograms
of ultraperformance liquid chromatography-quadrupole/time-of-flight mass spectrometry by positive mode (a) and negative mode (b) for
extraction of C. militaris. (c) High-performance liquid chromatograph identification of cordycepin and adenosine in C. militaris. (d) Contents of

cordycepin and adenosine in C. militaris extract

These results present differentiated effect of CME on activating
GSDME in comparison with outcome in western blotting. Outcome
of flow cytometry shows more consistent with change in advanced
cell bubbles in morphological observation, and they indicated that
GSDME is extensively activated, but few of them are finally formed
in membrane. Moreover, in bubbling cells and advanced ones, it is
positively stained with membrane damage probe annexin V and even
dual positive staining of annexin V and PI. This finding indicates that
structural damage of membrane and permeability (detected by intra-
cellular Pl) alteration are progressively induced by CME in pyroptotic
cell, and this phenomenon may be also attributed to GSDME-forming
membrane pore. However, it is still not exclusive that apoptosis may
be stimulated in pyroptotic cell at the same time, and more explo-
ration is needed to make a more specific conclusion. Additionally,
GSDME-induced cell bubbling can further lead to structural damage

of cell membrane, named cell lysis. Pyroptotic cell debris is source of
immunogenic response and cause immunogenic cell death (Sansone
etal., 2021). Thus, CME-induced cell bubbling or cell lysis may exhibit
indirect anticancer effect through pyroptosis-involved immunity re-
sponse. However, interaction between immunity cell and pyroptotic
cancer cell is not included in our research; therefore, our finding only
represents partial effect of CME-induced pyroptosis toward A549.
Gasdermin-E is currently reported as an important enzyme for
prospectively improving cancer treatment with dual mediations in-
cluding induction of pyroptosis and immunocyte infiltration (Peng
et al., 2020; Zhang et al., 2019). GSDME will be valuable target for
refining CME as dietary therapy, and likewise, upstream regulation
of GSDME is worth exploring as well. In term of upstream pathway
regulating pyroptosis, caspase-1 and caspase-3 are responsive en-

zymes for catalyzing GSDMD and GSDME, respectively (Shalini
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(Continued)

TABLE 1

Anticancer effect or related

biofunction

/\ppm = accurate

Accurate

Identification

Fragment ions (m/z)

mass - theoretical mass

mass (m/z)

lon mode

Formula

Rt (min)

No.

Amino acid as nutrition

Leucine

86.0970

132.1019
252.1082

[M+H]*

CHi3NO,

2.42
2.60

17
18

Stimulation of the cell apoptosis

Cordycepin

136.0617, 119.0349

3.6

[M+H]*

C10H13N503

and the cell cycle arrest
via caspases activation in
chemotherapy-resisted

cancer (Cho & Kang, 2018),

inhibit Nuclear Factor kappa
B pathway in A549 (Zhang

et al., 2015), and inhibit NO

pathway (Hwang et al., 2017)

Metabolites in NAD pathway

Adenine

119.0350, 92.0246

2.4

136.0614
166.0866
203.0820
377.1463

[M+H]*

CsH5N;

2.61
3.58
5.08

19
20
21

Phenylalanine Amino acid as nutrition

120.0808, 103.0545

1.9
-3.2

[M+H]*

CoHy,NO,

Amino acid as nutrition

Tryptophan

159.0959, 116.0507

[M-HI”

C11H12N202
C17H20N406

Potential factor for preventing

Vitamin B,

[M+H]* 1.9 243.0893, 172.0886

712

22

carcinogenesis (Bassett

etal, 2012)
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et al., 2015). Caspase-1 and caspase-3 are promoted by CME in a
concentration- and time-dependent manner. However, protein ex-
pression of cleaved-GSDMD, which is substrate of caspase-1, is
not affected by CME treatment. By contrast, protein expression of
cleaved-GSDME, which is substrate of caspase-3, is significantly up-
regulated by CME. Taken together, our finding confirmed that CME-
induced cell death favored caspase-3/GSDME-involved pyroptosis
rather than caspase-1/GSDMD as previous research reported (Zhang
et al., 2019). Potential factors interpreting selectivity of caspase-3
are needed to explain this phenomenon in CME-induced pyroptosis
(Ramirez et al., 2018). Furthermore, caspase-3/GSDME pyropto-
sis and caspase-3/PARP apoptosis are reported to be simultane-
ously induced by chemotherapy drug in A549 (Zhang et al., 2019).
However, in our research, caspase-3/GSDME can be activated with-
out affecting apoptosis due to our finding that caspase-3/GSDME is
stimulated by CME in 10 pg/ml, which did not show cytotoxic effect
toward A549 or regulation on apoptosis markers PARP. It is indicated
that caspase-3/GSDME is selectively activated by CME of 10 pg/
ml. However, its mechanism underlying selectivity of caspase-3/
GSDME is not clear so far.

In summary, pyroptosis-featured cell morphology and ROS/
caspase-3/GSDME pyroptotic pathway are activated by CME.
CME-induced pyroptosis and GSDME regulation are validated to be
caspase-3 dependent in loss-of-function assay, which may provide a
novel insight for understanding anticancer property of CME.

4.2 | CME causes caspase-3/PARP apoptosis and
mild cell cycle arresting, but caspase-3/TET2
regulation is unexpectedly discovered

DNA damage is one of apoptotic markers, and it triggers caspase-3,
which is a protease to conduct PCD (Choudhary et al., 2015). DNA
damage will finally lead to apoptotic alternations including mem-
brane structure damage and high permeability, which is character-
ized as shrinking cells. Breakdown of DNA stems from CME-induced
lipid peroxidation and its oxidative impairment on nucleotide (Bao
et al., 2018). In the previous research, CME-induced apoptosis is cor-
related with caspase-3 activation (Lee et al., 2006) and genotoxic ef-
fect (Lietal., 2020); however, mechanism is still not validated. It is not
convincing enough for clinical doctor to use CME without validated
target. By using loss-of-function assay, apoptotic cell alternation and
genotoxic effect are validated to be partially caspase-3 dependent
in CME-induced cell death in our findings. Moreover, CME-induced
cell shrinking is reversed in present of caspase-3 inhibitor, indicat-
ing cell shrinking is partially processed through DNA-damage/
caspase-3 specific pathway. Taken together, it is assumed that
CME-induced ROS impairs chromatin and stimulate intrinsic apop-
tosis cascade with progressive activation of ion channels and pores,
which leads to occurrence of shrinking cell. As a dietary therapy, it
is valuable to find this potential target and provide insight into its
clinic usage. Specifically, CME-related potentiation of caspase-3 may

serve as regulative target for further in-depth investigation or clinic
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FIGURE 8 Graphic abstract of Cordyceps militaris extract (CME) causing pyroptosis and apoptosis in A549

application to some extends. Additionally, caspase-3-dependent
apoptosis accounts for few percentages in CME-induced cell death
in 24-h exposure. Therefore, non-caspase-3-dependent apoptosis
(Brentnall et al., 2013; Lamkanfi & Kanneganti, 2010) should be fur-
ther validated in CME-induced cell death as well.

Poly-ADP-ribose polymerase 1, which is a chromatin-associated
enzyme, can be activated by DNA strand breaks and mediates
apoptotic cell death (Nargi-Aizenman et al., 2002). In our research,
CME-lead chromatin damage and cleaved-PARP1 expression are re-
versed by caspase-3 inhibitor Ac-DC, and assumptions of previous
research are validated in this finding. In other words, CME-induced
damaged DNA stimulates caspase-3 and afterward caspase-3/PARP,
which is followed cascade of apoptosis. More specifically, in term
of intracellular translocation of caspase-3, caspase-3 is activated to
exhibit genotoxicity through cytoplasm-nuclear migration (Wang
et al., 2019). This process can be inhibited by caspase-3 inhibitor.
Therefore, intranuclear caspase-3/PARP activation is assumed to
be suppressed as well. Even though ROS can damage DNA through
oxidation, cancer cell still can survive through counteracting this
damage by redox homeostasis. Because this homeostasis can
be impaired by caspase-3/PARP axis in term of genotoxicity (Ko
et al., 2004), cleaved-PARP is assumed to be upstream regulator
of genotoxic mediation of CME. Therefore, ROS/caspase-3/PARP
pathway can worsen DNA damage instead of repair. However, CME-
induced DNA damage is reversed by caspase-3 inhibitor. Taken to-
gether, DNA damage can be the cause of caspase-3 activation and
vice versa, and this finding indicates that mutual interaction may
occur between caspase-3 and DNA damage under CME exposure.
To further explain this phenomenon, this interaction may be medi-
ated by autophagy-apoptosis homeostasis according to Li Xu's find-
ing (Xu et al., 2016).

Cell cycle arresting is common target of anticancer therapy, and
it is slightly affected by CME. However, it reflects antiprolifera-
tive effect and proapoptosis effect of CME to some extends. Cell
cycle check point proteins cyclinB1, CDC25B, and CDK1 and reg-
ulative proteins JAK, P53, and P21 are inhibited only in 200 pg/ml
of CME except for phosphoration form of STAT3, which is progres-
sively repressed by CME. Noticeable, p-STAT3, which is a nuclear
protein regulating cell cycle and also a multidrug resistance (MDR)
protein resisting apoptosis, is remarkably inhibited. Our results in-
dicated that apoptosis-inducing effect of CME may be associated
with STAT3-related cell proliferation pathway as previous research
(Fathi et al., 2018). Additionally, occurrence of GO phase, which re-
flected damage of chromatin (Pietrzak et al., 2018), highlights DNA-
damaging effect of CME in turn.

Unexpectedly, TET2 is upregulated by CME treatment, and it
is revered by caspase-3 inhibitor. Due to methylation regulation of
TET2, it may switch transcriptional expression of antiapoptosis or
proapoptosis gene in this epigenetic regulation. Taken together,
TET2 may play a crucial role in caspase-3-involved mechanism
in epigenetic manner (Zhaolin et al., 2019), and TET2 is reported
to be response for DNA damage (Chen et al., 2018), which may
alternatively explain mutual interaction between caspase-3 and
DNA damage. Therefore, validation of TET2-related effect in
CME-induced pyroptosis is undergone in our lab. Additionally,
CME-caused suppression in STAT3 may play a role in switching
cell death from apoptosis to pyroptosis due to abrogating effect
of STAT3 on apoptosis through epigenetic regulation (Samanta
et al., 2018). Conclusively, our data provided basic insight into role
of caspase-3/TET2 in survival or death switch after CME treat-
ment, and it will be beneficial to define regulating network for py-

roptosis and refining CME.
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4.3 | Putative bioactive component based on HPLC-
qTOF and references

As a dietary therapy, CME exerts mild anticancer effect with vali-
dated and potential targets, refinement is needed through enriching
bioactive component according to our findings. Extraction and ef-
ficacy of CME can be refined through screening potential bioactive
components (nicotinic acid, betaine, adenosine, and cordycepin) and
dismissing unnecessary components (amino acid, some nucleotides,
and cancer deterioration promoters). According to previous research
(Yang et al., 2019), betaine, trehalose, nicotinic acid, adenosine, and
cordycepin were reported to possess the cytotoxic effect toward
cancer. Specifically, nicotinic acid is stimuli for generating ROS and
exerting cytotoxicity as well (Lehmler et al., 2008), indicating it may
be one of responsive component for inducing pyroptosis. It will be
beneficial for improving its efficacy if bioactive component is en-
riched in CME. Moreover, fermentation or bioactive-enrichment
separation is possible refinement method to refine CME based on
our findings, and it will advance clinic usage of CME as dietary ther-
apy for cancer treatment.

The limit of this research is that effector of pyroptosis is not
investigated and in vivo experiment is not included. Neutrophils or
macrophage is required for cell lysis in advanced pyroptosis (Kovacs
& Miao, 2017), and they can be recruited by interleukins secreted
by pyroptosis cancer cells. Additionally, immunogenicity may be di-
rectly induced by some stress inducer in CME (Wang et al., 2017)
or indirectly induced by CME-lead endogenous lipid peroxidatant
(Kang et al., 2018) of A549 cell line, but it is not included in our
research.

5 | CONCLUSION

Cordyceps militaris extract, which is hydrosoluble fraction of dietary
herb for cancer patients, is validated to induce PCD in A549 cell line
through concomitantly activating caspase-3-dependent caspase-
3/PARP apoptosis and caspase-3/GSDME pyroptotic pathways in
vitro. Additionally, profile investigation of CME component, mild cell
cycle arresting, and cell proliferation-inhibiting effect provide fur-
ther understanding on the feature of CME's anticancer property. In
sum, our finding highlights rationale for clinic application of CME in
NSCLC treatment.
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