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Glioblastoma is one of the most common and lethal intracranial malignant, and is still lack

of ideal treatments. Kaempferol is a major nutrient found in various edible plants, which

has exhibited the potential for the treatment of glioblastoma. However, the specific anti-

glioma mechanism of kaempferol is yet to be studied. Herein, we aim to explore the

mechanisms underlying the anti-glioma activity of kaempferol. Our results demonstrated

that kaempferol suppresses glioma cell proliferation in vitro and inhibits tumor growth in

vivo. Moreover, kaempferol raises ROS and decreasesmitochondrial membrane potential

in glioma cells. The high levels of ROS induce autophagy then ultimately trigger the

pyroptosis of glioma cells. Interestingly, when we used 3-MA to inhibit autophagy, we

found that the cleaved form of GSDME was also decreased, suggesting that kaempferol

induces pyroptosis through regulating autophagy in glioma cells. In conclusion, this

study revealed kaempferol possesses good anti-glioma activity by inducing ROS, and

subsequently leads to autophagy and pyroptosis, highlighting its clinical potentials as a

natural nutrient against glioblastoma.
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INTRODUCTION

Glioblastoma (GBM) is one of the most aggressive type of cancers in central nervous system with
poor prognosis. Patients diagnosed with GBM have the median survival time range from 5 to 15
months while the 5-year survival rates range from 0 to 5% (Wen and Kesari, 2008; Tsitlakidis
et al., 2010; Ostrom et al., 2017). Despite tremendous effort has been devoted to develop novel
cancer therapies, the treatment of GBM remained relatively unchanged for decades and consists
of surgical resection followed by adjuvant chemoradiotherapy. Currently, Temozolomide (TMZ),
a first-line drug in the treatment of GBM, is the most effective regimen that increases the median
overall survival of GBMpatients from 12 to 14.6months, and increases the 2-year survival rate from
10.4 to 26.5%(Stupp et al., 2005). However, tumors will inevitably recur in most of cases and seem
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autophagy markers, ubiquitin-like molecule Light chain 3 (LC3)
and Sequestosome 1 (SQSTM1, also known as p62). Cleaved
LC3 will further lead to form phagophore and autophagosome.
The LC3-binding protein p62 is a specific substrate for
autophagy. Extensive accumulation of p62 as a scaffold protein
is associated with several signal pathways, including apoptosis.
Immunofluorescence images showed that kaempferol treatment
could increase LC3 expression in GBM cells (Figure 4A). Further
quantitative analysis by western blotting showed that kaempferol
treatment led to a conversion from LC3-I to LC3-II and increased
the expression of p62 in a dose-dependent manner (Figure 4B),

which supported that kaempferol induces autophagy
in GBM cells.

Mitophagy is a form of autophagy that selectively degrades
damaged or aged mitochondria, which occurred especially when
the mitochondrial membrane potential decreased. Since our
previous studies has confirmed that kaempferol could decrease
mitochondrial membrane potential and induce autophagy, we
wondered if kaempferol could induce mitophagy in GBM cells.
MitoTracker Red is a red fluorescent probe, which is specifically
used to stain mitochondria in living cell. LysoTracker Green is a
Green fluorescent labeled lysosome probe, which can selectively

FIGURE 4 | Kaempferol induced autophagy in U251 and U87MG cells. (A) The protein expression of LC3-I, LC3-II, and p62 detected by Western blotting. (B)

Immunofluorescence images of the LC3 and mitochondria. (C) U251 and U87MG cells stained with MitoTracker Red and LysoTracker Green. Lyso: lysosome; and

Mito: mitochondria. Data was presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control.
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stain the acid regions in living cells. LysoTracker Green and
MitoTracker Red co-staining showed that kaempferol increased
the expression and colocalization of lysosomes andmitochondria
(Figure 4C), indicating kaempferol could induce mitophagy in
GBM cells.

Kaempferol Induced Pyroptosis in Human
GBM Cells
ROS serves as an important inflammasome activation signal,
while inflammasome activation could further lead to pyroptosis,
a process of programmed cell death distinct from apoptosis
through activation of caspase and further leading to activation
of inflammatory cascade. Based on our findings that kaempferol
induces ROS generation, we were curious to know whether
kaempferol could induce pyroptosis in GBM cells. There are
three kinds of activation pathways in pyroptosis, canonical
inflammasome pathway, noncanonical inflammasome pathway
and a new-found GSDME-mediated pathway. GSDME-mediated
pyroptosis shares some early stage activation molecular with

apoptosis, such as caspase 3. We wondered if kaempferol
can induced apoptosis and trigger pyroptosis while activating
the same pro-caspase3, so we detected the cleaved form of
GSDME. As shown in Figure 5A, kaempferol could increase the
cleavage levels of GSDME, which suggested kaempferol could
induce pyroptosis in GBM cells. We also measured the mRNA
expression of the proinflammatory factor IL-1β and ASC, which
presented that the mRNA levels of IL-1β and ASC increased after
a 24 h treatment of kaempferol (Figure 5B).

Kaempferol Induced Pyroptosis Through
Regulating Autophagy in Human GBM Cells
In order to clarify the relationship between autophagy and
pyroptosis, we blocked ROS generation and autophagy pathway
by using antioxidant reagent N-acetyl-L-cysteine (NAC) and
PI3K inhibitor 3-Methyladenine (3-MA), respectively. The result
showed that NAC reduced the levels of kaempferol-inducing ROS
in both U87MG and U251 cells (Figure 6A). Furthermore, we
found that NAC reversed autophagy by decreasing the cleavage

FIGURE 5 | Kaempferol induced pyroptosis in glioma cells. (A) Western blotting showed the protein expression of GSDME, and c-GSDME in U251 and U87MG cells.

(B) qPCR showed the mRNA expression of IL-1β and ASC in glioma cells. Data was presented as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared

with the control.
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FIGURE 6 | Kaempferol induced pyroptosis through regulating autophagy in glioma cells. (A,B) U251 and U87MG cells were treated with or without NAC (5mM) for

2 h before a 12 h treatment of kaempferol (80µM). (A) ROS was detected by DCFDA-H2 staining. (B) Western blotting showed the protein expression of LC3,

GSDME, and c-GSDME in glioma cells. (C) Glioma cells were treated with or without 3-MA (5mM) for 2 h before a 12 h treatment of kaempferol (80µM), the

expression of LC3, GSDME, and c-GSDME was detected. Data was presented as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control.

levels of LC3 and reversed the pyroptosis by decreasing the
cleavage levels of GSDME (Figure 6B), which indicates that ROS
generation induced by kaempferol contributed to autophagy and
pyroptosis in GBM cells. We further used 3-MA to inhibit the
pathway of autophagy, and found that the levels of cleaved
form of LC3 was decreased as expected, while the levels of
cleaved form of GSDME also decreased (Figure 6C), suggesting
autophagy induced by kaempferol may lead to pyroptosis
in GBM cells.

DISCUSSION

Cancer is one of the biggest challenges to human health and the
second major cause of death in the world (Bray et al., 2018).
Most of the current chemotherapy drugs have systemic toxicity,
which limits their application in treating certain type of cancers.
Increasing evidence showed that diverse compounds derived
from natural products exhibited anti-cancer activities (Cragg and
Pezzuto, 2016). Most of these agents are abundantly present in
different plant-based food items, with low toxicity and multiple
biological activities, including antioxidant, antimetastatic and

anti-inflammatory activities, making them good candidates as
new antitumor drugs.

Flavonoids are widely present in plants in response to
microbial infection, with the structure of 2-phenylchromone
and a keto carbonyl group in their molecules, flavonoids have
a variety of biological activities, including antioxidant, anti-
inflammatory, anti-tumor, antibacterial and antiviral activities.
As one of the most common flavonoids, with broad range
of activity, and low toxicity compared with other compounds,
kaempferol is widely reported (Imran et al., 2019). Glioblastoma
is one of the most invasive and aggressive brain tumors,
most of them have high resistance against current therapies
(Stupp et al., 2005). It has been reported that kaempferol
inhibited both growth and migration of GBM cells, and
triggered ROS generation and apoptosis (Sharma et al., 2007;
Jeong et al., 2009). However, the underlying mechanisms of
kaempferol in inducing glioma cell death are still elusive.
Here, we verified that kaempferol could significantly inhibit
glioma in vitro and in vivo via triggering ROS and further
inducing autophagy and pyroptosis besides the commonly
known apoptosis.
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Increased generation of intracellular ROS may induce
programmed cell death, such as apoptosis, autophagy and
pyroptosis, via execution by lysosomal proteases or caspases (Li
et al., 2015). Autophagy is a highly sensitive cellular process
which can be induced in response to a wide range of stresses. A
number of studies have suggested that ROS induces autophagy
as upstream modulators (Filomeni et al., 2010; Szumiel, 2011).
In this study, we found that inhibition of ROS can reverse
the autophagy induced by kaempferol in human glioblastoma
cells, indicating that ROS generation induced by kaempferol
contributed to autophagy.

Pyroptosis is a type of programmed cell death with the feature
of pro-inflammatory and can be triggered by increasing ROS
and the subsequent activation of inflammasome-caspase-1-IL-
1β signaling. GSDME belongs to the gasdermin superfamily
and cleavage form of GSDME is an important marker of
pyroptosis (Wang et al., 2018). In this study, we found that
blocking ROS generation could reverse pyroptosis, suggesting
that kaempferol induced ROS and further contributing to
GSDME-mediated pyroptosis in glioma cells. Based on our
current findings, kaempferol could induce ROS and further
lead to both autophagy and pyroptosis. We were curious that
whether pyroptosis was functionally associated with autophagy.
The further results showed that inhibition of autophagy using
3-MA could reverse pyroptosis, demonstrating that pyroptosis
induced by kaempferol could be regulated by autophagy in
glioma cells.

In conclusion, kaempferol significantly inhibits the
proliferation of GBM cells both in vitro and vivo without
obvious toxicity and side effects. In addition to the common
apoptosis, kaempferol cause ROS and autophagy, which further
leads to pyroptosis in GBM cells. Taken together, kaempferol
represents a promising new anti-glioma candidate by inducing
apoptosis and triggering ROS-mediated pyroptosis through the
regulation of autophagy in GBM cells.
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