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Abstract

Secoisolariciresinol diglucoside (SDG) is the main component of lignans with various
biological activities, including anticancer activity. However, whether SDG has
obvious anticancer effects on colorectal cancer (CRC) is unclear. Pyroptosis, a form
of programmed cell death, has received increasing attention in cancer-related
research. In this study, we aimed to test the anticancer properties and relatecd
functional mechanisms of SDG. we found that SDG not only inhibited the cell
viability of HCT116 cells, but also induced HCT116 cells to swell with apparent large
bubbles, which are typical signs of pyroptosis. Furthermore, SDG induced cell
pyroptosis by enhancing cleavage of the N-terminal fragment of gasdermin D
(GSDMD) in CRC cells, accompanied by increased caspase-1 cleavage. Consistent
with this, SDG-induced GSDMD-N-terminal fragment cleavage and pyroptosis were
reduced by siRNA-mediated silencing of caspase-1 or treatment with the specific
caspase-1 inhibitor VX-765 treatment, suggesting that active caspase-1 further
induces pyroptosis. A mechanistic study showed that SDG induced reactive oxygen
species (ROS) accumulation and inhibits phosphatidylinositol 3-kinase (PI3K)
phosphorylation and increases pyroptosis, while increasing GSDMD and caspase-1
cleavage and enhancing expression of BCL2-associated X (BAX), which could be
rescued by the ROS scavenger (NAC), suggesting that SDG-induced GSDME-
dependent pyroptosis is related to the ROS/PI3K/AKT/BAX-mitochondrial apo-
ptotic pathway. In vivo results showed that SDG significantly inhibited tumor growth
and induced pyroptosis in the HCT116-CRC nude mouse model. In conclusion, our
findings suggest that the anticancer activity of SDG in CRC is associated with the
induction of GSDMD-dependent pyroptosis by SDG through the generation of ROS/
P13K/AKT/BAK-mitochondrail apoptosis pathway, providing insights into SDG in its

potential new application in cancer treatment.
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1 | INTRODUCTION

Colorectal cancer (CRC) is one of the most frequently encountered
neoplasms in the world. The incidence and mortality rate of CRC are
rising globally (Chen et al, 2016; Siegel et al., 2018). There is
increasing evidence that most anticancer therapies trigger apoptosis-
a type of programmed cell death (PCD) to eliminate tumor cells
(Ouyang et al., 2012). Although chemotherapy is the main strategy
for a variety of cancers, these strategies are greatly limited due to
high recurrence rates, drug resistance, and strong side effects during
treatment (Andersen et al., 2019). A major mechanism explaining the
resistance of tumor cells to evade drug-induced apoptosis is the
development and activation of antiapoptotic systems (Takagi et al.,
2015). Therefore, a new drug capable of triggering nonapoptotic PCD
is urgently needed.

Pyroptosis, a new type of PCD, also known as inflammatory
necrosis, is a proinflammatory form of cell death (Jorgensen & Miao,
2015). Previous studies have provided evidence that, as a member of
the gasdermin superfamily, gasdermin D (GSDMD) can induce
apoptosis to pyroptosis upon caspase-1 cleavage (Ding et al., 2016;
Shi et al, 2015). Activated caspases cleaves GSDMD in an
interdomain linker to release the N-terminal domain and form
membrane pores to cause pyroptosis, as evidenced by the cell
membrane ballooning, the lactic dehydrogenase (LDH) activity
elevation, and the increase of propidium iodide (Pl) uptake (Xi
et al., 2016). Recent studies have shown that chemotherapy drug-
activated caspase-1 can also cleave GSDMD in the interdomain
linker, releasing the N-terminal domain and forming membrane pores
leading to pyroptosis, membrane ballooning, and elevated LDH activ-
ity, and increased Pl uptake (Wang et al., 2019). Although there are
many studies of GSDMD-dependent pyroptosis in tumor develop-
ment, including CRC (Wu et al., 2020; Y. Zhang et al., 2021), the role
of canonical or noncanonical pyroptosis in tumors is poorly clarified.
Therefore, drugs that cause pyroptosis of cancer cells can well
complement traditional PCD-based apoptotic anticancer drugs.

The secoisolariciresionol diglucoside (SDG) is a plant lignan
isolated from flaxseed with anti-inflammatory (Rom et al., 2018) and
antioxidative (Pilar et al., 2017) properties. SDG has been reported to
inhibit various types of tumors (Tannous et al., 2020), including lung
cancer, breast cancer, and so on (Bowers et al., 2019; Li et al., 1999).
SDG triggers apoptosis in acute lymphoblastic leukemia cells through
reactive oxygen species (ROS)-generated mitochondrial membrane
potential (MMP) breakdown and DNA damage (Tannous et al., 2020).
SDG inhibits the growth of CRC cell lines by downregulating
G1l-phase cyclins and CDKs, and upregulating p21WAF1/CIP1
(Chikara et al., 2017; Jenab & Thompson, 1996). These findings
indicate that SDG has great potential as a pharmaceutical compound
for the treatment of cancer. However, studies on its anticancer
effects and underlying mechanisms in CRC have not been reported.

To explore how SDG induces pyroptosis in CRC cells and exerts
its antitumor effect. In this study, we aimed to investigate the effects
of SDG on CRC by activating the ROS/PISK/AKT/BAX-mitochondrial
apoptotic pathway in vitro and in vivo.
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2 | MATERIALS AND METHODS

2.1 | Animals

All animal experiments were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee.
Male BALB/c nude mice (6 weeks) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. The experiment was
approved by the Ethics Committee of General Hospital of Ningxia
Medical University (2019-103).

2.2 | Cell lines and culture conditions

Human CRC cell lines (LOVO, SW620, SW480, HT29, and HCT116)
were purchased from the American Type Culture Collection (ATCC).
CRC cells were maintained in RPMI 1640 medium (Gibco) supple-
mented with 10% FBS (Thermo Fisher Scientific) and incubated at 5%
CO, at 37°C.

2.3 | Chemicals and antibodies

SDG was purchased from MedChemExpress. N-Acetyl cysteine
(NAC) was purchased from Abcam (Abcam), GSK'872 was purchased
from Sigma-Aldrich, the caspase-1 specific inhibitor VX-765 and
740Y-P were purchased from MedChemExpress. Primary antibodies
of caspase-1, caspase-4, caspase-5, caspase-11, GAPDH, and
GSDMD were purchased from Abcam (Abcam). Antibodies against
BCL2-associated X (BAX), cytochrome ¢, phosphorylated-PI3K (p-
PI3K), phosphorylated-AKT (p-AKT), PI3K, and AKT were purchased
from Cell Signaling Technology.

2.4 | Cell viability assay (CCK-8)

Exponentially growing HCT116 cells were seeded into 96-well
culture plates (6000 cells/well) for 24 h before stimulation. Cells
were treated with different doses of SDG or NAC for the indicated
times. Cell viability was determined by CCK-8 (cell counting kit-8
assay, Dojindo Laboratories) assay according to the manufacturer's
protocol. Half maximal inhibitory concentration (ICso) was calculated
from cell viability values using Prism 8 software (GraphPad). In other
experiments, HCT116 cells were pretreated with caspase 4 inhibitor
(Z-YVAD-FMK) for 3 h and subjected to CCK-8 assay.

2.5 | LDH release assay

Briefly, cell culture supernatants were collected after various
treatments and assayed for LDH activity using an LDH-release kit
(Promega) according to the manufacturer's instructions. The absorb-
ance was measured at 450 nm.
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2.6 | siRNA knockdown

HCT116 cells were seeded in six-well plates. After 24h, SiRNA
transfections were performed using transfection reagent according
to the manufacturer's instructions with caspase-1/4/5/11-specific
siRNA duplexes (siRNA-caspase-1/4/5/11) under the same conditions
transfected cells, GSDMD- and BAX-specific siRNA duplexes (siRNA-
GSDMD), or control siRNA (NC) duplexes. All siRNA duplexes were
purchased from Genepharma. After 72h, transfected HCT116 cells
were treated with SDG (50 umol/L) at the indicated concentrations and

subjected to subsequent analyses.

2.7 | Microscopy imaging

To examine the morphology and death process of pyroptotic
cells, cells were seeded in six-well plates and treated with SDG at
the indicated concentrations. After processing, bright-field

images of cells were captured using an Olympus IX53 microscope.

2.8 | Measurement of MMP

MMPs in HCT116 cells were measured using the fluorescent
dye JC-1 (Thermo Fisher Scientific Co., Ltd.) according to the
manufacturer's instructions. After culturing in 24-well plates,
HCT116 cells were treated with SDG at the indicated concentra-
tions (0, 5, 25, 50 umol/L) and then incubated with fluorescent dye
JC-1 staining solution for 20min at 37°C. Cell images was

monitored using an Olympus IX53 microscope.

2.9 | Lytic cell death assay

Briefly, HCT116 cells were seeded in six-well plates and treated with
indicated concentrations of SDG. After treatment, cells were stained with
Hoechst33342 solution to reveal cell nuclei and PI solution to indicate
necrotic cells according to the manufacturer's instructions. The bright-

field cell images were captured using the fluorescence microscope.

2.10 | Measurement of ROS

The ROS levels were measured using H2DCF-DA fluorescence probe
as previously described. Briefly, after SDG or NAC treatment,
(HCT116) were collected, washed
phosphate-buffered saline (PBS), and stained with H2DCF-DA
(5 umol/L) for 30 min at 37°C in the dark. Subsequently, the level
of ROS was analyzed with flow cytometer (BD).

treated-cells twice with

2.11 | Flow cytometry analysis

Briefly, HCT116 cells were treated with SDG at the indicated
concentrations. Cells were collected, washed twice with PBS, and
stained using the Annexin V-FITC/Pl Apoptosis assay kit by
following the manufacturer's instructions. Flow cytometry analy-

sis was performed using a BeckMan CytoFlex (BeckMan).

2.12 | Western blot analysis

Cells or tumor tissues were washed twice with cold PBS and
prepared in RIPA buffer (Beyotime Institute of Biotechnology) to
collect proteins from cells or tumors. Protein concentration was
measured using a BCA protein assay kit (Keygen biotech). Equal
amounts of the protein samples (50 ug) were separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis,
transferred to a polyvinylidene fluoride membrane (Hercules),
and then detected with appropriate primary and secondary
antibodies. Detection was performed using the ECL system
(Advansta). Expression levels of proteins were normalized to
total GAPDH.

2.13 | Animal study

Tumor cells (3 x 10%) were suspended in 200 pl of serum-free-
RPMI-1640/Matrigel mixture (3:1 volume) and injected sub-
cutaneously into the back of BALB/c nude mice. Experiment
(Kezimana et al., 2018) was performed as previously described
and mice were treated with SDG (50, 150, and 200 mg/kg) once
daily, respectively. After 24 days, the mice were euthanized, and
the tumors were excised. Mice were monitored every 3 days for
tumor volume ([V=(LxS52)/2]) and body weight. Results were
plotted as relative tumor volume and body weight fofrom the first
day of treatment until the last day. The tumor tissues were fixed
with formalin and subsequently embedded in paraffin. The
sections of tumor tissues were ilmmunohistochemistry (IHC)
stained with the cell proliferation marker Ki67 (1:300).

2.14 | Statistical analysis

Statistical difference between groups were analyzed by
using one-way analysis of variance or comparisons between
two groups were tested for significance using the two-tailed
Student's t-test. All data expressed as mean = SD were analyzed
using SPSS 22 software. p <0.05 was considered statistically

significant.
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3 | RESULTS that SDG treatment significantly inhibited the cell viability of

HCT116 cells in a time-dependent manner (Figure 1b). Conse-
3.1 | SDG induces distinct patterns of apoptosis quently, our results suggest that SDG inhibits the viability of CRC
and lytic cell death in HCT116 cells cells in.

The anticancer properties of SDGs in CRC cell lines were
investigated, and cell viability was then assessed using the TABLE 1 ICso of SDG in HCT116 cells.

CCK-8 assay. As shown in Figure 1a, our results showed that

. o Cell line 1C50 (umol/L)? SD(%)
SDG treatment dose-dependently inhibited CRC cell viability
compared with control. In the meantime, we measured their HCT116 245 27.37
half maximal inhibitory concentrations values with 1C50 of Abbreviation: SDG, secoisolariciresinol diglucoside.
24.5 umol (Table 1). Furthermore, our further study showed ?ICso values represent as mean of three determinations.
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FIGURE 1 Secoisolariciresinol diglucoside (SDG) induces distinct patterns of apoptosis and lytic cell death in HCT116 cells. HCT116 (a) cells
were treated with SDG (0, 5, 10, 25, 50, 75 umol) at indicated time. Treated the HCT116 (b) cells with 50 umol/L of SDG for 24 h. HCT116 cells
viability was analyzed by CCK-8 assay. (c) HCT116 cells were treated with SDG (24 h). Red arrowheads indicate the large bubbles (termed
pyroptotic bodies) emerging from the plasma membrane, and the images of HCT116 cells observed by microscopy. Scale bar = 50 um.

(d) HCT116 cells were treated with SDG at indicated graded concentrations for 24 h. The release of lactic dehydrogenase (LDH) from
SDG-treated HCT116 cells was measured by ELISA Kit. (e) LDH secretion was measured by ELISA Kit in HCT116 cell lines treated with SDG
(50 umol/L) at different points in time (0, 6, 12, and 24 h). (f) HCT116 cells were treated with SDG at the indicated concentration for 24 h. The
percentage of propidium iodide (PI) (red) positive cells were observed by fluorescent microscopy. Scale bar = 500 um. (g) The fluorescent images
of HCT116 cells stained with Pl and Hoechst 33342 were taken at the indicated timepoints after treatment with SDG (50 umol/L). Scale
bar = 500 um. (h,i) At the indicated timepoints, the percentage of LDH release in the culture supernatants from HCT116 was measured after
treatment with SDG or GSK'872. HCT116 cells viability was analyzed by CCK-8 assay. Error bars in this and subsequent figures: mean + SD of
three independent experiments. NS, no significance; SD, standard deviation; *p < .05; **p < .01 versus SDG alone.
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Next, we examined the pyroptotic cell death effect of SDG in
HCT116 cells. To reveal the type of cell death induced by SDG, the
Olympus IX53 microscope imaging system was used to observe the
cell morphological changes and cell death process of HCT116 cells.
Morphologically, as shown in Figure 1c, a total of 50 umol of SDG-
induced HCT116 cells gradually shrank, followed by the swell and
rupture of the cell membrane, and eventually cell death, which is very
similar to the pyroptosis induced by the N-terminus of GSDMD (Shi
et al., 2015). Furthermore, after HCT116 cells were exposed to SDG.
There was increasing release of LDH (LDH, an indication of
pyroptotic cell cytotoxicity) in dose- and time-dependent manners,
further indicating plasma membrane rupture and leakage
(Figure 1d,e). In addition, the Hoechst33324/PI staining (Pl could
penetrate into the dying cells with the loss of cell membrane
integrity) results demonstrated that SDG treatment increased the
percentage of Pl-positive cells for HCT116 in dose- and time-
dependent manners (Figure 1f,g). These imaging results clearly
indicate that SDG can change the plasma membrane permeability
in CRC cells, and ultimately lead to lytic cell death. Cell undergoing
necroptosis also showed cell swelling, membrane disruption, and
pyroptotic lysis. Moreover, to reveal the type of cell death induced by
SDG, we also used the necroptosis inhibitor GSK'872 to distinguish
pyroptosis from necroptosis (Wallach et al., 2016). As expected,
GSK'872 had no significant effects on SDG-induced cell death and
LDH release compared to the control group (Figure 1h,i). These data
indicated that SDG-induced CRC cells undergo a transition from

apoptosis-to-pyroptosis and ultimately lead to lytic cell death.

3.2 | Cleavage of GSDMD is involved
in SDG-induced pyroptosis in CRC cells

Because GSDMD has been reported to act as pyroptotic execu-
tioners (Shi et al., 2015), we investigated whether SDG-induced
pyroptotic death in HCT116 cells is associated with cleavage of
GSDMD. In this study, we employed western blot analysis to detect
the activated GSDMD. As shown in Figure 2a, we found that
GSDMD was highly expressed in the HCT116 cell lines. As
anticipated, SDG treatment significantly increased the level of
activated GSDMD (Figure 2b), a marker of pyroptosis, in HCT116
cells in a dose-dependent manner. In the meantime, siRNAs was
used to silence the expression of GSDMD in HCT116 cell lines
(Figure 2c). Then, western blot analysis confirmed that the
N-terminal fragment of GSDMD was barely detected in GSDMD-
knockdown cells treated with SDG (Figure 2d). Moreover, the flow
cytometry analysis result showed that siRNA knockdown of GSDMD
expression significantly decreased the percentage of pyroptotic cells
in Annexin V-FITC/PI-stained HCT116 cells (Figure 2e). In addition,
as shown in Figure 2f-h, siRNA inhibiting GSDMD expression did
decrease SDG-induced plasma membrane ballooning and LDH
release, but did not ultimately rescue cell death in response to
SDG treatment. Taken together, all these results suggested that
GSDMD is a key effector of SDG-induced pyroptosis in CRC cells.

In this case, we also wondered whether this SDG-induced
pyroptosis was a general phenomenon. Interestingly, upon SDG
stimulation, we found that the expression level of GSDMD was
significantly upregulated in HCT116 cells compared to other CRC cell
lines, and this SDG-induced pyroptosis appeared to be specific for
HCT116 cells (Figure 2i).

3.3 | GSDMD was cleaved in SDG-induced
noncanonical pyroptosis by caspase-1

Emerging evidence indicates that cell pyroptotic death was shown to
be triggered by the N-terminal domain of GSDMD due to cleavage by
the different inflammatory caspases (caspase-1/4/5/11 in humans)
(Shi et al., 2015). Subsequent western blot analysis analyses, the
results showed that SDG significantly increased the level of activated
caspase-1 in HCT116 cells (Figure 3a), but we did not find the
activation of caspase-4/5/11 in HCT116, indicating that GSDMD
may be cleaved by the active caspase-1. To confirm the involvement
of caspase-1 in SDG-triggered pyroptotic death, we knocked down
the expression of caspase-1 in HCT116 cells using siRNA (Figure 3b).
Notably, we found that knockdown of caspase-1 inhibited the
generation of the N-terminal GSDMD (Figure 3c). Furthermore, SDG-
induced LDH release and cell death were remarkably attenuated in
HCT116 cells in the presence of caspase-1 knockdown (Figure 3d,e).
Furthermore, HCT116 and SW620 cells were pretreated with the
caspase-1-specific inhibitor VX-765 and then treated with SDG. We
found that VX-765 treatment inhibited the release of LDH (Figure 3f)
and the cleavage of GSDMD (Figure 3g) triggered by SDG. Thus,
these data suggest that SDG induces noncanonical pyroptotic death

by activating caspase-1 in HCT116 cells.

3.4 | SDG activated the BAX-mitochondrial
intrinsic apoptotic pathway to elicit
GSDMD-dependent pyroptosis

Recent findings have reported that GSDMD-mediated pyroptosis can
be triggered by the BAX-mitochondrial intrinsic apoptotic pathway
(Wei et al.,, 2020). Exposure of HCT116 cells to SDG caused
disruption of MMP, as evidenced by an increase in the proportion
of cells with green fluorescence and a decrease in the proportion of
cells with red JC-1 fluorescence (Figure 4a). Furthermore, we also
examined the level of BAX and cytochrome c in response to SDG by
western blot analysis. As expected, SDG effectively increased the
protein levels of BAX and cytochrome ¢ (Cyto c) in dose-dependent
manners, indicating that the SDG-induced pyroptosis in HCT116 cells
might be mediated through BAX-mitochondrial intrinsic apoptotic
pathway (Figure 4b). Additionally, the siRNA technology was used to
verify whether BAX is involved in pyroptosis induction. In HCT116
cells, knockdown of BAX resulted in the visible decrease of
N-GSDMD generation, cleaved caspase-1, Cyto ¢ (Figure 4c) and
LDH release (Figure 4d). These results demonstrated that SDG
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FIGURE 2 Cleavage of GSDMD is involved in secoisolariciresinol diglucoside (SDG)-induced pyroptosis in colorectal cancer (CRC) cells.
(a) Gel images of GSDMD expression levels in HCT116 cells. (b) Cleavage of GSDMD were monitored by immunoblot analysis 24 h after
stimulation of HCT116 cells with SDG (0-70 umol/L). (c) HCT116 cells were transfected with GSDMD-siRNA (siRNA knockdown of GSDMD) or
control NC (siRNA, negative control) for 24 h, then the GSDMD, GSDMD-N, and GAPDH expression was detected by western blot analysis.
(d) Control siRNA (NC) and GSDMD-siRNA HCT116 cells were treated with SDG (50 umol/L) for 24 h, cell protein was then harvested for
detecting GSDMD, GSDMD-N, and GAPDH by western blot. (€) NC and GSDMD-siRNA CRC cells were treated with SDG (50 umol/L), stained
by Annexin V-FITC and propidium iodide, and was detected by flow cytometry. (f) The pyroptotic features of HCT-116 cells treated with SDG in
the presence or absence of GSDMD-siRNA transfection, scale bar = 50 um. (g) and (h) HCT116 cells were transfected with GSDMD-siRNA
(siRNA knockdown of GSDMD) or control NC (siRNA, negative control) and then treated with SDG (50 umol/L) at 24 h after transfection, cell
viability was measured by CCK-8 assay, and lactic dehydrogenase (LDH) secretion were measured using ELISA Kit. (i) Immunoblots were
performed to detect pyroptosis-related proteins in CRC cells (LOVO, SW480, SW620, HCT116, and HT29) extracts. GAPDH was used to
determine the amount of loading proteins. All the data are presented as the mean + SD from three independent experiments. *p < .05, **p < .01
compared with control group. SD, standard deviation.

induces GSDMD-dependent pyroptosis in CRC cells by activating the
BAX-mitochondrial pathway.

SDG, we analyzed whether the PI3K/AKT signaling pathway
affects SDG-induced pyroptosis. Our study found that SDG
stimulation markedly decreased the phosphorylation levels of
PISK and AKT in HCT116 cells compared to the control group
(Figure 5a). Notably, we found that the PI3K activator 740Y-P
(Cayman) effectively reduced the release of LDH and inhibited the
cleavage of GSDMD, and the protein level of caspase-1 was
significantly reduced (Figure 5b,c). As we expected, 740Y-P

3.5 | SDG-induced noncanonical pyroptotic
requires PIBK/AKT signaling pathway

Previous reports have confirmed that the PI3K/AKT signaling

pathway is involved in the progression of CRC, and the activation
of PI3K/AKT signaling promotes pyroptosis (Pei et al., 2019). To
further elucidate the cellular mechanism of pyroptosis inhibition by

significantly decreased SDG-induced BAX protein expression
(Figure 5c). Consequently, BAX is a downstream factor of PI3K/
AKT. Thus, these data indicate that PI3K/AKT signaling pathway is
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FIGURE 3 GSDMD was cleaved in secoisolariciresinol diglucoside (SDG)-induced pyroptosis by caspase-1. (a) HCT116 were treated with
SDG for 24 h, total cellular extracts were prepared, cell protein was then harvested for detecting caspase-1/-4/-5/-11, and GAPDH by western
blot. (b) The cells were then incubated with 50 uM SDG reagent for 24 h, HCT116 cells were transfected with siRNA targeting caspase-1/-4/-5/
-11 or control siRNA. Cell proteins were subjected to western blot analysis analyses using antibodies against caspase-1/-4/-5/-11, and GAPDH.
(c) After HCT116 cells were treated with caspase-1/-4/-5/-11 knockdown in the absence or presence of SDG (50 umol/L) for 24 h, GSDMD-N
terminus were detected by western blot in cell protein. (d) Annexin V-FITC and propidium iodide (Pl) stained HCT116 cells were analyzed by
Annexin V-FITC/PI apoptotic detecting kit. (e) The release of lactic dehydrogenase (LDH) in HCT116 cells was measured by ELISA Kit after
transfection with siRNA. (f) The release of LDH in HCT116 cells was measured by LDH assay kit. (g) Western blot analysis of GSDMD and
GSDMD-N protein levels. GAPDH was used to determine the amount of loading proteins. All the data are presented as the mean + SD from
three independent experiments. *p < .05, **p <.01 compared with control group. SD, standard deviation.

involved in SDG-mediated pyroptosis by cleaved of GSDMD via
caspase-1 activation.

3.6 | SDG induces pyroptotic cell death via
the ROS/PI3K/AKT pathway in HCT116 cells

SDG has been found to induce tumor cells apoptosis by activating the
ROS-dependent mitochondrial intrinsic apoptotic pathway (Tannous
et al., 2020). Because ROS have been reported to act as pyroptotic
executioners. Thus, we investigated whether ROS are involved in
SDG-induced CRC cells pyroptosis. Here, our study found that SDG
treatment significantly increased the intracellular ROS level in
HCT116 cells. Furthermore, NAC (NAC, an inhibitor of ROS) could
remarkably decrease the ROS level in SDG-treated HCT116 cells as
assessed by Flow cytometric (Figure 6a). To further determine the
role of intracellular ROS accumulation in SDG-induced pyroptosis,
CRC cells (HCT116) were stimulated with SDG in the presence of

NAC and the cell viability (Figure 6b) and LDH release (Figure 6c)
were assessed. As expected, the NAC can rescue SDG-induced cell
death and LDH release compared to the control group. In addition,
SDG treatment upregulated the protein levels of cleavage of caspase-
1, and GSDMD, which can be significantly reversed by ROS inhibitor
NAC (Figure 6d). Numerous reports have demonstrated that ROS
signaling pathway is the upstream signal transducers that activates
the PIBK/AKT-mediated cascades (Zhao et al., 2017). To investigate
whether the increased ROS level are involved in the activation of
PIBK/AKT in SDG-treated HCT116 cells, the protein expression of
AKT in SDG or SDG plus NAC treated HCT116 cells was detected by
using western blot. In HCT116 cells, SDG significantly downregulated
the protein levels of AKT and upregulated the protein levels of BAX,
while combined treatment with NAC can reverse these changes
(Figure 6e). Taken together, these results revealed that SDG plays an
important role in SDG-induced pyroptosis by inhibiting the PI3K/AKT
signaling pathway by increasing intracellular ROS levels in HCT116

cells.
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FIGURE 4 Secoisolariciresinol diglucoside (SDG) activated the BAX-mitochondrial intrinsic apoptotic pathway to elicit GSDMD-dependent
pyroptosis. HCT116 cells were treated with SDG for 24 h. (a) The MMP was measured by fluorescent microscope, scale bar = 500 um. (b)Total
cellular extracts were prepared and subjected to western blot analysis analyses using antibodies against BAX and Cyto c. (c) Gel images of
GSDMD-N, Cyto ¢, and cleaved caspase-1 expression levels in HCT116 cells in the presence or absence of BAX knockdown. (d) Lactic
dehydrogenase (LDH) release were measured by LDH assay in HCT116 cells in the presence or absence of BAX knockdown. Protein levels are
expressed as mean + SD (n = 3). **p <.01 versus control. SD, standard deviation.

3.7 | SDG inhibited the tumor formation
and induced colon cancer cells pyroptosis in vivo

To further investigate the effect of SDG in inhibiting tumor
formation and inducing pyroptosis in colon cancer, HCT116 cells
and their control cells were subcutaneously injected into the back
of BALB/c nude mice. Four diets were compared: a basal diet
(control group) and the basal diet supplemented with 50, 150 or
200 mg/kg of SDG. The experimental results of nude mice showed
that SDG significantly reduced tumor volume and tumor weight
(Figure 7a-c) in HCT116 tumor-bearing mice as compared with the
control. Because tumor growth is the result of tumor cell
proliferation and apoptosis. The subsequent IHC analysis of
HCT116 (Figure 7d,e) proliferation marker Ki67, further revealed
a smaller number of Kié7positive cells was observed in tumor mass
generated from treatment with SDG compared to those of control
group. Moreover, we explored whether reductions in tumor
volume and tumor weight were associated with SDG-induced
pyroptosis. The level of serum LDH is increased in either SDG
treatment group as compared with control group (Figure 7f).
Additionally, western blot analysis analyses showed that SDG
treatment upregulated the expression of N-GSDMD and cleaved-
caspase-1 in a dose-dependent manner (Figure 7g). Collectively,

these results showed that SDG might inhibit the growth of CRC

tumors in vivo by inducing pyroptosis (Figure 8).

4 | DISCUSSION

CRC has been identified as the second leading cause of neoplasms
death worldwide with incidence estimation of 16.5 million (Global
Burden of Disease Cancer Collabroation et al.,, 2017; Sieminska &
Baran, 2020). Several studies reported that chemotherapy is an
important part of the comprehensive treatment for advanced CRC,
but it only provides limited survival benefit for patients (Amable,
2016; Marmol et al., 2017; McQuade et al., 2017). Therefore, it is
urgent to find more accurate drugs with high curative value and low
toxicity for the treatment of CRC. However, the research on
pyroptosis and related drugs in the treatment of CRC is still limited.
In this study, cell viability assay revealed that SDG could inhibit the
growth of HCT116 cells. Additionally, an in vivo experimental CRC
model demonstrated that treatment with SDG significantly inhibited
the CRC tumor growth. Our data strongly demonstrate the great
potential of SDG as a new cancer therapy.

Numerous research reports have confirmed that apoptosis is

genreally considered to be the main form of cell death that leads to
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FIGURE 5 Secoisolariciresinol diglucoside (SDG)-induced pyroptot

ic requires PIBK/AKT signaling pathway. (a) HCT116 cells were treated

with SDG (50 umol/L) for 24 h, cell protein was then harvested to detect PI3K, p-PI3K, AKT, p-AKT, BAX, and GAPDH by western blot.
(b) HCT116 cells were treated with SDG or cotreated with 740Y-P (50 pg/ml) and SDG (50 umol/L), as indicated by the concentration shown, for

24 h. After treatment, the release of lactic dehydrogenase (LDH) from

HCT116 cells was measured by ELISA Kit. (c) HCT116 cells were

pretreated with SDG (50 umol/L) in the absence or presence of 740Y-P (50 ug/ml) for 24 h. After treatment, cell protein was then harvested to

detect the expression of AKT, p-AKT, BAX, cleavage of GSDMD, and
from three independent experiments. “p < .05, “*p <.01 versus control

the regulation of tumor therapies (Hou et al., 2020; Tsuchiya, 2021;
Woo et al., 2020). The use of SDG in cancer therapy has been
attributed to its ability to inhibit cancer cell growth and induce cancer
cell apoptosis (Bowers et al., 2019; Li et al., 1999; Tannous et al.,
2020). Recent findings have reported the apoptotic induction activity
of SDG in CRC (Danbara et al., 2005). In the present study, we extend
the conventional view and identify the involvement of GSDMD-
dependent pyroptosis in the treatment of SDGs in CRC, supported by
the following evidence. Firstly, our results showed that the hallmark
features of pyroptosis, such as GSDMD cleavage, balloon-like
bubbles, LDH release, and Pl-positive staining, were observed in
SDG-treated CRC cells. It should be noted that cells undergoing
necroptosis also exhibit plasma membrane permeabilization, cell
swelling, and lysis (Lu et al., 2018). Remarkably, GSK'872, an inhibitor

caspase-1 by western blot. All the data are presented as the mean + SD
using one-way analysis of variance. SD, standard deviation.

of necroptosis, had no significant effects on cell viability and LDH
release. The results clearly indicate that cell death triggered by SDG
in our study was not necroptosis. Secondly, we compared the
GSDMD protein expression in HCT116 cell lines, and confirmed that
GSDMD was commonly expressed in CRC cell lines. In addition,
during pyroptosis, pores open in the cell membrane, allowing Annexin
V to enter the cells and stain the inner leaflets of the membrane.
In contrast, membrane impermeant dyes, such as PI (Fink & Cookson,
2006), stain pyroptotic cells by entering through the pores, but do
not stain apoptotic cells (Miao et al., 2011; Silveira & Zamboni, 2010).
We found that SDG-treated HCT116 cells proceeded directly to the
AnnexinV and Pl double-positive stage, while knockdown of GSDMD
delayed the process with increasing the proportion of Annexin V

single-positive cells and decreasing the percentage of double-positive
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*p < .05, **p < .01 versus control. SD, standard deviation.

cells. GSDMD knockdown did not rescue cell death in response to
SDG treatment, whereas resulted in reduction of SDG-induced LDH
release and plasma membrane ballooning, further confirming from
pyroptosis to apoptosis.

Studies have confirmed that different inflammatory caspases can
activate two modes of cell pyrolysis, promptly either canonical or
noncanonical pyroptosis (Bergsbaken et al., 2009). In humans,
pyroptosis is mediated by inflammatory caspases (caspase-1,
caspase-4, and caspase-5), which may be activated by inflamma-
somes (Martinon & Tschopp, 2007). The inflammasome pathways
include the caspase-1-dependent canonical pathway and caspase-1-
independent noncanonical pathway. Among them, caspase-1, also
known as IL-1B-converting enzyme, leads to pore formation in the
cell membrane and the maturation and release of IL-1f and IL-18

cytokines, thereby induce pyroptosis (Martinon & Tschopp, 2005).
Caspase-1 dimerization and self-activation are induced by inflamma-
somes, which are composed of a PRR, the adaptor ASC, and pro-
caspase-1 (Martinon & Tschopp, 2007). The noncanonical pathway in
humans involves the activation of caspase-1 (Martinon & Tschopp,
2007). Caspase-1 cleaves GSDMD, thereby triggering pyroptosis. In
human macrophages, caspase-1 activation by Legionella pneumophila
induced cell death and IL-la secretion (Casson et al., 2015).
Intracellular lipopolysaccharide (LPS) directly interacts with caspase-
1 and induces cell pyroptosis (Vigano et al., 2015). In this study, we
found that the expression of caspase-1 was significantly high during
SDG-induced pyroptosis of HCT116 cells. However, SDG treatment
did not considerably change caspase-1 expression at protein levels

and did not change the amount of cleaved caspase-1. Notably, we
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FIGURE 7 Secoisolariciresinol diglucoside (SDG) inhibited the tumor formation and induced colon cancer cells pyroptosis in vivo. The effect
of SDG treatment on tumor volume (a-c) and tumor weight (c-f) at 0-24 days in HCT116 tumor-bearing mice. (d,e), representative images of
Ki67 expression in the tumor tissues by immunohistochemistry and its relevant quantification of the numbers of positive cell, scale bar = 500 um.
(f,g) After treatment, gel images of PI3K, AKT, BAX, and cleaved caspase-1, GSDMD-N expression levels. Scale bar = 100 um. *p <.05, **p < .01
versus vehicle treatment; #p <.05, #p < .01 versus indicated treatment.ent experiments. *p < .05 versus control using one-way analysis of
variance.

found that knockdown of caspase-1 suppressed the generation of the In addition, the preliminary observation of signaling interrelation
N-terminal GSDMD and release of LDH in HCT116. Therefore, these between pyroptosis and apoptosis suggest that the two death modes
data indicate that SDG induces noncanonical pyroptosis by activating may reciprocally regulate each other to produce cytotoxic inhibi-
caspase-1. tion (Fang et al., 2020) demonstrated that two forms of regulated cell
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FIGURE 8 Abstract graphic. A schematic
diagram of the molecular mechanism by which
secoisolariciresinol diglucoside (SDG) induced C )
noncanonical pyroptosis via the activation of the
ROS/PI3K/AKT/BAX/Caspase-1/GSDMD signal
axis in CRC cells. LDH, lactic dehydrogenase;
ROS, reactive oxygen species.

death may exist simultaneously upon chemotherapy drugs exposure.
Consistent with this previous study, our results indicated that the
biochemical markers for apoptosis and pyroptosis were invariably
synchronously detected in SDG-stimulated CRC cells. Knockdown of
GSDMD switched SDG-induced cell death from pyroptosis to
apoptosis, reinforcing the idea that therapy-induced pyroptosis may
precede apoptosis. Furthermore, GSDMD has been reported to
augment caspases activation and apoptotic cell death by targeting
the ROS (Heilig et al., 2020). Cleavage of GSDMD by death receptor
signaling bridges the extrinsic to the intrinsic apoptotic pathway
(Fang et al., 2020; Feng et al., 2018). In conclusion, considering these
results, we proposed that the signaling crosstalk between pyroptosis
and apoptosis may have implications for determining the type of cell
death. The GSDMD-dependent pyroptotic cell death can be triggered
by the ROS signaling (Gao et al., 2018; Zheng & Li, 2020). Notably,
our findings showed that SDG induced oxidative stress and increased
the protein levels of BAX, cleaved-caspase-1, and N-GSDMD in
HCT116 cells. In contrast, the siRNA of caspase-1 and the caspase-1-
specific inhibitor VX-765 inhibited SDG-induced pyroptosis, suggest-
ing that the activation of ROS-mediated caspases was required for
SDG-induced pyroptosis in CRC cells. Lastly, mechanistic experi-
ments in nude mice further demonstrated that SDG induced tumor
cell pyroptosis in CRC tumors.

Many cellular processes in cancer are attributed to kinase
signaling networks. PIBK/AKT signaling pathway plays a major role
in regulating cancer cell pro-proliferative, antiapoptotic pathways,
and differentiation. The over activation of these pathways is
frequently observed in CRC, constituting a relevant target in cancer
therapy (Brown & Banerji, 2017; Song et al., 2019). The upregula-
tion of the PI3K/AKT signaling pathway is common in human
cancers, including CRC, therefore, targeting AKT could provide an
important approach for cancer prevention and treatment (Brown &
Banerji, 2017; Yao et al., 2020). However, whether PI3K/AKT
signaling pathway is involved in the SDG-induced pyroptosis
remains unclear. In this present study, we found that SDG treatment
significantly inhibited the phosphorylation of PI3K and AKT in
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HCT116 cells. Moreover, PI3K activator, 740Y-P inhibited the SDG-
induced pyroptosis in HCT116 cells, as indicated by the LDH assay.
These results suggest that, at least partially, PI3K/AKT signaling is
involved in the SDG-induced pyroptosis. As we all know, PISK/AKT
pathway is associated with an intrinsic apoptotic pathway charac-
terized by upexpression of BAX, release of cytochrome c from
mitochondria and activation of caspase-1 (J. Zhang et al., 2016).
Indeed, in our study, inhibited PI3K/AKT signaling pathway
increased activation of BAX and increased cleavage of caspase-1,
and GSDMD in HCT116 cells. Therefore, our results showed that
PIBK/AKT was likely an upstream regulator of caspase-1 mediated
GSDMD activation. Meanwhile, whether the inhibition of PI3K/AKT
signaling is directly related to caspase activation remains to be
further investigated.

Many studies have confirmed that ROS induced by SDG is critical
for its therapeutic effect on cancer (Bowers et al., 2019; Li et al.,
1999; Pietrofesa et al., 2016; Tannous et al., 2020). Consistently, our
study confirmed that SDG administration may lead to the activation
of the ROS, which in turn causing BAX-caspase-GSDMD signal axis
mediated pyroptosis in CRC cells. Moreover, we also proved that
NAC (a ROS scavenger) reversed the SDG-induced pyroptosis
induction and suppression of p-AKT in HCT116 cells. However,
ROS generation was not significantly affected by the PI3K/AKT
pathway inhibitor, implying that ROS is a regulator of PI3K/AKT
signaling. In addition, it was demonstrated that SDG inhibited PI3K/
AKT signaling pathway for pyroptosis induction. Based on these data,
our study concluded that SDG induced pyroptosis through BAX
-caspase-GSDMD pathway in CRC cells via the ROS/PI3K/AKT
signaling. Lastly, mechanistic experiments in nude mice further
demonstrated that SDG showed satisfactory antitumor activity, as
proved by tumor growth and immunohistochemistry assay. In vivo,
SDG significantly promotes the cleavage of GSDMD and inhibits
tumor growth and the expression of phosphorylated AKT. These data
indicate that SDG may promote the activation of the caspasel-
GSDMD canonical pyroptosis pathway by inhibiting PISK/AKT
signaling and exert its anticancer properties on CRC.



CHEN ET AL

1164
L wiL ey D

5 | CONCLUSIONS

This study found that SDG, a potential anticancer agent isolated from
flaxseed, significantly inhibited CRC in vitro and in vivo by affecting
the canonical pathway mediated by caspase-1. We further investi-
gated the underlying molecular mechanism and found that the
pro-pyroptosis activity of SDG is closely related to its ability to
stimulate ROS production, inhibit PI3K/AKT activation, and activate

BAX-mitochondrial intrinsic apoptotic pathway.
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