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ARTICLE INFO ABSTRACT

Keywords: Triptolide (TP), the major active compound derived from the traditional Chinese medicine Tripterygium wilfordii
Triptolide Hook. F, possesses an excellent pharmacological profile of immunomodulatory and anti-tumor activities.
Hepatotoxicity However, the application of TP was restricted due to its narrow therapeutic window and side effects, especially

NLRP3 inflammasome

its hepatotoxicity. This study was designed to investigate the role of inflammasome in TP-induced acute liver
Inflammatory reactions

toxicity. After the administration of TP at the dose of 600 ug/kg for 12h or 24h, we examined the serum
biochemical parameters, liver histopathological changes, the expression of liver inflammatory factors, and the
activation of NLRP3 inflammasome. Mice treated with TP displayed liver injury with a time-dependent increase
of serum transaminases and activation of NLRP3 inflammasome, accompanied by the elevation of neutrophils
infiltration. Further results implied that the activation of TLR4-Myd88-NF-kB pathway and oxidative stress in-
duced by a single dose of TP (600 ug/kg) might participate in the activation of NLRP3 inflammasome. To in-
vestigate whether the activation of inflammasome participates in the liver damage induced by TP, a single dose
of Ac-Yvad-Cmk (Caspase-1 inhibitor) was injected before TP administration. Ac-Yvad-Cmk pretreatment ef-
fectively prevented the increase of Cleaved Caspase-1 and inhibited the maturity of IL-1B. Additional studies
revealed that Ac-Yvad-Cmk pretreatment decreased the recruitment of neutrophils and inhibited the production
of massive pro-inflammatory factors. Taken together, our results revealed that activation of inflammasome
aggravated the acute liver toxicity induced by TP. Inhibition of inflammasome could serve as a novel therapeutic
target for the amelioration of TP-induced hepatotoxicity.

1. Introduction

Triptolide (TP), the major active compound derived from a well-
known Chinese Traditional Medicine, Tripterygium wilfordii Hook. f
(TWHEF), exhibits valuable bioactivities, including anti-tumor, anti-
proliferative, and immunoregulatory activities [1]. Although it pos-
sesses numerous pharmacological activities, the side effects and mul-
tiple organ toxicities limit TP's wide application. Accumulating evi-
dence suggests that TP could induce severe adverse reactions, including
hepatotoxicity, nephrotoxicity, reproductive, and cardiac toxicity,

among which the hepatotoxicity has a major concern [2,3].

Previous studies revealed that TP-induced hepatotoxicity was re-
lated to mitochondrial impairment, P450s inhibition, lipid peroxida-
tion, glucose metabolism disorder, and inactivation of Sirtl/FXR [4-7].
However, it is unclear whether the immune system is involved in the
hepatotoxicity of TP. Our previous study revealed that Th17/Treg im-
balance was involved in the acute liver injury induced by TP while anti-
IL-17 antibody and adoptive transfer Treg ameliorated TP-induced liver
injury, indicating that the adaptive immune response was tightly re-
lated to TP-induced acute liver toxicity [8-10]. Nevertheless, how

* Correspondence to: L. Zhang, Jiangsu Key Laboratory of Drug Screening, China Pharmaceutical University, Nanjing 210009, China.
** Correspondence to: Z. Jiang, Key Laboratory of Drug Quality Control and Pharmacovigilance (China Pharmaceutical University), Ministry of Education, Nanjing

21009, China.

E-mail addresses: lyzhang@cpu.edu.cn (L. Zhang), beaglejiang@cpu.edu.cn (Z. Jiang).

https://doi.org/10.1016/j.intimp.2019.105754

Received 26 October 2018; Received in revised form 10 July 2019; Accepted 10 July 2019

Available online 25 July 2019
1567-5769/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/15675769
https://www.elsevier.com/locate/intimp
https://doi.org/10.1016/j.intimp.2019.105754
https://doi.org/10.1016/j.intimp.2019.105754
mailto:lyzhang@cpu.edu.cn
mailto:beaglejiang@cpu.edu.cn
https://doi.org/10.1016/j.intimp.2019.105754
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intimp.2019.105754&domain=pdf

Z. Yuan, et al.

innate immune response is involved in TP-induced liver toxicity re-
mained elusive.

As one of the vital organ of the immune system in the body, the liver
possesses a special physiological structure that receives the venous
blood from the gut through the portal vein and the arterial blood from
the hepatic artery. The blood from the portal vein and the hepatic ar-
tery is rich in bacterial products, environmental toxins, and food anti-
gens, exposing the liver to sustain stimulation with toxic agents
[11-13]. For the removal of potential toxicological agents from the
body without initiating a harmful immune response, the liver gradually
develops a strong immune system consisting of a large number of innate
immune cells [11]. In the initial step of the innate immune response,
pattern-recognition receptors (PRRs) play an essential role in the re-
cognition of pathogen-associated molecular patterns (PAMPs) from
pathogens and damage-associated molecular patterns (DAMPs) from
damaged tissue or necrotic cells [14]. The physiological inflammatory
response could help the repairment of the damaged tissue, while ex-
cessive inflammatory response might aggravate the tissue damage
through the recruitment of circulating leukocytes characterized by the
release of uncontrollable inflammatory cytokines and chemokines
[15,16].

Among the five PRRs, Toll-like receptors (TLRs), Rig-I-like receptors
(RLRs), NOD-like receptors (NLRs), C-type lectin receptors, and AIM2-
like receptors (ALRs), NLRs and ALRs promoted the host defense in
response to invading pathogens or other harmful signals through the
assembly of cytoplasmic signaling complexes, termed inflammasome
[17,18]. The inflammasome is the cytosolic multiprotein platform
consisted of a sensor protein belongs to NLRs or ALRs, an adaptor
protein, ASC, and the cysteine protease, Pro-Caspase-1. The activation
of inflammasome always leads to the cleavage of Pro-Caspase-1 into its
active form, which further cleaves the inflammatory cytokines, pro-IL-
1P and pro-IL-18, into their mature form. Additionally, the activation of
inflammasome could also result in the inflammatory form of pro-
grammed cell death, called pyroptosis [19]. Besides Caspase-1-depen-
dent canonical inflammasome, Caspase-1-independent, but Caspase-11-
dependent (murine) or Caspase-4 and Caspase-5-dependent (human)
non-canonical inflammasome had been proposed based on their close
similarity to Caspase-1 [20,21]. Murine Caspase-11, and its human
homologs Caspase-4 and Caspase-5, are the intracellular receptor of LPS
and can be activated by most gram-negative bacteria, such as Ci-
trobacter rodentium, Escherichia coli, and Vibrio cholera [22]. Upon ac-
tivation, Caspase-11 or Caspase-4 and Caspase-5 could directly induce
pyroptosis and releasing the endogenous dangerous molecules in a
Caspase-1-independent manner [23]. Also, Caspase-11 could induce
mature IL-1f3 and IL-18 in a Caspase-1-dependent manner [23]. Among
the five inflammasomes (NLRP1, NLRP3, NLRC4, Pyrin, and AIM2), the
NLRP3 inflammasome has been thoroughly investigated, given its es-
sential role in the development of human diseases [14,24].

The activation of NLRP3 inflammasome is a two-step process. The
priming step involves the activation of TLRs, IL-1R, and TNF-R, which
results in increasing the transcriptional activity of NF-xB and leading to
the up-regulation of the components of NLRP3 inflammasome. The
activation step is associated with several cellular events, including
potassium flux, lysosomal disruption, calcium signaling, and the pro-
duction of mitochondrial ROS [19,25]. Upon activation, the NLRP3
inflammasome serves as a platform, prompting the cleavage of Pro-
Caspase-1 which in turn cleaves pro-inflammatory cytokines such as
pro-IL-13 and pro-IL-18 into their mature form [19]. Recent studies
show that several liver diseases were accompanied with the activation
of NLRP3 inflammasome, including acetaminophen (APAP)-induced
liver injury, liver ischemia-reperfusion injury, viral hepatitis, and liver
fibrosis [19,26-28]. The main role of NLRP3 inflammasome in liver
diseases has been attributed to the presence of liver immune cells and
their ability to trigger inflammation via IL-1B. The autocrine and
paracrine release of IL-1B might enhance the transcription of in-
flammatory cytokines and chemokines, such as tumor necrosis factor
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alpha (TNF-a) and monocyte chemotactic protein 1 (MCP-1). Also, IL-
1B could promote the recruitment of inflammatory cells to the liver and
even together with TNF-a trigger the death of hepatocytes [29].

Based on our previous work on TP-induced hepatotoxicity asso-
ciated with metabolism disorder, as well as the close relationship be-
tween inflammasome (especially NLRP3 inflammasome) activation and
the progression of the metabolic disease, we supposed the activation of
inflammasome might contribute to TP-induced hepatotoxicity
[7,30-32]. In this article, we aimed to determine the role of in-
flammasome (especially NLRP3 inflammasome) in the liver toxicity
induced by TP. In addition, we explored the possible mechanisms of
NLRP3 inflammasome activation and the participation of inflamma-
some activation in the liver damage induced by TP.

2. Materials and methods
2.1. Reagents

Triptolide (> 98%, HPLC) was purchased from Sanling Biotech
(Guilin, China). Ac-Yvad-Cmk (purity > 95%, HPLC) was purchased
from Sigma-Aldrich (MO, USA). Antibodies against NLRP3 (15101), IL-
1B (31202) for western blot were purchased from Cell Signaling
Technology (MA, USA). Antibodies against ASC (sc-22514-R), Cleaved
Caspase-1 (A0914), and GAPDH (AF0006) for western blot were pur-
chased from Santa Cruz Biotechnology (CA, USA), Abclonal
Biotechnology (Wuhan, China) and Beyotime Biotechnology (Shanghai,
China) respectively. Antibody against MPO (22225-1-AP) for im-
munohistochemistry (IHC) was purchased from Proteintech (Wuhan,
China).

2.2. Animals and experiment treatments

C57BL/6J mice (Female, 18-20g, 6-8 weeks of age) were pur-
chased from the Vital River Laboratory Animal Technology (Beijing
China). All the mice were housed in the pathogen-free conditions
(temperature: 22 = 2°C, relative humidity: 40 + 10%) with photo-
period (12 h of light and 12 h of dark) and given free access to food and
water. All the procedures for the animal study were performed ac-
cording to the guidelines for the care and use of animals approved by
the Ethical Committee of China Pharmaceutical University and the
Laboratory Animal Management Committee of Jiangsu Province
(Approval No. 2110748). All the data presented in the manuscript were
made from three independent experiments to verify the reproducibility
and the most critical independent replicates were presented in Fig.S1
and Fig.S2.

To analyze the activation of NLRP3 in TP-induced hepatotoxicity,
48 mice were divided randomly into four groups (n = 8/group). TP
(600 ug/kg) or the same volume of solvent was administered in-
tragastrically. After the administration of TP for 12h or 24 h respec-
tively, mice were sacrificed while blood and liver samples were col-
lected at the indicated time intervals.

To explore whether the activation of NLRP3 inflammasome parti-
cipates in the progression of hepatotoxicity induced by TP, Ac-Yvad-
Cmk (12.5 pmol/kg), dissolved in DMSO and PBS (1:9, v/v), was given
intraperitoneally 30 min before the gavage of TP (600 pg/kg) and all
the groups (n = 8/group) were given the same volume of solvent. After
the treatment of TP for 24 h, the blood and liver samples were collected
for further analysis.

2.3. Blood chemistry analysis

To examine the serum biochemical index, the blood collected from
the mice was kept at room temperature for 1h. Soon after, the blood
was centrifuged at 3500 rpm for 10 min to get the supernatant for
further detection. Serum levels of alanine aminotransferase (ALT), as-
partate aminotransferase (AST) were measured by assay kits from
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Whitman Biotech (Nanjing, China). All the kits were operated according
to the manufacturer's instructions.

2.4. Histopathological evaluations

The liver sections from mice were fixed in 10% formaldehyde
for > 24 h and embedded with paraffin for hematoxylin and eosin (H &
E) staining and immunohistochemistry respectively. For histo-
pathology, H &E staining was carried out to investigate the liver mor-
phological changes while MPO staining was used to investigate the
neutrophil infiltration between the groups.

2.5. Measurement of MDA and SOD in the liver tissue

After sacrifice, liver tissues were weighed and homogenized with
ice-cold physiological saline (1:10; w/v). After centrifugation, the su-
pernatant was collected for further detection. Liver malondialdehyde
(MDA, A003-1) and Superoxide dismutase (SOD, A001-3) were mea-
sured according to the instruction of the kit from Jiancheng
Bioengineering Institute (Nanjing, China) and protein levels were nor-
malized using BCA kit from Beyotime Biotechnology.

2.6. RNA extraction and real-time quantitative PCR

A small liver section was separated from the liver tissue and the
entire RNA was isolated with a Trizol agent. After quantification of the
RNA concentration with Nanodrop 2000 from Thermo Fisher Scientific
(MA, USA), the RNA was reversed to cDNA according to the reverse
transcription kit. Real-time quantitative PCR was performed with SYBR
Green for targeted genes with the corresponding primers designed by
Invitrogen (CA, USA). The primers used in this article are listed in
Table 1 and GAPDH was used to normalize the quantity of cDNA. All
the reagents used in real-time quantitative PCR were purchased from
Vazyme Biotech (Nanjing, China).

2.7. Western blot analysis

The total protein from mice liver was extracted with RIPA buffer
from Beyotime Biotechnology and the protein concentration was de-
termined using the BCA kit. The protein was then mixed with
4 X loading buffer from Bio-Rad Laboratories (CA, USA). A total of
50 pg protein was separated by 8% and 12% SDS-PAGE and transferred
to polyvinylidene fluoride membranes. After the blocking with 5% BSA
at room temperature for 1 h, the membranes were incubated with pri-
mary antibody at 4 °C overnight respectively and then incubated with
corresponding secondary antibody. The membranes were visualized
with the ECL reagent from Millipore (MA, USA). The protein of GAPDH
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was served as the internal reference.

2.8. Statistical analysis

The data were expressed as the means + SEM and analyzed using
GraphPad Prism 6. One-way ANOVA followed by Bonferroni's Multiple
Comparison Test and two-way ANOVA followed by Bonferroni posttests
were performed to analyze the difference between groups. P-va-
lues < 0.05 were considered to be statistically significant.

3. Result
3.1. Time-dependent changes of TP-induced acute hepatotoxicity

In this experiment, C57BL/6J mice were administrated with TP at
the dose of 600 ug/kg for 12h or 24 h respectively according to the
previous experiment [9]. To evaluate the hepatotoxicity induced by TP,
serum ALT, AST, and liver/body weight were assayed. As shown in
Fig. 1A to Fig. 1B and results in Fig.S1A to Fig.S1B from the in-
dependent replicates, TP treatment increased the serum ALT and AST in
a time-dependent manner. Compared with the control group, although
TP-treatment did not increase serum AST significantly at 12h, it
showed the increasing trend (Fig. 1B and Fig.S1B). In addition, TP-
treatment slightly increased the liver/body weight ratio, indicating the
liver damage induced by TP (Fig. 1C). H & E staining revealed the focal
necrosis, reflected as the pyknosis, karyorrhexis, nucleus and cyto-
plasmic deficiency (Shown as white arrows) and inflammatory in-
filtration (Shown as black arrows) in the mouse liver, especially at 24 h
after TP administration (Fig. 1D and Fig.S1E). These results implied
that TP treatment could induce acute liver damage accompanied by
inflammatory cell infiltration and hepatocellular necrosis.

3.2. The up-regulation of several pro-inflammatory factors and the
recruitment of inflammatory cells were related to TP induced acute liver
toxicity

To further prove the inflammatory cells infiltration after the ad-
ministration of TP, we determined the mRNA levels of several pro-in-
flammation factors. The DAMPs released from dying hepatocytes and
the PAMPs from pathogens bound to the PRRs expressed on the surface
of Kupffer cells, which holds a central position in tissue injury, pro-
moting the releasing of pro-inflammatory factors and chemokines, such
as IL-1f3, TNF-a, CXCL-1, CXCL-2, and CXCL-8. Among the cytokines
related to hepatic diseases, TNF-a, IL-1f3, and IL-6 are the most im-
portant ones. TP treatment enhanced the mRNA levels of TNF-a, IL-1f3,
and IL-6 at both 12h and 24 h time intervals (Fig. 2A and Fig. 3D). In
addition, TP increased the expression of chemokines, such as CXCL-1,

Table 1

The primer sequences used for real-time quantitative PCR assay in mice.
Gene Forward primer (5-3") Reverse primer (5-3’)
NLRP3 TCACAACTCGCCCAAGGAGGAA AAGAGACCACGGCAGAAGCTAG
ASC CTTGTCAGGGGATGAACTCAAAA GCCATACGACTCCAGATAGTAGC
Caspase-1 CTTGGAGACATCCTGTCAGGG AGTCACAAGACCAGGCATATTCT
IL-1B TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG
TNF-a GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG
IL-6 TACCACTTCACAAGTCGGAGGC CTGCAAGTGCATCATCGTTGTTC
MCP-1 GCTACAAGAGGATCACCAGCAG GTCTGGACCCATTCCTTCTTGG
CXCL-1 TCCAGAGCTTGAAGGTGTTGCC AACCAAGGGAGCTTCAGGGTCA
CXCL-2 CATCCAGAGCTTGAGTGTGACG GGCTTCAGGGTCAAGGCAAACT
CXCL-5 CCGCTGGCATTTCTGTTGCTGT CAGGGATCACCTCCAAATTAGCG
MPO CGTGTCAAGTGGCTGTGCCTAT AACCAGCGTACAAAGGCACGGT
TLR4 AGCTTCTCCAATTTTTCAGAACTTC TGAGAGGTGGTGTAAGCCATGC
Myd88 ACCTGTGTCTGGTCCATTGCCA GCTGAGTGCAAACTTGGTCTGG
IkB-a TGAAGGACGAGGAGTACGAGC TTCGTGGATGATTGCCAAGTG
GAPDH CTTTGGCATTGTGGAAGGGCTC GCAGGGATGATGTTCTGGGCAG
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CXCL-2, and CXCL-5 (Fig. 2A). An increase in both cytokines and
chemokines might act as the inducer to attract the recruitment of
neutrophils [33-36]. Neutrophils recruitment is not always responsible
for hepatic inflammation, however, it can aggravate liver disease by
producing additional cytotoxic reactive oxygen and nitrogen species or
pro-inflammation cytokines to attract other neutrophils and monocytes
[37]. An increase in CXCL-1, CXCL-2, and MCP-1 could also attract
monocytes, while the recruitment of neutrophils was further proved by
the THC and mRNA levels of the neutrophil-specific enzyme myelo-
peroxidase (MPO) (Fig. 2A, Fig. 2B, and Fig. S1E) [15]. Indicators
specific for oxidative stress were also detected. TP-treatment decreased
the activity of SOD and increased the content of MDA, indicating the
oxidative stress induced by TP (Fig. 2C, Fig. 2D, Fig. S1C, and Fig. S1D).
Thus, in this part, we verified that TP treatment increased the expres-
sion of cytokines and chemokines thereby further recruiting the in-
flammatory cells, such as the neutrophils and monocytes.

3.3. The priming and activation of NLRP3 inflammasome in TP-induced
acute liver toxicity

Given the fact that NLRP3 inflammasome and IL-1f are closely re-
lated to the progress of the liver diseases and play a role in amplifying
the inflammatory reaction through the recruitment of inflammatory
cells, we detected the mRNA and protein levels of NLRP3 inflamma-
some [27]. The activation of NLRP3 inflammasome requires two steps.
The priming step results from the up-regulation of the transcription of
NLRP3 components and the second step triggers by a variety of acti-
vators, ultimately leading to the cleavage of Pro-Caspase-1 and mature
IL-1B. As described in Fig. 3A to Fig. 3E as well as the results of in-
dependent replicates presented in Fig.S1F, TP-treatment increased the
mRNA levels of NLRP3, ASC, Caspase-1 together with IL-13 and up-
regulated the protein levels of NLRP3, ASC, suggesting that TP-treat-
ment engaged in the priming step of NLRP3 inflammasome. In addition,
TP-treatment increased the protein levels of Cleaved Caspase-1 (P20)
and mature IL-13 (P17), indicating the activation of NLRP3 in-
flammasome after TP-treatment (Fig. 3E, H, I, and Fig.S1F). As one of
the two ways accounting for the production of IL-1f and the crucial role
of IL-1f in the hepatic inflammatory response, we supposed that the
activation of NLRP3 inflammasome could in some part cause the in-
crease of hepatic inflammatory reactions induced by TP [36].

3.4. TLR4-Myd88-NF-xB pathway and oxidative stress induced by TP might
be related to the activation of NLRP3 inflammasome

NLRP3 inflammasome formation requires a priming step that occurs
through the activation of TLRs, IL-1R, and TNFR [25]. The activation of
these pathways could result in the degradation of NF-kB inhibitor alpha
(IxB-a) and activation of nuclear factor-kB (NF-xB), simultaneously
leading to the increased transcription level of IkB-a [38]. The activation
of NF-kB also enhanced the transcription of NLRP3 components as well
as IL-13. To further investigate the related pathway involved in the
priming step of NLRP3 inflammasome, we detected the mRNA levels of
TLR4, myeloid differentiation primary response 88 (Myd88) and IkB-a.
As presented in Fig. 4A to Fig. 4C, TP-treatment enhanced the mRNA
levels of TLR4, Myd88, and IkB-a in a time-dependent manner, sug-
gesting that TLR4-Myd88-NF-kB pathway might be responsible for the
priming step of NLRP3 inflammasome formation. Previous studies re-
vealed that TP could impair the mitochondrial respiratory chain and
enhance the oxidative stress, while the oxidative stress state and the
mitochondrial-derived reactive oxygen species (ROS) severed as the
activator for NLRP3 inflammasome [39,40]. The data presented in
Fig. 2C, Fig. 2D as well as Fig.S1C and Fig.S1D revealed that the activity
of hepatic SOD was significantly inhibited by TP, while TP treatment
increased the hepatic MDA levels, suggesting that TP could disrupt the
antioxidant defense system in the liver. Taken together, the up-reg-
ulation of the TLR4-Myd88-NF-kB pathway and the oxidative stress
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induced by TP might be the reasons accounting for the priming and
activation steps of the NLRP3 inflammasome.

3.5. Inhibition of the activation of inflammasome alleviated TP induced
liver injury

To explore whether the activation of inflammasome participate in
the progress of liver toxicity induced by TP, we pretreated the mice
with a Caspase-1 inhibitor (Ac-Yvad-Cmk) 30 min before the adminis-
tration of TP to inhibit the cleavage of Pro-Caspase-1 to Cleaved
Caspase-1. The results from Fig. 5A to Fig. 5E and the results of in-
dependent replicates presented in Fig.S2D revealed that Ac-Yvad-Cmk
could dampen the activation of NLRP3 inflammasome induced by TP.
Also, the hepatoprotective effect of Ac-Yvad-Cmk was reflected by the
alleviation of serum ALT and AST (Fig. 6A, Fig. 6B, Fig.S2A, and
Fig.S2B). Compared with the TP-treated group, although Ac-Yvad-Cmk
pretreatment did not significantly decrease the liver/body weight ratio
induced by TP, it only showed the decreasing trend (Fig. 6C). Inhibition
of the activation of inflammasome also decreased the production of
cytokines and weakened the recruitment of inflammatory cells after TP-
treatment showed by IHC of MPO staining (Table.2, Fig. 6D, and
Fig.S2C, shown as black arrows). The protective effect of Ac-Yvad-Cmk
against TP was also confirmed by H&E staining (Fig. 6D and Fig.S2C),
as inhibiting the activity of inflammasome reduced the inflammatory
cells infiltration (Shown as black arrows) and necrotic area (Shown as
white arrows) compared with the TP-treated group. Thus, we concluded
that the activation of NLRP3 inflammasome resulted in the maturity of
IL-1B, which further augmented the release of cytokines and recruited
the inflammatory cells, such as the neutrophils and monocytes. The
accumulation of inflammatory cells in the liver may also augment the
liver damage induced by TP. Our speculation for the role of the in-
flammasome in the acute hepatotoxicity induced by TP was illustrated
by Fig. 7.

4. Discussion

Drug-induced liver injury is the key factor responsible for impeding
the development and application of drugs worldwide. Despite ex-
hibiting the immunomodulatory and antitumor activities, the narrow
therapeutic window and severe hepatotoxicity limit the TP's applica-
tion. Considerable studies related to TP-induced hepatotoxicity have
been published and several groups are working on synthesizing the
analogs of TP, such as (5R)-5-hydroxytriptolide and minnelide, in order
to avoid the occurrence of toxic reactions while retaining its bioactivity
[3,41-45]. Nevertheless, a few studies focused on the immunotoxicity
induced by TP. Accordingly, a more comprehensive understanding of
TP's immunotoxicity is needed. This study proved the involvement of
the innate immune system in the process of liver damage induced by
TP. The fundamental role of the liver innate immune system relies on its
PRRs expressed on the innate immune cells to sense the invading pa-
thogens from the gut and the endogenous harmful signals from dying
cells [46,47]. However, patients with chronic liver disease are always
accompanied by the abnormal activation of PRRs through exposing the
liver to excessive gut-derived endotoxins resulting from the decreased
mucosal integrity and intestinal mucosal barrier, which could further
contribute to liver inflammation and fibrogenesis [48]. Meanwhile,
over-production of heat shock proteins, high mobility group box 1, and
hyaluronan, the contents released from dying cells or damaged tissues,
can also be recognized by PPRs expressed on liver cells and accelerate
the development of liver disease via inducing the production of pro-
inflammatory cytokines [14]. Given the essential role of PRRs in the
deterioration of several liver diseases, we supposed that hyper-activa-
tion of PRRs might be related to TP-induced hepatotoxicity.

Published data pointed out that there is a connection between
NLRP3 inflammasome and the adaptive immune response [30,49-51].
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Fig. 1. Time-dependent hepatotoxicity of TP in C57BL/6J mice. (A-C) After the administration of TP for 12 h or 24 h respectively, blood samples and the whole liver
tissues were collected to assess the serum ALT, AST, and liver index (n = 8). (D) The liver sections were stained with H&E (200 X ) to examine the histopathological

change (white arrows and black arrows represents the necrosis and inflammatory cells respectively). Results were expressed as means =+

SEM. Statistical analysis

was performed using two-way ANOVA followed by Bonferroni post-test. *P < 0.05, **P < 0.01, **P < 0.001 vs. control group.

Meanwhile, our previous studies revealed the involvement of the
adaptive immune response in TP-induced liver damage [8-10]. Those
results prompted us to investigate whether innate immune-mediated
inflammasome activation played a role in TP-induced liver injury. We
administered TP at a dose of 600 ug/kg for 12h and 24 h respectively
according to our previous study [9]. A single dose of TP increased the
serum ALT and AST contents in the time-dependent manner (Fig. 1A
and Fig. 1B). H&E staining presented in Fig. 1D showed necrosis and
inflammatory cell infiltration in liver tissue treated with TP. TP was
reported to serve as the immunosuppressive agent for the treatment of
autoimmune diseases by inhibiting NF-kB and down-regulating the pro-
inflammatory factors at the low dose [2]. However, we found that the
pro-inflammatory action of TP occurred only at the high dose in mice
(Fig. 2A and Fig. 3D). Combined with the necrotic area shown in H&E
staining and increased neutrophil infiltration in IHC staining of MPO,
we believed that the increase of pro-inflammatory factors and the re-
cruitment of neutrophils might be accounting for the direct cytotoxicity
induced by TP (Fig. 1D and Fig. 2B).

The NLRP3 inflammasome can be activated in response to a variety
of stimuli, including infection, metabolic disorder, and tissue damage.
The activation of NLRP3 inflammasome triggers the proteolytic clea-
vage of dormant Pro-Caspase-1 into the active form, which additionally
converts the cytokines precursor pro-IL-1f into IL-13. We found that TP
increased both the mRNA levels of NLRP3 inflammasome and promoted
the cleavage of Pro-Caspase-1 as well as mature IL-1f, revealing TP-

treatment could affect both the priming step and the activation step of
NLRP3 inflammasome (Fig. 3A to Fig. 3I). Cell priming with the NF-kB
dependent transcription step was the most common reason leading to
the induction of NLRP3, IL-1B3 and the formulation of NLRP3 in-
flammasome, while the second signal includes a variety of molecular
and cellular events, including K™ efflux, Ca2* signaling, lysosomal
rupture, mitochondrial dysfunction, and the production of reactive
oxygen species (ROS) [19]. IkB-a, a protein that inhibits the activation
of NF-kB through masking the nuclear localization signals, can be ac-
tivated by TLR4-Myd88 pathway. The activation and degradation of
IkB-q, in turn, lead to the activation of NF-kB dependent transcription,
accompanied by the increase in the mRNA level of IkB-a. The results
shown in Fig. 4A to Fig. 4C suggested that TP might activate the
priming step of NLRP3 inflammasome through TLR4-Myd88-NF-«B
pathway. The impairment of mitochondria respiratory chain and the
excessive ROS production by NAPDH oxidase were initially thought to
be the common signals for the activation of NLRP3 inflammasome [40].
Excessive production of ROS leads to the elimination of anti-oxidative
SOD level and an increase in MDA content, one of the major parameter
of lipid peroxidation [52]. According to the published data, TP could
disrupt the mitochondrial respiratory chain in vivo and lead to the
excessive production of ROS in vitro [4,39]. Thus, we detected the
contents of MDA and SOD to establish the possible relationship between
NLRP3 activation and the occurrence of oxidative stress induced by TP
(Fig. 2C to Fig. 2D).
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Fig. 2. Administration of TP up-regulated the expression of pro-inflammatory factors and recruited the inflammatory cells to the liver. (A) Relative mRNA levels of
TNF-a, IL-6, MCP-1, CXCL-1, CXCL-2, CXCL-5, and MPO after TP treatment (n = 8). (B) Immunohistochemical staining of MPO (200 x ) indicated the aggregation of
neutrophils followed by TP-treatment (Black arrows represent the neutrophils). Results were expressed as means + SEM. (C-D) Levels of MDA and SOD were
detected using their kits respectively to verify the involvement of oxidative stress in TP-induced liver toxicity (n = 8). Statistical analysis was performed using two-
way ANOVA followed by Bonferroni post-test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group; n.s. no statistical difference vs. control group.

The acute liver toxicity induced by exogenous substance is always
deteriorated by the recruitment of inflammatory cells via inflammatory
mediators. For example, an increasing presence of the neutrophils could
both release cytotoxic signals and recruit additional neutrophils and
monocytes to aggravate liver damage [53-55]. TP treatment increased
the mRNA levels of CXCL-1, CXCL-2, CXCL-5, MPO, and MCP-1 in the
liver, suggesting the aggregation of the neutrophils and monocytes after

TP treatment (Fig. 2). In view of the key role of the IL-1 family in the
recruitment of inflammatory cells, we speculated that there might be a
relationship between the inflammasome activation and the damage
induced by massive inflammatory cells [56]. This was confirmed by Ac-
Yvad-Cmk pretreatment. Compared with TP alone, TP plus Ac-Yvad-
Cmk co-treatment diminished the damage induced by TP presented
with the reduction of inflammatory cells in the liver (Fig. 6). As the
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Fig. 3. TP-induced acute hepatotoxicity was accompanied by the activation of NLRP3 inflammasome. (A-D) The mRNA levels of the components of NLRP3 in-
flammasome and IL-1f were detected to verify whether TP could affect the priming step of NLRP3 inflammasome (n = 8). (E-G) The protein levels of NLRP3, ASC,
Cleaved Caspase-1 (P20), and mature IL-1p were detected with GAPDH as the loading control (n = 4). Results were expressed as means + SEM. Statistical analysis
was performed using two-way ANOVA followed by Bonferroni post-test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group.



Z. Yuan, et al.
A B
TLR4 Myd88
3
L] @8 Control

2 = 1P £
£ £
¢ 2 . 4
! 3
2 2
< 1 <
z z
e~ x
E 5

0

*» »* &

International Immunopharmacology 75 (2019) 105754

Ixb-a

@8 Control
| TP

@B Control
| TP

mRNA relative ratio

N g N
> o P

Fig. 4. Effects of TP on TLR4-Myd88-NF-«B pathway. (A-C) The mRNA levels of TLR4, Myd88, IkB-a were detected using RT-PCR to verify the involvement of TLR4-
Myd88-NF-kB pathway in the regulation of the priming step of NLRP3 inflammasome after TP administration (n = 8). Results were expressed as means + SEM.
Statistical analysis was performed using two-way ANOVA followed by Bonferroni post-test. “P < 0.05, **P < 0.01, ***P < 0.001 vs. control group.

activation of all inflammasomes, NLRP1, NLRP3, NLRC4, AIM2, and
Pyrin, is involved in the cleavage of Pro-Caspase-1 and Ac-Yvad-Cmk
pretreatment was not only specific for NLRP3 inflammasome, we
cannot rule out the possibility of NLRP1, NLRC4, AIM2, and Pyrin ac-
tivation in TP-induced acute hepatotoxicity [57]. The precise role of
NLRP3 inflammasome in TP-induced liver toxicity needs additional
experiments such as the application of NLRP3-deficient mice or the
specific inhibitors of NLRP3 inflammasome. Our speculations about the
role NLRP3 inflammasome in TP induced liver damage are presented in
Fig. 7.

5. Conclusion

In this study, we proved that the hyper-activation of NLRP3 in-
flammasome is involved in TP induced acute hepatotoxicity. The

abnormal activation of NLRP3 inflammasome would result in the ma-
turity of IL-1f, subsequently, recruitment of the inflammatory cells to
the damaged tissue and aggravate the liver damage. Pretreatment with
the pharmacological inhibitor of inflammasome activation partly alle-
viated TP-induced hepatotoxicity. Our results revealed that targeting
PRRs, especially inflammasome, might serve as a potential target for
the treatment of TP-induced liver damage.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105754.
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Fig. 5. Ac-Yvad-Cmk pre-treatment alleviated the activation of NLRP3 inflammasome and the maturity of IL-1(3 induced by TP. (A-E) The protein levels of NLRP3,
ASC, Cleaved Caspase-1 (P20), and IL-1B (P17) were detected using western blot with GAPDH as the loading control (n = 4). Results were expressed as
means + SEM. Statistical analysis was performed using one-way ANOVA followed by Bonferroni's Multiple Comparison Test. *P < 0.05, **P < 0.01, **P < 0.001.
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Table 2
The effect of Ac-Yvad-Cmk on the mRNA levels of pro-inflammatory factors induced by TP-treatment at 24 h.
Group
Gene Control TP TP + Ac-Yvad-Cmk Ac-Yvad-Cmk P value P value
(Control VS TP) (TP VS TP + Ac-Yvad-Cmk)
IL-1B 1.074 = 0.1844 6.757 + 0.7468** 1.607 + 0.3727%%% 0.1591 * 0.03375 P < 0.001 P < 0.001
TNF-a 1.053 = 0.1460 3.589 + 0.7642* 1.753 * 0.3260% 0.3411 = 0.06816 P < 0.01 P < 0.05
IL-6 1.082 + 0.1801 11.76 = 1.798* 4,560 = 0.7621%## 0.5044 = 0.1075 P < 0.001 P < 0.001
CXCL-1 1.135 += 0.3127 9.295 + 1.840*** 5.403 + 1.233 0.5524 = 0.07553 P < 0.01 P =0.092
CXCL-2 1.247 = 0.3710 10.42 = 1.797+ 3.556 + 1.176"*# 0.2932 = 0.06098 P < 0.001 P < 0.001
CXCL-5 1.070 = 0.1845 26.09 + 7.417+ 6.094 + 2.640%% 0.1505 = 0.02661 P < 0.01 P < 0.01
MCP-1 1.152 * 0.2775 20.73 + 2.272* 9.117 * 0.6981%7# 0.1132 * 0.03427 P < 0.001 P < 0.001
MPO 1.054 = 0.1442 20.24 + 5.394** 5.983 * 1.448%# 0.9830 = 0.4082 P < 0.01 P < 0.01
Results were expressed as means = SEM (n = 6-8). Statistical analysis was performed using one-way ANOVA followed by Bonferroni's Multiple comparison Test.*

#P < 0.05, ** ##P < 0.01, = *##p < 0.001; *P, P, ***P, compared between TP-treated and control group; “P, *#P, #*##p_ compared between TP-treated and TP
plus Ac-Yvad-Cmk co-treatment group.
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