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Cell Division

Angelica acutiloba Kitagawa flower induces 
A549 cell pyroptosis via the NF-κB/NLRP3 
pathway for anti-lung cancer effects
Yonghu Chen1†, Fangying Zhu1,2†, Xianhua Che1, Yanwei Li1, Ning Li3, Zhe Jiang1* and Xuezheng Li1* 

Abstract 

Angelica acutiloba Kitagawa, a traditional medicinal herb of the Umbelliferae family, has been demonstrated to have 
anticancer activity. In this study, we investigated the anti-lung cancer effects of two compounds extracted from A. 
acutiloba flowers: kaempferol-3-O-α-L-(4″-E-p-coumaroyl)-rhamnoside (KAE) and platanoside (PLA). MTT, cell colony 
formation, and cell migration (scratch) assays revealed that both KAE (100 μM) and PLA (50 μM and 100 μM) inhibited 
the viability, proliferation, and migration of A549 cells. Dichlorodihydrofluorescein diacetate assays showed that KAE 
and PLA also induced the generation of reactive oxygen species in A549 cells. Morphologically, A549 cells swelled 
and grew larger under treatment with KAE and PLA, with the most significant changes at 100 μM PLA. Fluorescence 
staining and measurement of lactate dehydrogenase release showed that the cells underwent pyroptosis with con-
comitant upregulation of interleukin (IL)-1β and IL-18. Furthermore, both KAE and PLA induced upregulation of NF-κB, 
PARP, NLRP3, ASC, cleaved-caspase-1, and GSDMD expression in A549 cells. Subsequent investigations unveiled 
that these compounds interact with NLRP3, augment NLRP3’s binding affinity with ASC, and stimulate the assem-
bly of the inflammasome, thereby inducing pyroptosis. In conclusion, KAE and PLA, two active components of A. 
acutiloba flower extract, had significant anti-lung cancer activities exerted through regulation of proteins related 
to the NLRP3 inflammasome pathway.
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Introduction
According to survey studies [1, 2], in China the incidence 
of lung cancer ranks first among cancers, accounting for 
24.6% of cases, and the mortality rate of lung cancer is 
as high as 29.71%. Globally, the incidence of lung cancer 
is 11.4%, second only to that of breast cancer; however, 
it is the leading cause of cancer death, at 18% [3]. Lung 
cancer is divided into two main types [4]: non-small cell 
lung cancer (NSCLC) and the relatively less prevalent 
small cell lung cancer (SCLC). The NSCLC disease type 
comprises 85% of lung cancer cases [5], and its causative 
factors are diverse, including smoking, occupational dust 
exposure, environmental dust pollution, history of lung 
disease, and genetic influence. The pathogenesis is com-
plex and heterogeneous [6, 7]. The early manifestations 
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of lung cancer are symptoms common to general respira-
tory diseases, and it is unusual to observe disease-specific 
symptoms [8]. Therefore, most patients with lung cancer 
are diagnosed in the middle and late stages of disease, 
[9] missing the optimal timing for treatment. Therefore, 
there is an urgent need to investigate the pathogenesis of 
lung cancer and develop better treatment options.

It has been shown that pyroptosis is a type of pro-
grammed cell death characterized by high inflammation 
and the release of proinflammatory signals in parallel 
[10]. Pyroptosis and apoptosis are both programmed cell 
death processes, but they differ in the way cells undergo 
death. Pyroptosis is primarily triggered by inflammas-
omes, the Caspase family, and the GSDM family of 
proteins, with Gasdermin D (GSDMD) being a key com-
ponent. In pyroptosis, GSDMD is cleaved and trans-
ferred to the cell membrane, forming a pore that leads to 
cell swelling and the release of cell contents. In contrast, 
apoptosis is mainly associated with the Bcl2 protein fam-
ily and Caspase family. During apoptosis, the cell’s plasma 
membrane undergoes blistering, chromatin condensation 
occurs, but the membrane remains intact, and the cell 
volume decreases. Research has revealed that treatment 
with substances like cisplatin or adriamycin can increase 
GSDMD-dependent pyroptosis in human renal tubular 
epithelial and mesothelioma cell lines through the activa-
tion of caspase-1. Targeting Src to reactivate pyroptosis 
has proven to be pivotal in overcoming chemoresistance 
in lung and pancreatic cancer models [11]. Additionally, 
Shao et  al. [12] have discovered that inducing pyropto-
sis through GSDMB enhances anti-tumor immunity. 
Nanotuners can activate pyroptosis, inducing cancer cell 
death and thereby enhancing anti-tumor efficacy while 
minimizing systemic side effects [13]. An increasing body 
of research emphasizes the crucial role of pyroptosis in 
inhibiting the growth of lung cancer cells [14]. Current 
research shows that caspase-1 cleaves GSDMD, activat-
ing it and, on the other hand, facilitating the maturation 
of IL-1β and IL-18 [15, 16]. As a result, Caspase-1 actively 
participates in the process of pyroptosis [17]. The NLRP3 
inflammasome is a complex of at least three proteins: 
the sensor (NLRP3), the adaptor (ASC), and the effector 
(pro-caspase-1) [18, 19]. It is activated in two ways. In the 
first pathway, the initiation signal causes entry of nuclear 
factor (NF)-κB into the nucleus, which leads to increased 
levels of NLRP3, pro-IL-1β and pro-IL-18. The newly 
synthesised NLRP3 is involved in the assembly process of 
the inflammasome, which leads to caspase-1 maturation 
[20–22]. In an alternative pathway that directly activates 
inflammasome assembly, it was shown that reactive oxy-
gen species (ROS) can mediate the pore-forming activity 
of GSDMD by directly targeting the caspase-1 proteins 

involved in shearing. Both exogenous and endogenous 
ROS-induced stimuli cleave GSDMD, leading to cell 
membrane rupture and pyroptosis. Lactate dehydroge-
nase (LDH), an enzyme stabilised in the cytoplasm, is 
normally only found within the cell. When pyroptosis 
occurs, the plasma membrane is ruptured and LDH is 
rapidly released into the extracellular space, thus reflect-
ing the degree of pyroptosis [23]. Additionally, poly ADP-
ribose polymerase (PARP) has been widely studied as an 
apoptotic effector protein, but it also reportedly mediates 
the degradation of DNA and participates in the regula-
tion of pyroptosis [24, 25]. Hence, research simultane-
ously inquired into the influence of active ingredients on 
its expression by using PARP as one of the targets of 
NLRP3 inflammasome pathway-related proteins.

Angelica acutiloba Kitagawa is of the same botani-
cal family (Umbelliferae) and genus as Angelica sinensis 
Diels (ASD) [26, 27], and is often used as an alternative 
to ASD in Chinese herbal medicine [28]. Currently, the 
dried roots of A. acutiloba [29] are commonly used to 
treat irregular menstruation, dysmenorrhea, blood defi-
ciency amenorrhea, abdominal pain, and constipation 
[30, 31]. Furthermore, the continuous research on natu-
ral drug components of traditional medicines, which are 
gradually being explored for new pharmacologic effects 
[32], has revealed that the roots of A. acutiloba can alle-
viate inflammatory bowel disease [33], while its leaves 
have been shown to be effective in reducing hyperten-
sion [34]. However, the pharmacological effects of A. 
acutiloba flowers have not yet been studied, especially 
the anticancer effects. To this end, with reference to the 
tumour-related studies of ASD [35, 36], we investigated 
the specific mechanism of action of A. acutiloba flow-
ers extract on lung cancer in vitro. For the first time, this 
study elucidates the mechanism behind KAE and PLA 
inhibition of non-small cell lung cancer (NSCLC) in the 
A. acutiloba flowers. These findings provide a new scien-
tific basis for the development of natural anti-lung cancer 
drugs.

Results
Structural elaboration of compounds
The isolated compounds kaempferol-3-O-α-L-(4″-E-p-
coumaroyl)-rhamnoside (KAE) and platanoside (PLA) 
were measured by NMR spectroscopy at 1H-NMR 
(300  MHz,  CD3OD) and 13C-NMR (75  MHz,  CD3OD), 
with chemical shifts expressed as δ (ppm) (Fig. 1A). These 
data were compared with the literature to determine that 
this was the first report of KAE and PLA isolation from 
the genus Angelica [37].
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KAE and PLA reduce A549 cell viability
First, we conducted a preliminary screening to deter-
mine whether KAE and PLA had anticancer activity 
against A549 cells. After testing a series of concentra-
tion gradients, we found that the anticancer activity of 
KAE and PLA was concentration dependent: 100  μM 
KAE, and 50 μM and 100 μM PLA, significantly inhib-
ited A549 cell viability in vitro (Fig. 1B).

KAE and PLA inhibit A549 cell proliferation
KAE and PLA also had anti-proliferative effects on 
A549 cells at high concentrations. KAE was most effec-
tive when administered at a concentration of 100  μM, 
while PLA showed strong anti-proliferative effects at 
both 50 μM and 100 μM; additionally, these effects were 
enhanced over time (Fig.  2A). Cell colony formation 
assays were also used to investigate the proliferation and 
colony-forming ability of A549 cells treated with KAE 
(100  μM) or PLA (50  μM and 100  μM). The resulting 
A549 cell colonies showed that both compounds had 

significant anti-proliferative effects and reduced colony 
formation in a time-dependent manner (Fig. 2B).

KAE and PLA inhibit A549 cell migration
During the development of lung cancer, tumours show 
the ability to metastasise. Therefore, to evaluate the 
ability of KAE and PLA to inhibit the migration of 
A549 cells, we used a scratch assay to measure changes 
in the degree of healing at different time intervals. Both 
compounds inhibited cell migration. Compared with 
the control group, the scratch healing in the KAE- or 
PLA-treated A549 groups appeared to be slowed, with 
the degree of scratch healing increasing over time 
(Fig. 2C).

KAE and PLA promote LDH release in A549 cells
The activity of LDH in cell culture supernatants reflects 
the integrity of the cell membrane and may be used the 
estimate the degree of release of cell contents and thus 
the state of cellular health [38]. Therefore, we examined 
the effect of treatment with KAE or PLA on the level of 

Fig. 1 Two new A. acutiloba compounds with anticancer activity against A549 cells. A Chemical structures of KAE and PLA. B MTT assay of A549 
cell viability under 24 h treatment with a negative control, docetaxel, or a range of concentrations of KAE or PLA; *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
control group
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LDH release into the cell culture medium (Fig. 3A). Com-
pared with the untreated control, both compounds sig-
nificantly promoted the release of LDH.

KAE and PLA induce elevated ROS levels in A549 cells
Next, we examined the effect of treatment with KAE 
or PLA on the regulation of ROS production in A549 

Fig. 2 Inhibitory effects of KAE and PLA on proliferation and migration of A549 cells. A MTT assay of A549 cell viability showing the anti-proliferative 
effects of treatment with the indicated concentrations of KAE and PLA for 24, 48, and 72 h. B Colony formation assay of A549 cells under treatment 
with KAE (100 μM) or PLA (50 μM and 100 μM) for 3, 6, 12, and 24 h. C Cell migration (scratch) assay and quantitative analysis of A549 cells 
under treatment with 100 μM KAE or 50 μM and 100 μM PLA for 6, 12, and 24 h; **P < 0.01, ***P < 0.001 vs. control group
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cells (Fig. 3B). Administration of KAE or PLA led to an 
increase in the number of cells with green fluorescence 
and enhanced the fluorescence intensity, indicating that 
both compounds increased the level of ROS release from 
A549 cells.

KAE and PLA promote pyroptosis of A549 cells
Treatment of A549 cells with KAE or PLA led to a vari-
ety of responses over time, including cell swelling, the 
appearance of large membrane vesicles in monolayers, 
and the release of a large amount of cellular contents, 
indicating that the cells underwent pyroptosis (Fig. 4A). 
PLA at 100 μM led to the most pronounced changes in 
A549 cell morphology [39].

Hoechst 33342/PI combination staining (Fig.  4B) 
revealed that both KAE and PLA promoted A549 
pyroptosis and increased the percentage of PI-positive 
cells, which was highest under 100  μM PLA. Annexin 
V-FITC/PI co-staining and analysis of pyroptosis using 

flow cytometry [40–42] (Fig.  4C) showed that treat-
ment of A549 cells with KAE or PLA led to significant 
increases and decreases in the proportions of dead cells 
and viable cells, respectively, in the Q2 and Q3 zones of 
the scatterplot compared with the control group. Again, 
the most significant effect was observed 100  μM PLA. 
Furthermore, ELISAs demonstrated that KAE and PLA 
upregulated the expression levels of inflammatory factors 
IL-1β and IL-18 in the supernatants of A549 cell cultures 
(Fig. 4D).

KAE and PLA exert anticancer activities in vitro 
through regulation of NLRP3 inflammasome 
pathway‑associated proteins
Western blotting was used to examine the effects of 
KAE and PLA on the expression of NLRP3 inflam-
masome pathway-associated proteins. As shown in 
Fig.  5, both factors upregulated the expression levels 
of NLRP3, NF-κB, ASC, PARP, cleaved-caspase-1, and 

Fig. 3 Promotion of the release of LDH and ROS by KAE and PLA in A549 cells. A and B LDH release assay (A) and DCFH-DA assay of ROS (B) in A549 
cells treated with KAE (100 μM) or PLA (50 μM and 100 μM); **P < 0.01, ***P < 0.001 vs. control group
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Fig. 4 KAE- and PLA-mediated pyroptosis and upregulation of inflammatory factors in A549 cells. A Morphological effects of KAE and PLA on A549 
cells: note cell swelling, formation of pore vesicles on the plasma membrane, and pyroptosis that was particularly obvious under 100 μM PLA. B 
and C Staining of A549 cells separately using Hoechst 33,342/PI (B) and Annexin V-FITC/PI (C) to examine the effects of KAE and PLA treatment 
on A549 pyroptosis. D ELISA of IL-1β and IL-18 expression levels in A549 cells. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group
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GSDMD, a pathway-related protein. Furthermore, for 
PLA, the enhancement of expression of NLRP3 inflam-
masome pathway proteins was dose dependent (Fig. 5). 
Taken together, it appears that the KAE- and PLA-
induced pyroptosis of A549 cells was induced in part 
through the activation and expression of the NLRP3 
inflammasome, which had significant anticancer effects 
in A549 cells in vitro.

KAE and PLA induce pyroptosis in A549 cells by triggering 
the activation of NLRP3 expression
The stability of a protein typically increases upon binding 
with a drug to the target protein, and the degradation of 
the target protein tends to decrease as the temperature 
rises. Exploring the underlying mechanism of KAE and 
PLA in promoting pyroptosis in A549 cells, we observed 
that the degradation of NLRP3 protein in the KAE and 
PLA group slowed down as the temperature increased, 

Fig. 5 Effects of KAE and PLA on the expression of NLRP3 inflammasome pathway-associated proteins. Western blotting of NLRP3, ASC, caspase-1, 
GSDMD, NF-κB, and PARP in in A549 cells treated with KAE (100 μM) or PLA (50 μM and 100 μM). *P < 0.05, **P < 0.01, ***P < 0.001 vs. β-actin internal 
control
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suggesting a potential association between drug-induced 
cellular pyroptosis and NLRP3 binding (Fig.  6A). To 
investigate this further, NLRP3 protein was immunopre-
cipitated using the immunoprecipitation technique to 
assess the expression of the ASC protein interacting with 
NLRP3. The results (Fig. 6B) revealed that both KAE and 
PLA upregulated NLRP3 expression and enhanced the 
binding of NLRP3 to ASC, facilitating the assembly of 
the NLRP3 inflammasome, consequently leading to the 
induction of pyroptosis.

Discussion
In this study, two active components extracted from the 
flowers of A. acutiloba—KAE and PLA—were investi-
gated for the first time, revealing potential roles for each 
in lung cancer treatment. An initial preliminary screening 
of these extracts showed that both compounds had inhib-
itory effects on the viability of A549 cells, leading us to 
screen for the effective concentrations of KAE and PLA. 
Inhibition of cancer cell proliferation in the early stage 
is the key to preventing the development of tumours. 
Therefore, we observed the changes in A549 cell viability 
under treatment with KAE or PLA for 24, 48, and 72 h, 
and also evaluated their inhibitory effects on cell prolif-
eration via colony formation assay. Our findings showed 
that KAE and PLA significantly inhibited the prolifera-
tion of A549 cells in a concentration-dependent manner. 

Tumour metastasis is often the main reason for the fail-
ure of cancer treatment. To simulate the in  vivo meta-
static process of cancer cells, we evaluated the effects of 
KAE and PLA on A549 cells in  vitro using the scratch 
assay. KAE and PLA significantly inhibited scratch heal-
ing, indicating that they may inhibit cell migration. Cells 
undergoing different types of death processes undergo 
distinct changes in growth status. Apoptotic cells crum-
ple and become smaller, with the cell membrane remain-
ing largely intact until it becomes an apoptotic body. By 
contrast, pyroptotic cells swell and become larger, with 
pore formation in the plasma membrane followed by 
rupture of the cell membrane and loss of integrity, which 
lead to the release of intracellular material and cause an 
inflammatory cascade. In this study, cell staining and flow 
cytometry were used to demonstrate that KAE and PLA 
induced pyroptosis in A549 cells.

We also found that KAE and PLA caused oxidative 
stress in A549 cells, leading to the generation of ROS and 
activation of NF-κB [43], a transcription factor involved 
in a variety of important processes, including inflamma-
tion, immunity, and tumour development. NF-κB is an 
important regulator of the production of inflammatory 
factors and, upon activation, enters the nucleus to regu-
late transcription and translation, including the increased 
content of NLRP3 proteins [44]. NF-κB thereby mediates 
the NLRP3 inflammasome and triggers the activation of 

Fig. 6 KAE and PLA exert their effects by targeting the NLRP3 protein and activating the NLRP3 inflammasome. A CETSA was employed 
to investigate the interaction between KAE, PLA, and NLRP3. B Immunoprecipitation studies further demonstrated that KAE and PLA 
not only up-regulated the expression of NLRP3 but also enhanced its binding to ASC. ***P < 0.001 vs. control group
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caspase-1, which then simultaneously reacts by shear-
ing GSDMD, pro-IL-1β, and pro-IL-18 [45]. Shan et  al. 
reported that, in lung cancer cells, sheared GSDMD 
forms pores in the cell membrane, leading to disruption 
of the ionic balance on both sides of the cell membrane, 
cell swelling and rupture, and ultimately pyroptosis [46]. 
In this study, we sought to verify their results by not only 
measuring the degree of release of cellular contents, but 
also by detecting proteins related to the NLRP3 inflam-
masome pathway. Our results showed that both KAE and 
PLA effectively increased the release of LDH from A549 
cells, upregulating the expression levels of the pathway 
proteins as well as IL-1β and IL-18. A schematic diagram 
of this mechanism is provided in Fig. 7.

PARP is mainly found in the nucleus and acts as a 
sensor for cellular DNA damage, reflecting changes in 
cellular DNA. This protein is commonly used in apop-
tosis studies, but less so in pyroptosis studies [24, 25]. 

We sought to better understand the role of PARP in 
pyroptosis. Therefore, in our experiments, PARP was 
used as an indicator so as to observe the association 
between PARP and pyroptosis. We found that KAE and 
PLA upregulated PARP expression, implying that A549 
cells died in response to treatment with each of the two 
compounds; however, the exact mechanisms by which 
KAE and PLA regulate this protein and lead to DNA 
damage require further investigation. Our findings pro-
vide a solid foundation for the development of KAE and 
PLA as therapeutic agents for lung cancer.

One potential limitation of our study of KAE with 
PLA against lung cancer is that it was limited to in vitro 
experiments at the cellular level. Further investigations 
are required to validate the anti-lung cancer effects of 
KAE and PLA in vivo.

Fig. 7 Mechanism of NLRP3 inflammasome activation and activities of associated proteins. KAE and PLA induce the NLRP3 inflammasome 
to assemble by increasing ROS levels, further upregulating NF-κB, NLRP3, and ASC protein expression, and thereby activating caspase-1 to shear its 
target protein GSDMD and induce pyroptosis
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Conclusions
The chemical components of A. acutiloba flowers, namely 
KAE and PLA, demonstrated significant cytotoxic effects 
on lung cancer cells at administration concentrations of 
50 μM and 100 μM. This led to the promotion of pyrop-
tosis, thereby inhibiting the proliferation and migration 
of cancer cells and exhibiting potent anticancer activity 
in vitro. The mechanism underlying the anti-lung cancer 
effects of these two components was found to be related 
to the regulation of protein expression in the NLRP3 
inflammasome pathway.

Materials and methods
Collection of A. acutiloba flowers and extraction 
and isolation of active compounds
Flowers collected from Longjing City, Yanbian Korean 
Autonomous Prefecture, Jilin Province, China, were iden-
tified as flowers of A. acutiloba by Professor Guanghai 
Shen, College of Pharmacy, Yanbian University. They are 
currently stored in the Specimen Library of the College 
of Pharmacy, Yanbian University (No. 20170327).

Dried A. acutiloba flowers (8.0  kg) were extracted 
using 95% ethanol (48.0 L × 3) and heating under reflux 
(2 h). The resulting ethanol extracts were decompressed 
and concentrated under reduced pressure to obtain a 
concrete (1.7  kg). The alcohol extract was mixed with 
water in equal volume and extracted three times to 
obtain a petroleum ether layer (215.6  g), an ethyl ace-
tate layer (125.3  g), and an n-butanol layer (240.7  g), in 
this order. The ethyl acetate extract (95.0 g) of A. acuti-
loba flower was taken and subjected to gradient elution 
using normal-phase silica gel column chromatography 
with dichloromethane:methanol (100:0 ~ 0:100), from 
which 10 flow fractions (Fr1–Fr10) were obtained. From 
these, KAE (65.3 mg) and PLA (93.5 mg) were obtained 
using normal-phase silica gel column chromatogra-
phy (dichloromethane:methanol) with Sephadex LH-20 
(methanol) for the separation of Fr6 (5.4 g), and resolved 
by 1H-nuclear magnetic resonance (NMR) and 13C-NMR 
spectroscopy on an AV-300 (Bruker, Switzerland).

Cell culture
The human NSCLC cell line A549 was obtained from the 
Kunming Cell Bank, Chinese Academy of Sciences. A549 
cells were cultured using DMEM (containing 10% FBS 
and 1% PS (Gemini, USA)) medium (Hyclone, USA) and 
grown in an incubator at 37 °C with 5%  CO2 in an incu-
bator (Thermo, USA).

Sample preparation
KAE and PLA were each solubilised using and diluted to 
prepare a series of concentration gradients. For treatment 

of cells, samples of each compound were diluted in 
medium such that the final concentration of DMSO in 
cell cultures was less than 0.1%.

Docetaxel, which was used as a positive control, was 
prepared by accurately weighing pharmaceutical-grade 
standard docetaxel (100666–201704, China Academy of 
Food and Drug Administration) and diluting to a 16 μM 
stock solution with DMSO [47]. For treatment of cells, 
the stock solution was diluted in medium to a final con-
centration of 16 nM.

MTT assay for cell viability
A549 cells were grown to 80–90% confluence, then 
evenly distributed in 96-well plates, with an average of 
1 ×  104 cells per well. After 24 h in 96-well plates, the cells 
were treated with docetaxel, a concentration gradient of 
KAE or PLA, with three replicate wells for each concen-
tration. Cells were treated for 24, 48, or 72 h, then MTT 
reagent was added (2.5 mg/mL; Bio Froxx, Germany) for 
a 2 h incubation protected from light. The medium was 
aspirated and discarded, 100  μL DMSO was added to 
each well, and the plates were transferred to microplate 
reader (BioTek, USA) for measurement of optical density 
(OD) at 490 nm.

Cell colony formation assay
A549 cells were grown to 80–90% confluence, and then 
evenly distributed in six-well plates at 3000 cells/well. 
After 24 h in six-well plates, the cells were treated with 
KAE or PLA for different time. The cultures were contin-
ued and regularly changed with fresh drug-free medium 
until the end of the culture on day 14 [48]. As the end of 
the experiment, the culture medium was discarded, and 
cells were washed and fixed for 60 min, then stained with 
crystalline violet (0.1% aqueous solution; China Shanghai 
Yuanye Biotechnology Co., Ltd., China) for 2 min. After 
washing the cells with depleted deuterium water, images 
were taken with a digital camera (Canon, China) under 
dry conditions at room temperature.

Cell migration (scratch) assay
A549 cells 2.4 ×  105/well were cultured in six-well plates 
to ≥ 90% confluence. The monolayers were scratched, the 
medium was aspirated, the cells were washed with PBS, 
and culture was continued in KAE- or PLA-containing 
medium for all except the control group. Photographs of 
each group were taken at different time points for 24  h 
using an inverted integrated microscope (ECHO, USA).

LDH release assay
A549 cells were evenly distributed in 24-well plates and 
treated with KAE or PLA 24  h later. At the end of the 
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treatment, LDH assay working solution was added and 
incubated for 1 h. As a positive control, 100-μL aliquots 
of LDH release reagent was added to each well and mixed 
1 h before the LDH assay (China Biyuntian Biotechnol-
ogy Co., Ltd). Control wells with only culture solution 
were also set up as a negative control. At the end of the 
incubation, OD values were determined at 490 nm using 
microplate reader.

Fluorescent dichlorodihydrofluorescein diacetate 
(DCFH‑DA) assay of ROS
A549 cells were evenly distributed in 60-mm culture 
dishes containing 3  mL culture medium (5.4 ×  105 cells/
dish). After 24 h, 3 mL fresh medium was added to the 
blank control group, and 3 mL KAE- or PLA-containing 
medium was added to the treatment groups [17] for 24 h. 
The treatment + medium was then aspirated, replaced 
with 1:1000 configured serum-free medium containing 
DCFH-DA, and incubated in the cell culture incuba-
tor for 20 min. Images were collected and analysed after 
washing the cells with serum-free medium.

Detection of pyroptosis by flow cytometry
A549 cells were cultured in six-well plates at a density 
of 1.2 ×  105 cells/mL and treated with KAE or PLA 24 h 
later. The treated cells were then collected, washed, and 
re-suspended in 500  μL combined with a buffer. The 
cell samples were mixed with 5 μL annexin V-FITC dye 
(China Wan Class Biotechnology Co., Ltd., China) fol-
lowed by 10 μL propidium iodide (PI) dye and incubated 
for 15  min at room temperature, protected from light, 
then analysed using a flow cytometer (Becton Dickinson 
Biosciences, USA).

Hoechst 33342/PI fluorescence staining
Logarithmically grown A549 cells were evenly distributed 
in six-well plates and cultured for 24 followed by treat-
ment with KAE or PLA for 24 h. To detect the effect of 
each treatment on pyroptosis, the medium was aspirated 
and discarded, and 5 μL staining buffer and Hoechst 
33342/PI the two staining solutions were mixed succes-
sively, and incubated with the cells for 40  min, washed 
once with PBS, and observed under a fluorescent micro-
scope (ECHO, USA).

ELISA of inflammatory factors
Supernatants of KAE or PLA-treated A549 cell cultures 
were collected and centrifuged. The levels of IL-1β and 
IL-18 in the supernatants were detected using an assay 
kit (Jiangsu Meibiao Bio-technology Co., Ltd., China) and 

the OD values were measured at 450  nm using micro-
plate reader.

Cellular thermal shift assay (CETSA)
A549 cells were cultivated in 60  mm Petri dishes and 
processed in accordance with the previously described 
method [49]. Eight samples were collected from each 
group, with each sample measuring 100 µL. The samples 
were subjected to temperature incubation at 37, 40, 43, 
46, 49, 52, 55, and 58 °C for 3 min, followed by two cycles 
of freezing and thawing in liquid nitrogen. Subsequently, 
the samples were centrifuged at 20,000  g at 4  °C for 
10 min. The resulting supernatant was then mixed with 
sample buffer for Western blotting.

Co‑immunoprecipitation
A549 cells were harvested and gently lysed in RIPA buffer 
for 15 min. The lysed samples were quantified and then 
aliquoted using a BCA kit (Solarbio, China). Target anti-
bodies or IgG were introduced to the individual samples, 
followed by an overnight incubation at 4  °C. Subse-
quently, 15 μL of magnetic beads were incorporated into 
the samples and incubated at room temperature for 1 h. 
After a PBS wash, Western blotting was conducted by 
adding the sample buffer.

Western blotting
A549 cells were cultured on plates for 24 followed by 
treatment with KAE or PLA for 24 h, then used to pre-
pare protein samples. BCA kit was used to quantify the 
protein concentrations. An appropriate amount of each 
protein sample was selected for polyacrylamide gel 
electrophoresis, and then transferred to polyvinylidene 
fluoride membranes, which were blocked for 1  h and 
incubated with primary antibody overnight at 4  °C with 
slow shaking. The membranes were then washed with 
TBST and immersed in secondary antibody working 
solution for 1.5 h. Antibody dilution ratios are provided 
in the Additional file  1: Table  1. Spots were detected 
using a gel imager (ProteinSimple, USA) and analysed in 
grey scale using ImageJ 8.0 software.

Statistical analysis
Data were statistically analysed and graphed using 
GraphPad Prism 7.0. At least three sets of data were 
collected from each experiment and are expressed as 
means ± standard deviation. The significance levels of 
between-group differences were analysed using one-way 
analysis of variance or paired t-tests.



Page 12 of 13Chen et al. Cell Division           (2023) 18:19 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13008- 023- 00102-w.

 Additional file 1: Table 1. Methods of primary antibody and secondary 
antibody dilution.

Author contributions
ZJ and XL conceived the experiments and proofread the paper. YC, FZ, and YL 
performed experiments and data collection; XC and NL analyzed the data. YC 
and FZ wrote the manuscript. 

Funding
This work was supported in part by the National Natural Science Foundation 
of China (Grant No. 82260820) and the Natural Science Foundation of Jilin 
Province, Jilin, China (Grant No. YDZJ202201ZYTS155).

 Availability of data and materials
All the data generated or analyzed during this study are included in this arti-
cle. Further inquiries can be directed to the corresponding author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors provided consent for publication of the manuscript.

Competing interests
The authors declare no competing interests.

Received: 7 September 2023   Accepted: 25 October 2023

References
 1. Zheng R, Zhang S, Zeng H, Wang S, Sun K, Chen R, et al. Cancer incidence 

and mortality in China, 2016. J Nati Cancer Center. 2022;2(1):1–9.
 2. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer 

J Clin. 2021;71(1):7–33.
 3. Lai IC, Liao CH, Hu MH, Chang CL, Lai GM, Chiou TJ, et al. Selenium yeast 

and fish oil combination diminishes cancer stem cell traits and reverses 
cisplatin resistance in A549 sphere cells. Nutrients. 2022;14(15):3232.

 4. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer 
J Clin. 2022;72(1):7–33.

 5. Zhao F, Wang Z, Li Z, Liu S, Li S. Identifying a lactic acid metabolism-
related gene signature contributes to predicting prognosis, immuno-
therapy efficacy, and tumor microenvironment of lung adenocarcinoma. 
Front Immunol. 2022;13: 980508.

 6. Li W, Feng SS, Wu H, Deng J, Zhou WY, Jia MX, et al. Comprehensive 
analysis of CDK1-associated ceRNA network revealing the key pathways 
LINC00460/LINC00525-Hsa-Mir-338-FAM111/ZWINT as prognostic 
biomarkers in lung adenocarcinoma combined with experiments. Cells. 
2022;11(7):1220.

 7. GBD. Prevalence and attributable health burden of chronic respiratory 
diseases, 1990–2017: a systematic analysis for the Global Burden of 
Disease Study 2017. Lancet Respir Med. 2020;8(6):585–96.

 8. Yu JE, Yeo IJ, Son DJ, Yun J, Han SB, Hong JT. Anti-Chi3L1 antibody sup-
presses lung tumor growth and metastasis through inhibition of M2 
polarization. Mol Oncol. 2022;16(11):2214–34.

 9. Meng S, Li Q, Zhou Z, Li H, Liu X, Pan S, et al. Assessment of an exhaled 
breath test using high-pressure photon ionization time-of-flight mass 
spectrometry to detect lung cancer. JAMA Netw Open. 2021;4(3): 
e213486.

 10. Ye L, Li G, Goebel A, Raju AV, Kong F, Lv YF, et al. Caspase-11-mediated 
enteric neuronal pyroptosis underlies western diet-induced colonic 
dysmotility. J Clin Invest. 2020;130(7):3621–36.

 11. Su L, Chen Y, Huang C, Wu S, Wang X, Zhao X, et al. Targeting Src reac-
tivates pyroptosis to reverse chemoresistance in lung and pancreatic 
cancer models. Sci Transl Med. 2023;15(678):l7895.

 12. Zhou Z, He H, Wang K, Shi X, Wang Y, Su Y, et al. Granzyme A from cyto-
toxic lymphocytes cleaves GSDMB to trigger pyroptosis in target cells. 
Science. 2020. https:// doi. org/ 10. 1126/ scien ce. aaz75 48.

 13. Chen B, Yan Y, Yang Y, Cao G, Wang X, Wang Y, et al. A pyroptosis nano-
tuner for cancer therapy. Nat Nanotechnol. 2022;17(7):788–98.

 14. Hou J, Zhao R, Xia W, Chang C-W, You Y, Hsu JM, et al. PD-L1-mediated 
gasdermin C expression switches apoptosis to pyroptosis in cancer cells 
and facilitates tumour necrosis. Nat Cell Biol. 2020;22(10):1264–75.

 15. Swanton T, Beswick JA, Hammadi H, Morris L, Williams D, Cesco Sd, et al. 
Selective inhibition of the  K+ efflux sensitive NLRP3 pathway by  Cl- chan-
nel modulation. Chem Sci. 2020;11(43):11720–8.

 16. Chen Y, Zhang Y, Li N, Jiang Z, Li X. Role of mitochondrial stress and the 
NLRP3 inflammasome in lung diseases. Inflamm Res. 2023;72(4):829–46.

 17. Doerflinger M, Deng Y, Whitney P, Salvamoser R, Engel S, Kueh AJ, et al. 
Flexible usage and interconnectivity of diverse cell death pathways 
protect against intracellular infection. Immunity. 2020;53(3):533-547.e7.

 18. Tang H, Li J, Zhou Q, Li S, Xie C, Niu L, et al. Vagus nerve stimulation 
alleviated cerebral ischemia and reperfusion injury in rats by inhibiting 
pyroptosis via α7 nicotinic acetylcholine receptor. Cell Death Discov. 
2022;8(1):54.

 19. Shen T, Wu Y, Wang X, Wang Z, Li E, Zhou C, et al. Activating SIRT3 in 
peritoneal mesothelial cells alleviates postsurgical peritoneal adhesion 
formation by decreasing oxidative stress and inhibiting the NLRP3 inflam-
masome. Exp Mol Med. 2022;54(9):1486–501.

 20. Wang G, Jin S, Huang W, Li Y, Wang J, Ling X, et al. LPS-induced 
macrophage HMGB1-loaded extracellular vesicles trigger hepatocyte 
pyroptosis by activating the NLRP3 inflammasome. Cell Death Discov. 
2021;7(1):337.

 21. Liu XS, Xing Y, Li MY, Zhang ZH, Wang JY, Ri M, et al. Licochalcone A 
inhibits proliferation and promotes apoptosis of colon cancer cell by 
targeting programmed cell death-ligand 1 via the NF-κB and Ras/Raf/
MEK pathways. J Ethnopharmacol. 2021;273: 113989.

 22. Huot-Marchand S, Nascimento M, Culerier E, Bourenane M, Savigny F, 
Panek C, et al. Cigarette smoke-induced gasdermin D activation in bron-
choalveolar macrophages and bronchial epithelial cells dependently on 
NLRP3. Front Immunol. 2022;13: 918507.

 23. Chen F, Jiang G, Liu H, Li Z, Pei Y, Wang H, et al. Melatonin alleviates 
intervertebral disc degeneration by disrupting the IL-1β/NF-κB-NLRP3 
inflammasome positive feedback loop. Bone Res. 2020;8:10.

 24. Rathinam VAK, Fitzgerald KA. Inflammasome complexes: emerging 
mechanisms and effector functions. Cell. 2016;165(4):792–800.

 25. Erkes DA, Cai W, Sanchez IM, Purwin TJ, Rogers C, Field CO, et al. Mutant 
BRAF and MEK inhibitors regulate the tumor immune microenvironment 
via pyroptosis. Cancer Discov. 2020;10(2):254–69.

 26. Zhu WL, Zheng JY, Cai WW, Dai Z, Li BY, Xu TT, et al. Ligustilide improves 
aging-induced memory deficit by regulating mitochondrial related 
inflammation in SAMP8 mice. Aging. 2020;12(4):3175–89.

 27. Jin W, Zhang Y, Su X, Tang G, Xie Z, Wang R, et al. First report of 
apple latent spherical virus infecting Angelica sinensis. Plant Dis. 
2022;107(4):1252.

 28. Liu IM, Tzeng TF, Liou SS, Chang CJ. Angelica acutiloba root attenuates 
insulin resistance induced by high-fructose diet in rats. Phytother Res. 
2011;25(9):1283–93.

 29. Hara AN, Nagao M, Takasaki K, Egashira N, Fujikawa R, Kubota K, et al. The 
Japanese Angelica acutiloba root and yokukansan increase hippocampal 
acetylcholine level, prevent apoptosis and improve memory in a rat 
model of repeated cerebral ischemia. J Ethnopharmacol. 2018;214:190–6.

 30. Zhang Y, Li W, Chen TT, Yang Y, Wu MY, Luo JY, et al. Chemical fingerprint 
analysis and ultra-performance liquid chromatography quadrupole time-
of-flight mass spectrometry-based metabolomics study of the protective 
effect of buxue yimu granule in medical-induced incomplete abortion 
rats. Front Pharmacol. 2020;11: 578217.

 31. Nguyen P, Kim KY, Kim AY, Kang S, Osabutey AF, Jin H, et al. The addi-
tive memory and healthspan enhancement effects by the combined 

https://doi.org/10.1186/s13008-023-00102-w
https://doi.org/10.1186/s13008-023-00102-w
https://doi.org/10.1126/science.aaz7548


Page 13 of 13Chen et al. Cell Division           (2023) 18:19  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

treatment of mature silkworm powders and Korean Angelica extracts. J 
Ethnopharmacol. 2021;281: 114520.

 32. Tong T, Hu HW, Zhou JW, Deng SF, Zhang XT, Tang WT, et al. Glycyrrhi-
zic-acid-based carbon dots with high antiviral activity by multisite inhibi-
tion mechanisms. Small. 2020;16(13): e1906206.

 33. Huang Y, Zhang Y, Wan T, Mei Y, Wang Z, Xue J, et al. Systems pharmacol-
ogy approach uncovers Ligustilide attenuates experimental colitis in 
mice by inhibiting PPARγ-mediated inflammation pathways. Cell Biol 
Toxicol. 2021;37(1):113–28.

 34. Watanabe Y, Nessa N, Toba H, Kobara M, Nakata T. Angelica acutiloba 
Exerts antihypertensive effect and improves insulin resistance in 
spontaneously hypertensive rats fed with a high-fat diet. Pharmacology. 
2022;107(3–4):188–96.

 35. Oliveira CR, Spindola DG, Garcia DM, Erustes A, Bechara A, Palmeira-Dos-
Santos C, et al. Medicinal properties of Angelica archangelica root extract: 
Cytotoxicity in breast cancer cells and its protective effects against in vivo 
tumor development. J Integr Med. 2019;17(2):132–40.

 36. Kweon B, Han YH, Kee JY, Mun JG, Jeon HD, Yoon DH, et al. Effect of 
Angelica gigas Nakai ethanol extract and decursin on human pancreatic 
cancer cells. Molecules. 2020;25(9):2028.

 37. Hu YW, Geng FF, Che XH, Li N, Jiang Z, Li XZ. Isolation andidentification of 
chemical constituents from the flowers of Angelica acutiloba Kitagawa. J 
Shenyang Pharmac Univ. 2022;39(11):1312–7.

 38. Cheng Z, Li Z, Gu L, Li L, Gao Q, Zhang X, et al. Ophiopogonin B alleviates 
cisplatin resistance of lung cancer cells by inducing Caspase-1/GSDMD 
dependent pyroptosis. J Cancer. 2022;13(2):715–27.

 39. Hu JJ, Liu X, Xia S, Zhang Z, Zhang Y, Zhao J, et al. FDA-approved disul-
firam inhibits pyroptosis by blocking gasdermin D pore formation. Nat 
Immunol. 2020;21(7):736–45.

 40. Qiu YB, Wan BB, Liu G, Wu YX, Chen D, Lu MD, et al. Nrf2 protects against 
seawater drowning-induced acute lung injury via inhibiting ferroptosis. 
Respir Res. 2020;21(1):232.

 41. Luo X, Bao X, Weng X, Bai X, Feng Y, Huang J, et al. The protective effect of 
quercetin on macrophage pyroptosis via TLR2/Myd88/NF-κB and ROS/
AMPK pathway. Life Sci. 2022;291: 120064.

 42. Li W, Wang K, Liu Y, Wu H, He Y, Li C, et al. A novel drug combination of 
mangiferin and cinnamic acid alleviates rheumatoid arthritis by inhibit-
ing TLR4/NFκB/NLRP3 activation-induced pyroptosis. Front Immunol. 
2022;13: 912933.

 43. Zhang JM, Jing Y, Wang K, Jiao JT, Xu JY, Shi J, et al. Inhibition of heat 
shock protein 90 attenuates the damage of blood-brain barrier 
integrity in traumatic brain injury mouse model. Oxid Med Cell Longev. 
2022;2022:5585384.

 44. Tang J, Tu S, Lin GX, Guo H, Yan CK, Liu QJ, et al. Sequential ubiquitina-
tion of NLRP3 by RNF125 and Cbl-b limits inflammasome activation and 
endotoxemia. J Exp Med. 2020;217(4): e20182091.

 45. Xiong X, Zuo Y, Cheng L, Yin Z, Hu T, Guo M, et al. Modafinil reduces 
neuronal pyroptosis and cognitive decline after sleep deprivation. Front 
Neurosci. 2022;16: 816752.

 46. Shan Q, Liu N, Wang X, Zhu Y, Yin J, Wang J. Lactobacillus rhamnosus GR-1 
attenuates foodborne Bacillus cereus-induced NLRP3 inflammasome 
activity in bovine mammary epithelial cells by protecting intercellular 
tight junctions. J Anim Sci Biotechnol. 2022;13(1):101.

 47. Cao W, Yang Q, Yuan Z, Li H, Wang W, Xiao X, et al. Gemcitabine inhibits 
cisplatin resistance in cisplatin-resistant A549 cells by upregulating trx-
interacting protein and inducing cell cycle arrest. Biochem Biophys Res 
Commun. 2020;524(3):549–54.

 48. Xu YJ, Hu YM, Qin C, Wang F, Cao W, Yu YW, et al. CacyBP promotes the 
proliferation and invasion of non-small cell lung cancer. Zhonghua 
Zhong Liu Za Zhi. 2021;43(9):924–31.

 49. Jafari R, Almqvist H, Axelsson H, Ignatushchenko M, Lundbäck T, Nord-
lund P, et al. The cellular thermal shift assay for evaluating drug target 
interactions in cells. Nat Protoc. 2014;9(9):2100–22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Angelica acutiloba Kitagawa flower induces A549 cell pyroptosis via the NF-κBNLRP3 pathway for anti-lung cancer effects
	Abstract 
	Introduction
	Results
	Structural elaboration of compounds
	KAE and PLA reduce A549 cell viability
	KAE and PLA inhibit A549 cell proliferation
	KAE and PLA inhibit A549 cell migration
	KAE and PLA promote LDH release in A549 cells
	KAE and PLA induce elevated ROS levels in A549 cells
	KAE and PLA promote pyroptosis of A549 cells
	KAE and PLA exert anticancer activities in vitro through regulation of NLRP3 inflammasome pathway-associated proteins
	KAE and PLA induce pyroptosis in A549 cells by triggering the activation of NLRP3 expression

	Discussion
	Conclusions
	Materials and methods
	Collection of A. acutiloba flowers and extraction and isolation of active compounds
	Cell culture
	Sample preparation
	MTT assay for cell viability
	Cell colony formation assay
	Cell migration (scratch) assay
	LDH release assay
	Fluorescent dichlorodihydrofluorescein diacetate (DCFH-DA) assay of ROS
	Detection of pyroptosis by flow cytometry
	Hoechst 33342PI fluorescence staining
	ELISA of inflammatory factors
	Cellular thermal shift assay (CETSA)
	Co-immunoprecipitation
	Western blotting
	Statistical analysis

	Anchor 32
	References


