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A B S T R A C T

Pinellia pedatisecta, a widely used herb in Chinese medicine, has proinflammatory toxicity related to its Pinellia
pedatisecta lectin (PPL), but the mechanism is still unknown. However, for safer use, it is necessary to clarify its
proinflammatory mechanism. Herein, we studied the mechanism in RAW264.7 cells. PPL decreased the mi-
tochondrial membrane potential (MMP) and increased the outflow of calcium, accompanied by the over-
production of reactive oxygen species (ROS), which resulted in the activation of the MAPK and NF-κB pathways
and the release of IL-1β. The maturation of IL-1β relied on caspase-1 p20, the active caspase-1, as demonstrated
by adding caspase-1 inhibitor. While caspase-1 was associated with the activation of the NLRP3 inflammasome,
we further found that the stimulation of PPL also contributed to the activation. In addition, TXNIP was down-
regulated, whereas NLRP3/caspase-1 p20/ASC was upregulated, and there was binding of TXNIP with NLRP3.
There was also binding of NLRP3 with ASC and caspase-1. Further, we found that N-acetylcysteine (NAC), an
ROS scavenger, could inhibit the PPL-stimulated activation of these pathways and the release of IL-1β. Moreover,
PPL led to cell pyroptosis with pyknotic nuclei and plasma membrane rupture, which could be inhibited by NAC.
All of these findings demonstrated an important role of ROS in the inflammation caused by PPL. Taken together,
our data provide new mechanistic insights into the possible endogenous signaling pathways involved in the
inflammation of RAW264.7 cells, stimulated by PPL.

1. Introduction

Pinellia pedatisecta Schott, a widely used Chinese medicine for re-
lieving cough and reducing sputum, belongs to the Araceae family [1].
Our previous research had proved that P. pedatisecta demonstrated
toxicity due to the Pinellia pedatisecta lectin (PPL), which has been
proven to be the main component causing inflammation [2,3]. We have
previously verified that PPL could cause mouse peritoneal macrophages
to release large amounts of ROS and IL-1β [4]. ROS are known as
second messengers in mediating inflammation responses [5]. In the
process of inflammation, the production of ROS increases, thereby ac-
tivating the MAPK and NF-κB signaling pathways [6,7], which results in

an abnormal MMP and the release of calcium ions and cytokines
[8–11]. Since the MAPK and NF-κB signaling pathways can be activated
by certain irritants including excess ROS [12,13], they can increase the
level of pro-IL-1β. This, in turn, is activated to become IL-1β, which can
exert biological activity [14–16]. Whether the inflammation caused by
PPL was related to the MAPKs or to the NF-κB signaling pathway is still
under consideration.

Studies have also revealed that ROS may be the key factor reg-
ulating the NLRP3 inflammasome [17–19], a multiprotein complex
consisted of NLRP3, apoptosis-associated speck-like protein containing
a CARD (ASC), and Caspase-1, but the specific relationship between
ROS and NLRP3 remains unclear. As far as what can be determined,
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thioredoxin (TRX) and thioredoxin-interacting protein (TXNIP) are
currently known to be involved in NLRP3 activation [20,21]. After the
NLRP3 inflammasome is formed, the caspase-1 may be activated to
caspase-1 p20, which can promote pro-IL-1β to become IL-1β [22].
Therefore, we studied whether the proinflammatory response caused by
PPL was associated with the activation of the NLRP3 inflammasome.
We also studied how PPL acts on the proteins of the inflammasome and
on the protein–protein interactions inside the inflammasome. Since
caspase-1 p20 can promote pro-IL-1β to become IL-1β, we further re-
searched if that suggested a close relationship between the ROS, MAPK,
and NF-κB pathways and the NLRP3 inflammasome during the in-
flammation caused by PPL.

In our previous study, inflammation caused by PPL was related to
the overproduction of ROS and IL-1β [4]. Nevertheless, the signaling
pathways that lead to the activation of IL-1β induced by PPL are still
little known. In this study, using cultured RAW264.7 cells, we explored
whether PPL initiated a chain reaction, including the activation of the
MAPK and NF-κB pathways and the NLRP3 inflammasome, the acti-
vation of caspase-1, and the production of IL-1β. In addition, we un-
raveled the mechanism for the proinflammatory activity of PPL. We
hope this work provides new perspectives for the development of the
detoxification processing of P. pedatisecta.

2. Materials and methods

2.1. Medicinal materials

P. pedatisecta was collected from Jiangsu Province (China) in May
2016 and then authenticated in Jiangsu Institute for Food and Drug
Control by Professor Haobin Hu.

2.2. Reagents and antibodies

Phenyl Sepharose™ high performance and Q Sepharose™ high per-
formance were purchased from GE Healthcare (10249526, 10226682;
Uppsala, Sweden). FBS (Fetal Bovine Serum) was bought from
Beyotime Institute of Biotechnology (C0232; Beijing, China). DMEM
(Dulbecco's modified eagle's medium) was obtained from HyClone
(SH30022.01; Logan, UT, USA). ROS assay kit was provided by Nanjing
Jiancheng Bioengineering Institute (E004; Nanjing, China). Anti-
NLRP3, anti-TRX, anti-p38/p-p38, anti-JNK/p-JNK, anti-ERK/p-ERK
and prestained Pageruler™ protein ladder were purchased from Abcam
(ab214185, ab26320, ab170099, ab47363, ab112501, ab4821,
ab17942, ab201015; Cambridge Science Park, UK). Anti-caspase-1 p20
was from Santa Cruz Biotechnology (sc-398715; 2145 Delaware Ave,
USA). Anti-IκB-α and anti-NF-κB-p65 antibodies were bought from
Easybio (BE3385-50, BE3154-100; Beijing, China). Anti-phospho-IκBα
antibody, anti-pro-IL-1β were provided by Cell Signaling
(4814,12507S; Boston, USA). Anti-ASC and anti-TXNIP antibodies were
obtained from Cell Signaling (67824S, 14715S; Boston, MA, USA). RIPA
lysis buffer, PMSF, anti-GAPDH antibody, Goat anti-rabbit lgG (H+L)
HRP and Mouse IL-1β ELISA kit were supplied by Yifeixue Biotech Co.,
Ltd. (YWB001, YP0100-10, YT0065-500, YT1010, YT0020-100,
YFPA1059, YFSA02, YFXEM00028; Nanjing, China). LPS
(Lipopolysaccharides) from Escherichia coli 055:B5 was purchased from
SIGMA (L2880; Merck KGaA, Darmstadt, Germany). Immobilon®-P
transfer membrane, Immobilon Western chemiluminescent HRP sub-
strate and immunoprecipitation Kit-Dynabeads™ protein G were bought
from Thermo Fisher Scientific (IPVH00010, WBKLS0500, 10007D;
Massachusetts, USA). Enhanced BCA protein assay kit, Cy3-labeled
donkey anti-goat IgG (H+L), FITC-labeled goat anti-rabbit IgG
(H+L), DAPI dihydrochloride, immunostaining permeabilization so-
lution with Triton X-100, 5× SDS-PAGE sample loading buffer, MMP
kit with JC-1, and cytoplasmic and nuclear protein extraction kits were
bought from Beyotime Institute of Biotechnology (P0010, A0502,
A0562, C0016, P0016, P0015, AF0234, P0028; Shanghai, China).

DynaMag™-Spin was supplied by Life Technologies (2514;
Massachusetts, USA). Glass bottom cell culture dish was obtained from
NEST (061217Q01; Wuxi, China).

2.3. Extraction, separation and identification of PPL

Tubers of Pinellia pedatisecta (700 g) were peeled, chopped and
homogenized. Centrifugation (10,000 g, 30min) was conducted to ob-
tain the supernatant. Its volume was calculated, and saturated ammo-
nium sulfate ((NH4)2SO4) solution was slowly added under magnetic
stirring to a saturation of 45%. The solution was centrifuged again
(10,000 g, 15 min) to obtain the precipitate that was then completely
dissolved in 0.6mol/L saturated (NH4)2SO4 solution. The main peak
was collected after hydrophobic analysis (velocity: 2 mL/min; sample
size: 5–10mL; eluent: 0.6 mol/L–0mol/L sulfate solution in 60min).
Then the main peak was collected after ion exchange chromatography
(eluent: 0 mol/L–1mol/L sodium chloride solution in 60min; flow rate:
2 mL/min). After dialysis and freeze-drying, purified PPL was obtained.

2.4. SDS-PAGE and SEC-HPLC (size-exclusion high performance liquid
chromatograph)

To determine subunit molecular weight, SDS-PAGE was performed
for the purified PPL with a 15% (w/v) acrylamide gel. The PPL sample
was denatured with SDS-PAGE sample loading buffer and boiled for
10min. Subsequently, the acrylamide gel was stained by silver nitrate.
The molecular weight of sample protein was matched with that of
standard marker. Meanwhile, PPL was also detected with an Agilent
1200 system equipped by a diode array detector, and a 9.4×250mm
Agilent Zorbax GF-450 column was employed. PBS (0.1 mol/L) at the
flow rate of 1.5 mL/min was used as the mobile phase.

2.5. In-gel digestion, LC-MS/MS and database search

The band at 13 kDa was decolored by 30% acetonitrile (400 μL) in
100mM NH4HCO3 solution, reduced by 100mM dithiothreitol (10 μL)
for 30min at 56 °C, dehydrated by acetonitrile (100 μL), alkylated by
200mM iodoacetamide (30 μL) for 20min in dark at room temperature,
dehydrated again by acetonitrile (100 μL) and finally dried. In-gel di-
gestion was conducted using trypsin for 20 h at 37 °C. The resulting
peptides were extracted three times, each time by 60% acetonitrile
(100 μL) for 15min in 0.1% formic acid. The obtained peptides were
dried, reconstituted by 0.1% formic acid and 5% acetonitrile in water,
and then analyzed with an LTQ VELOS LC-LTQ system (Thermo
Finnigan, San Jose, CA, USA). They were collected by a Zorbax 300SB-
C18 peptide reverse-phase trap column (Agilent Technologies,
Wilmington, DE, USA) and thereafter eluted into a 0.15×150mm RP-
C18 analytical column (Column Technologies Inc., Lombard, IL, USA).
The mobile phase consisted of A (84% acetonitrile with 0.1% formic
acid) and B (0.1% solution of formic acid at pH 3.0), and the flow rate
was 0.15mL/min. First, 4% solvent A was used and held for 4min,
which was elevated to 50% solvent A linearly within 15min and to
100% within 3min. Peptides were detected by an ESI mass spectro-
meter in the positive-ion mode. The spray voltage and temperature
were 3.2 kV and 200 °C respectively. The collision energy was auto-
matically set with the LTQ system. Full MS scan and ten MS/MS scans
for the most intense ions were performed. Protein was identified by MS/
MS raw data based on the UniProt Arecaceae protein database and the
BioWorks Browser 3.3 searching program (University of Washington,
Seattle, WA, USA; licensed to Thermo Finnigan), according to the cri-
teria of Xcorr (three charges ≥3.75, two charges ≥2.2, one charge
≥1.9) and Delta CN (≥0.1).

2.6. Cell culture

RAW264.7 cells were bought from the Type Culture Collection of
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the Chinese Academy of Sciences (Shanghai, China), cultured in DMEM
(100 U/mL penicillin G potassium, 10% FBS and 100 μg/mL strepto-
mycin) and incubated in a 37 °C incubator with 5% CO2.

2.7. Detection of ROS, MMP, and cytosolic free Ca2+ concentrations

Intracellular ROS levels were detected by DCFH-DA, an oxidation-
sensitive fluorescent probe. After penetrating cells, DCFH-DA is hy-
drolyzed into non-fluorescent DCFH by intracellular esterase, and the
latter can be quickly oxidized into highly fluorescent DCF when ROS
are present. RAW264.7 macrophages were cultured in 48-well culture
plates. These cells were divided into 6 groups: Group 1 was given PBS,
as a blank control group. Group 2 was given 5 μg/mL LPS, as a positive
control group. Groups 3–6 were given PPL at 6.25, 12.5, 25, and 50 μg/
mL, respectively. DCFH-DA (4 μM) was added to the cell culture dish for
20min at 37 °C after treatment with PPL for 1 h. The fluorescence in-
tensities were detected by a fluorescence microplate reader
(PerkinElmer, Waltham, MA, USA), with excitation and emission wa-
velengths of 488 and 525 nm, respectively.

MMP was measured with fluorescence microscopy by using JC-1 as
the probe. RAW264.7 macrophages were cultured in DMEM in 48-well
culture plates. These cells were divided into 6 groups: Group 1 was
given PBS, as a blank control group. Group 2 was given carbonyl cya-
nide 3-chlorophenylhydrazone, as a positive control group. Groups 3–6
were given PPL at 6.25, 12.5, 25, and 50 μg/mL, respectively, for 1 h.
Then 5 μL of JC-1 staining solution (Beyotime Institute of
Biotechnology, Shanghai, China) was added into each well.
Subsequently, the samples were incubated in darkness for 20min at
37 °C in a 5% CO2 incubator. The cells were thereafter washed three
times with buffer solution and analyzed with a Leica fluorescence mi-
croscope (Wetzlar, Germany). The red:green fluorescence ratio was
detected by the fluorescence microplate reader.

To measurement the cytosolic free Ca2+ concentrations, cells were
cultivated in black 96-well plates. The grouping of cells was the same as
for the detection of ROS. Then the cells were loaded with Fluo-4 fol-
lowing the kit's instructions. Following 30min of incubation, the
fluorescence microplate reader was used (excitation: 494 nm; emission:
516 nm). The experiments above were all repeated six times.

2.8. Western blot testing of MAPK and NF-κB/NLRP3 pathways and pro-IL-
1β

RAW264.7 cells were cultured in 100mm×20mm style dishes
(Corning, #430167). The grouping of cells was the same as for the
detection of ROS. After stimulation with PPL for 1 h with or without
pretreatment with NAC, the cells were homogenized in RIPA lysis
buffer. The supernatants were frozen and stored at −80 °C. Cell
homogenates were denatured with SDS-PAGE sample loading buffer
and boiled for 10min. Samples were applied to a 10% (w/v) acrylamide
gel according to the BCA assay, transferred onto polyvinylidene di-
fluoride membranes at 100 V for about 1 h, and blocked in 5% BSA for
2 h. The membranes were probed with appropriate antibody or anti-
GAPDH overnight at 4 °C, incubated with secondary antibody for 2 h,
and then visualized with a FujiFilm LAS-4000 mini Luminoimage
analyzer (Tokyo, Japan). GAPDH served as a loading control. The ex-
periments above were all repeated three times.

2.9. Measurement of IL-1β

For IL-1β induction, RAW264.7 macrophages were cultured in 48-
well culture plates. The grouping of cells was the same as for the de-
tection of ROS. Plates were incubated for 1 h, and all supernatants were
collected. The level of IL-1β released from the macrophages was de-
tected with corresponding ELISA kits following the kit instructions.

The formation and release of the inflammatory factor IL-1β is
mediated by its precursor protein pro-IL-1β under caspase-1 p20

[22,23]. To clarify the role of caspase-1 p20 during the release of IL-1β
under the stimulation of PPL, different doses of AC-TYR-VAL-ALA-ASP-
CMK (Ac-YVAD-cmk) (0.1, 0.5, 2.5, and 12.5 μmol/L), an inhibitor of
caspase-1, were applied. After pretreatment with this caspase-1 in-
hibitor for about 0.5 h, PPL (50 μg/mL) was added to the cells. They
were then incubated for 1 h, and all supernatants were collected. The
level of IL-1β released from the macrophages was detected with cor-
responding ELISA kits following the kit instructions. The experiments
above were all repeated six times.

2.10. Co-immunoprecipitation assay

RAW264.7 cells were cultured in 100mm×20mm style dishes.
The grouping of cells was the same as for the detection of ROS. After
stimulation for 1 h, the cells were homogenized in RIPA lysis buffer.
Proteins were immunoprecipitated from extracts with anti-TXNIP
(ab188865, Abcam), anti-TRX (ab26320, Abcam) or anti-NLRP3
(ab4207, Abcam). Dynabeads were resuspended completely by rotating
on a roller for 5min, and then 50 μL of the Dynabeads were transferred
to a tube. The tube was then placed on a magnet and the supernatant
was removed. Then the Dynabeads were resuspended in 200 μL of Ab
binding and washing buffer which also contained the Ab of choice. The
tube was incubated for 10min with rotation at room temperature and
the supernatant was removed. The Dynabead-Ab complex formed by
resuspension was washed in 200 μL of Ab binding and washing buffer
(without any antibody). Afterwards, the tube was placed on the magnet
to remove the supernatant. Each antigen-containing sample was added
to the Dynabead–Ab complex and gently resuspended by pipetting.
Then the supernatant was transferred into a clean tube. The complex
was washed three times using 200 μL of washing buffer for each wash
and mixed gently by pipetting. Subsequently, the complex was re-
suspended in 100 μL of washing buffer, and the suspension was trans-
ferred into a clean tube. Then the Dynabead–Ab–antigen complex was
gently resuspended in 20 μL of elution buffer, 10 μL of 5× SDS-PAGE
sample loading buffer was added, and the sample was incubated for
10min at 70 °C. The tube was thereafter placed on the magnet and the
sample was loaded onto a gel. Finally, the total proteins were extracted.
Western blot methods were the same as above. The experiments were
repeated three times.

2.11. Immunofluorescence staining

The colocalization of NLRP3 with caspase-1/ASC was examined by
immunofluorescence staining. Cells were cultured in a confocal culture
dish. The cells were divided into 6 groups: group 1, 1mL/dish PBS only
(control); groups 2–5, 1mL/dish PPL (6.25, 12.5, 25, or 50 μg/mL). The
LPS group had LPS added to a final concentration of 5 μg/mL. After
stimulation for 1 h, the cells were fixed with 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100 for 10min at room temperature.
Then BSA was added dropwise for blocking at room temperature for
1 h. The cells were incubated for 2 h at 4 °C with goat anti-NLRP3
(1:200; Abcam, ab4207), rabbit anti-ASC (1:800; CST, 67824) and
rabbit anti-caspase-1 (1:200; Abcam, ab1872) antibodies. Dishes were
placed in wet boxes and incubated overnight at 4 °C. On the second day,
double immunofluorescent staining was performed with FITC or cy3-
labeled secondary antibody (1:500, Beyotime) for 1 h in darkness. DAPI
was added to the culture dish to stain the nucleus. In each procedure,
the cells were washed three times with PBS for 10min each time. The
dishes were visualized through sequential scanning on a Nikon laser
scanning confocal microscope (Ti-E-A1R, Nikon, Japan). Colocalization
was analyzed by Image J software. The experiments were repeated six
times.
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2.12. Analysis of the mode of death of RAW264.7 cells under PPL
treatment

In order to analyze the mode of death of RAW264.7 cells stimulated
with PPL, Hoechst 33342 and propidium iodide (PI) probes were used.
That is, RAW264.7 cells were treated for 1 h with PPL (6.25, 12.5, 25,
and 50 μg/mL) or PPL (50 μg/mL) for 0, 0.5, 1, 2, 3, or 4 h, respectively.
To clarify the relationship between ROS and pyroptosis, different doses
of NAC (0.1, 0.5, 2.5, or 12.5mmol/L) were applied for 30min.
RAW264.7 cells were then washed with PBS and Hoechst 33342, and PI
probes were added to each sample in accordance with the kit instruc-
tions. After incubation for about 30min at 4 °C, the RAW264.7 cells
were examined with a Leica fluorescence microscope (Wetzlar,
Germany). The experiments were repeated six times.

2.13. Statistical analysis

Statistical analysis was conducted by SPSS v. 23.0 for Windows
(SPSS, Chicago, IL, USA) using the Mann-Whitney U test. Numerical
data were expressed as mean ± SD. P < 0.05 was considered statis-
tically significant.

3. Results

3.1. Extraction, separation and identification of PPL

The main chromatogram peak was obtained by elution with gra-
dient concentrations of NaCl solutions, and then detected by SEC-HPLC
which presents a single HPLC peak (Fig. 1B). Tryptophan (0.2 kDa),
insulin (5.7 kDa), ovalbumin (44 kDa), and bovine serum albumin
(66.4 kDa) were used as standard markers (Fig. 1A). According to the
standard curve (Fig. 1C), the native molecular weight of the extract PPL
was approximately 13 kDa, which was consistent with a single band at
13 kDa (Fig. 1D) after SDS-PAGE. The molecular weight of PPL was
consistent with previous research results [24,25]. PPL was then sub-
jected to proteomic analysis by gel electrophoresis in combination with
LC-MS/MS. The band at 13 kDa then underwent in-gel digestion by
trypsin. Peptides were extracted from this band, loaded into an LC-MS/
MS, and identified. Based on a protein database, the band at 13 kDa was
identified as PPL. Fig. 1E–H present MS/MS for certain peptides from
PPL.

3.2. Measurement of ROS, MMP, and outflow of cytosolic free Ca2+

In our study, PPL caused the production of larger quantities of ROS
in a dose-dependent manner compared with the quantity produced by
the PBS group (Fig. 2A, B). LPS (5 μg/mL) was used as a positive con-
trol, which could increase the production of ROS. Further, we found
that MMP was decreased (Fig. 2C, D). Indeed, 50 μg/mL PPL led to
nearly a two-fold decrease in MMP. Carbonyl cyanide 3-chlor-
ophenylhydrazone (cccp) (10 μmol/L) was used as a positive control,
which could decrease the MMP. The amount of free Ca2+ (cytosolic)
was increased fifteen-fold (Fig. 2E) with 50 μg/mL PPL, and LPS (5 μg/
mL) was used as a positive control, which could increase the amount of
free Ca2+.

3.3. Immunoblot analysis of MAPK and NF-κB signaling pathways

Three major participants are included in the MAPK pathway: p38,
ERK, and JNK [26]. These are involved in the regulation of cell
proinflammatory states, proliferation, differentiation, and cell-cell
function synchronization, and also play crucial roles in various cell
events such as inflammatory responses [27]. The NF-κB signal trans-
duction pathway (particularly p65 together with its inhibitory protein
IκB) also plays a crucial role in inflammatory responses [28,29]. In our
study, the phosphorylation of p38, JNK, ERK, p65, and IκB was

enhanced after stimulation with different concentrations of PPL
(Fig. 3A, B). LPS (5 μg/mL) was used as a positive control, which could
increase the expressions of the phosphorylation of p38, JNK, ERK, p65,
and IκB. We found that 50 μg/mL PPL led to nearly a five-fold increase
in all of these proteins' phosphorylation levels, which indicated that
PPL was related to the activation of the MAPK and NF-κB pathways.

3.4. Measurement of IL-1β and pro-IL-1β together with the NLRP3 signaling
pathway-related proteins from RAW 264.7 macrophages

IL-1β is an important inflammatory cytokine that is converted to a
mature form by its precursor protein pro-IL-1β, under the mediation of
caspase-1, and then secreted into the extracellular region to exert its
biological function [16]. In our study, PPL caused the release of large
quantities of IL-1β (Fig. 3C). We found that 50 μg/mL PPL led to a
three-fold increase in IL-1β together with a three-fold increase of pro-IL-
1β compared to PBS treatment (Fig. 3D). LPS (5 μg/mL) was used as a
positive control, which could increase the productions of IL-1β and pro-
IL-1β. When an inhibitor of caspase-1 (AC-YVAD-CMK) was applied, the
level of IL-1β decreased (Fig. 3E), which demonstrated an important
role of caspase-1 during the inflammation caused by PPL.

Mature IL-1β is produced through cleavage of inactive pro-IL-1β by
caspase-1, which is activated by the NLRP3 inflammasome [30]. In
order to study the involvement of the NLRP3 inflammasome in in-
flammation caused by PPL, western blot was used to detect NLRP3
inflammatory signaling pathway-related proteins after treatment with
PPL. When the NLRP3 inflammasome is activated, the levels of caspase-
1 p20, NLRP3, and ASC increase [14]. Consistently, the levels of cas-
pase-1 p20, NLRP3, and ASC were dose-dependently upregulated after
stimulation with different concentrations of PPL (6.25, 12.5, 25, and
50 μg/mL, 1 h) (Fig. 3F). Additionally, TXNIP was downregulated by
PPL. LPS (5 μg/mL) was used as a positive control. Therefore, the
NLRP3 inflammasome plays an important role in PPL-induced in-
flammation.

3.5. Co-immunoprecipitation assay for the separation of TXNIP and TRX,
and the combination of TXNIP and NLRP3

TRX is a scavenger of intracellular oxides. When cells are resting,
TRX binds TXNIP [31]. In contrast, TRX self-oxidizes when cells gen-
erate large amounts of ROS, ROS could separate TRX and TXNIP
complexes, and then TXNIP activate NLRP3 [32]. We therefore in-
vestigated whether TXNIP was dissociated from TRX and bound to
NLRP3. A co-immunoprecipitation method was used to investigate the
relationship between TXNIP, TRX, and NLRP3. After treatment with
PPL for 1 h, we detected the dissociation of TRX from TXNIP (Fig. 4A).
The dissociation occurred at low concentrations of PPL and was en-
hanced with increasing doses of PPL. At the same time, we detected
ROS-dependent TXNIP-NLRP3 binding (Fig. 4B). This binding took
place at low concentrations of PPL and was enhanced with increasing
doses of PPL. Collectively, TXNIP was dissociated from TRX following
the oxidation induced by PPL, and then TXNIP began binding to NLRP3.

3.6. Immunofluorescence staining analysis for the combination of NLRP3
and ASC or caspase-1

PPL induced the formation and activation of the NLRP3 inflamma-
some in RAW264.7 cells. We intended to validate the hypothesis that
PPL induced the binding of ASC or caspase-1 to NLRP3 to activate the
NLRP3 inflammasome. An immunofluorescence assay exhibited that
the ASC protein was indeed expressed, and the expression and coloca-
lization were augmented with increasing concentration (Fig. 5A). As
shown in Fig. 5B, caspase-1 was expressed intracellularly, and its ex-
pression and colocalization with NLRP3 were also elevated with rising
PPL dose. Confocal microscopic images showed PPL-induced colocali-
zation of inflammasome molecules between NLRP3 (Red) and ASC
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(Green) or between NLRP3 (Red) and caspase-1 (Green), as evidenced
by increased orange staining (or white spots in the “Mask” column in
Fig. 5) in RAW264.7 cells. In order to investigate the relationship be-
tween ROS and NLRP3 inflammasome, PPL (50 μg/mL) was used to
stimulate macrophages for 1 h after pretreatment with different doses of

NAC for 0.5 h. As shown, such colocalization was blocked by NAC,
which indicated a potential interaction between ROS and the NLRP3
inflammasome.

Fig. 1. Identification of PPL. (A) PPL was detected by size-exclusion high performance liquid chromatograph (SEC-HPLC). Tryptophan (0.2 kDa), insulin (5.7 kDa),
ovalbumin (44 kDa), and bovine serum albumin (66.4 kDa) were used as standard markers. (B) PPL was detected by SEC-HPLC. (C) SEC-HPLC was used to plot the
standard curve for native molecular weight of PPL. (D) SDS-PAGE showed a single band (about 13 kDa) of purified PPL. The gel was stained by silver nitrate. (E) MS/
MS for peptide ‘GELIIKDDDFQTIWSSR’ from PPL. (F) MS/MS for peptide ‘GNYALVVHPEGR’ from PPL. (G) MS/MS for peptide ‘LVIYGPSVFK’ from PPL. (H) MS/MS
for peptide ‘LVMQGDCNLVLYGGK’ from PPL.
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3.7. The role of ROS in the inflammation caused by PPL

All NLRP3 activators are capable of inducing the production of ROS
as common signals to activate the NLRP3 inflammasome, and both ROS
inhibitors and scavengers can inhibit such activation [33]. PPL can
stimulate macrophages to induce the massive production of ROS and IL-
1β [4]. In order to investigate the mechanism of overproduction of IL-
1β induced by ROS, PPL (50 μg/mL) was used to stimulate macrophages
for 1 h after pretreatment with different doses of NAC for 0.5 h. In
agreement with previous reports, addition of NAC reduced ROS
(Fig. 6A). In particular, 12.5mmol/L NAC led to a one-fold decrease. At
the same time, NAC was able to inhibit the production of IL-1β and pro-
IL-1β compared with the PPL group, and 12.5mmol/L NAC led to a
one-fold decrease (Fig. 6B, C). Simultaneously, after 12.5mmol/L NAC
pretreatment, the phosphorylation levels of p38, JNK, and ERK de-
creased two-fold, and p65 and IκB decreased four-fold (Fig. 6D, E).

Therefore, NAC inhibited the MAPKs and NF-κB signaling pathways
activated by PPL, further suppressing the production of pro-IL-1β and
IL-1β. Also, the level of TXNIP was upregulated, unlike in the PPL
group. The expression of caspase-1 p20 decreased dose-dependently
(Fig. 6F), which further confirmed that the overproduction of ROS
could activate NLRP3 inflammasome during the inflammation caused
by PPL. According to the results above, ROS deficiency impaired acti-
vation of the MAPK and NF-κB pathways as well as the NLRP3 in-
flammasome and subsequent secretion of IL-1β.

3.8. PPL-induced pyroptosis in RAW264.7 cells

After treatment with different doses of PPL (6.25, 12.5, 25, or
50 μg/mL), the nuclei of RAW264.7 cells became pyknotic (the in-
tensity of the blue fluorescence increased as the dose of PPL increased)
and the plasma membrane became ruptured (the intensity of the red

Fig. 2. Variations in ROS (A, B), MMP (C, D), and cytosolic free Ca2+ (E) induced in RAW264.7 cells treated for 1 h with PPL (6.25, 12.5, 25, or 50 μg/mL). Results
are the mean ± SD (n=6). *P < 0.05, compared with phosphate-buffered saline (PBS) (t-test). Images were acquired by microscopy, and the intensity was
detected by a fluorescence microplate reader. CCCP, Carbonyl cyanide 3-chlorophenylhydrazone. LPS, Lipopolysaccharides.
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fluorescence increased as the dose of PPL increased) (Fig. 7A). Over 3 h
to 4 h, the proportion of cell pyroptosis greatly increased when
RAW264.7 cells were exposed to PPL (50 μg/mL) (Fig. 7B). Moreover,
different doses of NAC (0.1, 0.5, 2.5, and 12.5mmol/L) inhibited cell
pyroptosis after PPL treatment at 50 μg/mL (Fig. 7C), which

demonstrated that ROS may be upstream of pyroptosis during PPL
treatment. Considering the results shown in Sections 3.5 and 3.6, that
is, activation of caspase-1 and the NLRP3 inflammasome with PPL
treatment, we verified that the RAW264.7 cells underwent pyroptosis
during the treatment of PPL. Pyroptosis is a proinflammatory form of

Fig. 3. The expression levels of (A) p-p38, p38, p-ERK, ERK, p-JNK, and JNK and (B) p-p65, p65, p-IκB, and IκB in RAW 264.7 cells treated for 1 h with PPL (6.25,
12.5, 25, or 50 μg/mL). (C) The release of IL-1β from RAW264.7 cells treated for 1 h with PPL (6.25, 12.5, 25, or 50 μg/mL). (D) The expression level of pro-IL-1β in
RAW 264.7 cells treated for 1 h with PPL (6.25, 12.5, 25, or 50 μg/mL). (E) IL-1β released from macrophages stimulated by PPL (50 μg/mL) after pretreatment with
different doses of Ac-YVAD-cmk, the caspase 1 inhibitor. (F) The expressions of NLRP3, caspase-1 p20, and ASC in RAW264.7 cells treated with PPL were upre-
gulated, but TXNIP was downregulated. GAPDH served as the loading control. Results are expressed as mean ± SD (A, B, D, F, n=3; C, E, n=6) *P < 0.05,
compared with phosphate-buffered saline (PBS); #P < 0.05, compared with PPL (50 μg/mL) (t-test). IL, interleukin; Ac-YVAD-cmk, AC-TYR-VAL-ALA-ASP-CMK.
LPS, Lipopolysaccharides.
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death which depends on the enzymatic activation of inflammatory
proteases that belong to the family of cysteine-dependent aspartate-
specific proteases. The inflammasome-activated caspase-1 plays an
important role in the induction of pyroptosis [34,35].

4. Discussion

P. pedatisecta, belonging to the Araceae family, has been widely used
in the Chinese herbal market for its great efficacy in stopping vomiting,
relieving cough, reducing sputum, and relieving pain [1]. Several

Fig. 4. PPL-induced dissociation of TXNIP from TRX, and binding of TXNIP with NLRP3. Interactions of TXNIP with TRX (A) or NLRP3 (B) were analyzed by
immunoprecipitation and immunoblot assays. ROS induced the dissociation of TXNIP from TRX, allowing TXNIP to bind to NLRP3 (n=3). LPS, Lipopolysaccharides.

Fig. 5. Colocalization of NLRP3 inflammasome components. Representative confocal fluorescence images show the colocalization of NLRP3 with ASC (A) or caspase-
1 (B). PPL-induced colocalization of inflammasome molecules between NLRP3 (red) and ASC (green) or between NLRP3 (red) and caspase-1 (green), as shown by
increased white staining (white spots) in RAW264.7 cells. Such colocalization was blocked by the ROS inhibitor (NAC) (n=6). NAC, N-acetylcysteine. LPS,
Lipopolysaccharides. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Release of IL-1β and the expres-
sions of the MAPK, NF-κB, and NLRP3
signaling pathways after NAC treatment.
(A) Differences between the level of ROS
stimulated by PPL (50 μg/mL) after pre-
treatment with different concentrations of
NAC. (B) Level of IL-1β released from
macrophages stimulated by PPL (50 μg/
mL) after pretreatment with NAC. (C)
Western blot of pro-IL-1β in RAW264.7
cells stimulated by PPL after NAC treat-
ment. Compared with the 50 μg/mL PPL-
stimulated group, NAC dose-dependently
downregulated the levels of pro-IL-1β. (D)
Western blot of MAPKs in RAW264.7 cells
stimulated by PPL after NAC treatment.
Compared with the 50 μg/mL PPL-stimu-
lated group, NAC dose-dependently
downregulated the levels of p-p38, p-JNK,
and p-ERK. (E) NAC reduced the levels of
p-p65 and p-IκB dose-dependently. (F)
NAC dose-dependently increased the level
of TXNIP and reduced the level of caspase-
1 p20. Results are expressed as
mean ± SD (A, B, n=6; C, D, E, F,
n=3). *P < 0.05, compared with phos-
phate-buffered saline (PBS); #P < 0.05,
compared with PPL (50 μg/mL). IL, inter-
leukin; NAC, N-acetylcysteine.
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prescriptions containing P. pedatisecta, such as ‘GongJingAiShuan,’ have
been employed in the treatment of cervical cancer and cervical pre-
cancerous lesions. Although P. pedatisecta has great effects in treating
certain diseases, we still cannot ignore its toxicity, which has been a
major bottleneck in its development as a drug.

Our previous study has demonstrated that the toxicity of P. pedati-
secta was closely related to PPL [4]. Lectin, a kind of protein mainly
existing in plants and animals, occupies a leading position in cell ad-
hesion. Some lectins cause inflammation and even cell death [36–38].
PPL has been proven to have significant proinflammatory ability and
can induce the release of inflammatory factors [39]. In vitro studies
have demonstrated that PPL can induce macrophages to produce ex-
cessive amounts of ROS and IL-1β [4], but the specific mechanism is
still unknown.

Herein, we explored the underlying mechanism of the inflammation
induced by PPL. As we all know, ROS play important roles in the signal
transduction of inflammation [5]. After stimulation of cells by an irri-
tant, ROS may increase, which can be followed by a decrease in MMP
and an increase in cytosolic free Ca2+ concentration [8–10]. In our
study, PPL caused the overproduction of ROS, together with a drop in
MMP and the release of cytosolic free Ca2+. Then, the levels of p-p38,
p-JNK, p-ERK, p-p65, p-IκB, pro-IL-1β, and IL-1β were dose-depen-
dently increased by PPL, indicating that the MAPK and NF-κB signaling
pathways were activated and that PPL did exert a proinflammatory
activity. In our research, there was a decrease in the total proteins of
p38, ERK and JNK under the treatment of PPL, we hypothesized the
reason was associated with its inhibition of the mRNA expressions of
p38, ERK and JNK (Supplementary Fig. 1) or activation of certain in-
hibitory proteins. The specific mechanism remains to be further stu-
died. Also, the production of p-p38, p-JNK, p-ERK, p-p65, p-IκB, pro-IL-
1β, and IL-1β were reduced by NAC. Therefore, during the inflamma-
tion caused by PPL, ROS were likely upstream of the MAPK and NF-κB

signaling pathways.
The level of IL-1β was decreased by adding a caspase-1 inhibitor

(Ac-YVAD-cmk), which indicated that the PPL-induced release of IL-1β
was closely related to caspase-1 and the NLRP3 inflammasome, since
caspase-1 is one of the components of the NLRP3 inflammasome [40].
According to our research, under PPL stimulation, the NLRP3 in-
flammasome was activated with TXNIP bound to NLRP3. There was
colocalization of NLRP3 with ASC and caspase-1, which then promoted
the activation of caspase-1 and caused pro-IL-1β to become IL-1β.
Furthermore, the activation of the NLRP3 inflammasome was inhibited
by NAC, which indicated that ROS may be upstream of the NLRP3 in-
flammasome.

The results shown above revealed that PPL promoted the matura-
tion and secretion of IL-1β by activating the ROS, MAPK, NF-κB, and
TXNIP-NLRP3-IL-1β signaling pathways, further leading to in-
flammatory cascades and intense inflammatory stimuli (Fig. 8). ROS
may be key molecular targets involved in the proinflammatory response
cause by PPL. The MAPKs, NF-κB, and NLRP3 signaling pathways in-
cluded upstream signaling molecules for the release of IL-1β under PPL
stimulation.

PPL was associated with pyroptosis of RAW264.7 cells, showing
nuclei being pyknotic and plasma membranes being ruptured.
Pyroptosis [41,42], a pattern of programmed cell death, is caused by
activation of a caspase-specific protease after the inflammasome senses
a pathogen signal. Pyroptosis is characterized by both necrosis and
apoptosis in morphology. Similar to apoptosis, pyroptosis cells featured
nuclear shrinkage and chromatin DNA breaking. Unlike apoptosis,
many pores of 1–2 nm are formed on the membranes of pyroptotic cells,
which leads to the loss of integrity of the cell membranes [43]. The loss
results in the membrane being unable to regulate the entry and exit of
substances, eventually causing it to dissolve and the content of the cells
to be released, which results in the induction of the inflammatory

Fig. 7. PPL-induced pyroptosis in RAW264.7 cells. (A) The nuclei of RAW264.7 cells became pyknotic (the intensity of the blue fluorescence increased as the dose of
PPL increased) and the plasma membrane ruptured (the intensity of the red fluorescence increased as the dose of PPL increased). (B) PPL (50 μg/mL)-induced
pyroptosis in RAW264.7 cells. Over time (0.5, 1, 2, 3, and 4 h), the proportion of cell pyroptosis increased. (C) Different doses of NAC (0.1, 0.5, 2.5, and 12.5mmol/L)
inhibited cell pyroptosis under PPL treatment (50 μg/mL). PI, Propidium iodide. NAC, N-acetylcysteine. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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response [41]. At the same time, the cells release IL-1β and IL-18 to
recruit more inflammatory cells to expand the inflammatory response
[34].

Recent studies have demonstrated that ROS may be an upstream
mechanism implicated in cell pyroptosis [44,45]. In agreement with
this view, our study showed that cell pyroptosis induced by PPL could
be inhibited by NAC, an ROS scavenger. This revealed a close re-
lationship between ROS and pyroptosis, and that ROS may be upstream
of cell pyroptosis. Combined with the results mentioned above, that is,
the observation that PPL could induce the activation of the NLRP3 in-
flammasome and promote caspase-1 to active caspase-1 p20, it was
further confirmed that PPL was associated with the pyroptosis of
RAW264.7 cells.

Collectively, for the first time, we herein linked the proin-
flammatory activity of PPL with oxidative stress that led to an over-
production of ROS; activation of the MAPK, NF-κB, and NLRP3 sig-
naling transduction pathways; and the release of inflammatory factor
IL-1β, which then led to pyroptosis of RAW264.7 cells. Therefore, based
on our current research results, PPL is expected to be used as a possible
drug in studies related to the induction of the oxidative stress response.
The findings suggest a new natural plant-derived proinflammatory
agent as a basis for future studies on anti-inflammatory drugs and on
the processing of P. pedatisecta, a widely used herb in Chinese medicine
for relieving cough and reducing sputum. Furthermore, this study
provides a reference for improving and innovating processing methods
of toxic Chinese medicines from the Araceae family, and for the clinical
use of toxic Chinese medicines.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2018.11.002.
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