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Abstract Previously, we proposed a new perspective of triptolide (TP)-associated hepatotoxicity: liver

hypersensitivity upon lipopolysaccharide (LPS) stimulation. However, the mechanisms for TP/LPS-

induced hepatotoxicity remained elusive. The present study aimed to clarify the role of LPS in TP/

LPS-induced hepatotoxicity and the mechanism by which TP induces liver hypersensitivity upon LPS

stimulation. TNF-a inhibitor, etanercept, was injected intraperitoneally into mice to investigate whether

induction of TNF-a by LPS participated in the liver injury induced by TP/LPS co-treatment. Mice and

hepatocytes pretreated with TP were stimulated with recombinant TNF-a to assess the function of

TNF-a in TP/LPS co-treatment. Additionally, time-dependent NF-kB activation and NF-kB-mediated
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pro-survival signals were measured in vivo and in vitro. Finally, overexpression of cellular FLICE-

inhibitory protein (FLIP), the most potent NF-kB-mediated pro-survival protein, was measured in vivo

and in vitro to assess its function in TP/LPS-induced hepatotoxicity. Etanercept counteracted the toxic

reactions induced by TP/LPS. TP-treatment sensitized mice and hepatocytes to TNF-a, revealing the role

of TNF-a in TP/LPS-induced hepatotoxicity. Mechanistic studies revealed that TP inhibited NF-kB

dependent pro-survival signals, especially FLIP, induced by LPS/TNF-a. Moreover, overexpression of

FLIP alleviated TP/LPS-induced hepatotoxicity in vivo and TP/TNF-a-induced apoptosis in vitro. Mice

and hepatocytes treated with TP were sensitive to TNF-a, which was released from LPS-stimulated im-

mune cells. These and other results show that the TP-induced inhibition of NF-kB-dependent transcrip-

tional activity and FLIP production are responsible for liver hypersensitivity.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Triptolide (TP), one of the fat-soluble components extracted from
the Chinese medicinal herb Tripterygium wilfordii Hook F.
(TWHF), has been proposed to be beneficial for a variety of dis-
eases such as cancer, inflammatory disorders, immunosuppression,
neurodegeneration and cardiovascular disorders1,2. Drugs con-
taining TP, such as Tripterygium Glycosides and Leigongteng
Tables, have been clinically used for the treatment of rheumatoid
arthritis, nephrotic syndrome, and other autoimmune diseases.
However, the wide application of TP and the drugs derived from
TWHF has been restricted because of their severe side effects,
especially hepatotoxicity3,4. Administration of the drugs contain-
ing TP (including Tripterygium Glycosides and Leigongteng Ta-
bles) caused severe hepatotoxicity with significant elevation of
serum transaminases according to clinical reports, but published
articles from other groups and the results from our laboratory
revealed that mice or rats treated with high dose of Tripterygium
Glycosides or TP expressed a slight increase in serum trans-
aminases with insignificant liver damage. Thus, direct liver
damage by these drugs may not be the only reason for their
hepatotoxicity3,5e7. Our previous studies proposed a new
perspective of TP-induced hepatotoxicity: liver hypersensitivity
upon lipopolysaccharide (LPS) stimulation. We proposed that TP
(500 mg/kg) treatment disrupted liver immune homeostasis, which
limited hepatic function to detoxify the harmful response induced
by the non-toxic dose of LPS (0.1 mg/kg), ultimately leading to
liver hypersensitivity upon LPS stimulation8. However, the actual
role of LPS in TP/LPS co-treatment and TP-induced liver hy-
persensitivity had not yet been established.

A vital immune organ, the liver, is constantly exposed to portal
venous blood from gastrointestinal tract which is rich in the
digestive products along with bacterial products, especially lipo-
polysaccharide endotoxin (also referred as LPS)9. Under physio-
logical conditions, only small amounts of LPS succeed in reaching
the liver and these are quickly removed by phagocytic hepatic
cells without initiating the harmful response. Thus, the immune
system can normally neutralize harmful responses induced by
small amounts of LPS10,11. Interestingly, treatment of mice with D-
galactosamine (D-GalN) was shown to inhibit NF-kB-dependent
target genes, also when combined with a non-toxic dose of LPS-
induced acute hepatotoxicity with massive destruction of hepato-
cytes. Inhibition of the production of TNF-a by Kupffer cells
alleviated such D-GalN/LPS-induced hepatotoxicity12e15.
Furthermore, other research showed that the application of a
transcription inhibitor or protein synthesis inhibitor, such as
actinomycin D and cycloheximide, promoted cell death in the
presence of TNF-a due to the deficiency of pro-survival
proteins16e19.

A rapidly inducible transcription factor, NF-kB, has been
widely studied among researchers because of its central role in
immunological regulation and also control of a wide range of gene
expression20. Cascade activation by pro-inflammatory molecules
such as LPS or TNF-a leads to immediate phosphorylation and
subsequent degradation of IkB-a, followed by translocation of
NF-kB subunits from cytoplasm to nucleus21. Published work
documents that the cytoprotective effect of NF-kB is closely
related to NF-kB-dependent anti-apoptosis (also referred as pro-
survival) gene transcription. Products of this activated pathway
include cellular FLICE-inhibitory protein (FLIP), X-linked in-
hibitor of apoptosis protein (XIAP), cellular inhibitor of apoptosis
protein 1 (CIAP1), and cellular inhibitor of apoptosis protein
(CIAP2)22,23. Recombinant mice lacking NF-kB P65 and the up-
stream signals of NF-kB activation, such as IKKb or IKKg,
resulted in embryonic lethality due to the death of hepatocytes,
suggesting an indispensable function of NF-kB in protecting he-
patocytes from TNF-a-induced cell death24,25. Furthermore,
deletion of P65 in hepatocytes using Cre/Lox system decreased
the expression of FLIP that is associated with an increase in the
sensitivity of liver upon LPS stimulation in vivo as well as the
stimulation of TNF-a both in vivo and in vitro26. It was also re-
ported that inactivation of NF-kB promoted cell death in the
presence of TNF-a and overexpression of FLIP dampened the
cytotoxicity of TNF-a, demonstrating that the cytoprotective ef-
fect of NF-kB depends on FLIP22. The protective effect of FLIP
against TNF-a or FasL mediated hepatic cell death was also
confirmed by the application of Fas agonistic Jo2 or GalN/LPS27.
As a catalytically inactive homolog of caspase-8, FLIP was up-
regulated by TNF-a22. The formation of FLIPecaspase-8 heter-
odimer inhibited the assembly of caspase-8 homologous complex
and subsequent caspase-8-dependent apoptosis, which revealed
the anti-apoptosis function of FLIP28. Recently, the combination
of FLIPecaspase-8 heterodimer to FAS-associated protein with
death domain (FADD) was also proposed to cleave receptor-
interacting protein kinase 1 (RIPK1) and receptor-interacting
protein kinase 3 (RIPK3), resulting in necroptosis inactivation29.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Considering the close relationship between hepatic cell death
and TP/LPS-induced hepatotoxicity, we hypothesized that TP
treatment might inhibit the transcriptional activity of NF-kB in
hepatocytes, resulting in decreased expression of FLIP and an
increase in the sensitivity of hepatocytes upon TNF-a stimulation.
To test this hypothesis, the TNF-a antibody etanercept was
injected prior the application of LPS to inhibit the effect of TNF-a
induced by LPS. Additionally, the appearance of time-dependent
NF-kB activity and NF-kB dependent pro-survival proteins were
studied. Moreover, overexpression of FLIP in vivo and in vitro was
carried out to interpret the relevance of FLIP in TP/LPS-induced
hepatotoxicity.
2. Materials and methods

2.1. Material

TP (CAS number 38748-32-2, purity >98%) was obtained from
Sanling Biotech (Guilin, China). LPS (L2755) and etanercept
(Etan) were purchased from SigmaeAldrich (St. Louis, MO,
USA) and Pfizer (New York City, NY, USA), respectively. Mouse
recombinant TNF-a (315-01A) and human recombinant TNF-a
(300-01A) were obtained from Peprotech Inc. (Rocky Hill, NJ,
USA). Z-VAD-FMK (A1902) and necrostatin-1 (Nec-1, A4213)
were purchased from Apexbio (Houston, TX, USA). The reagents
for qPCR, including Trizol reagent, SYBR Green Master Mix, and
Reverse Transcription Kit, were obtained from Vazyme Biotech
Co., Ltd. (Nanjing, China).

Primary antibodies against cleaved caspase-8 (8592) for mouse
samples, cleaved caspase-8 (9496) for human samples, cleaved
PARP (9532), BAX (2772), BCL-2 (2870), IkB-a (4814), FLIP
(56,343), X-linked inhibitor of apoptosis protein (XIAP, 2042),
and cleaved caspase-3 (9661) were purchased from Cell Signaling
Technology (Boston, MA, USA). Antibodies against tubulin (sc-
5286), GAPDH (sc-365,062), and NF-kB P65 (sc-372) were
purchased from Santa Cruz Biotechnology (Dallas, CA, USA).
Antibody against RIPK1 (17519-1-AP), mixed lineage kinase
domain like pseudokinase (MLKL, 66675-1-Ig), myeloperoxidase
(MPO, 22225-1-AP), and CIAP1 (10022-1-AP) were purchased
from Proteintech (Chicago, IL, USA). Antibody against P-MLKL
(Ser345) (ab196436) was purchased from Abcam (Cambridge,
UK).

2.2. Animal and pharmacological treatments

Animal treatment of TP (500 mg/kg, i.g.) and LPS (0.1 mg/kg, i.p.)
was described in our previous research paper8. Briefly, mice were
treated daily with TP or the same volume of 0.5% CMC-Na for 7
days. LPS was administered 2 h after the last dose of TP and mice
were sacrificed 8 h later. Doses of etanercept (10 mg/kg, i.p.) and
mouse recombinant TNF-a (10 mg/kg, i.v.) were based on pub-
lished literature30,31. AAV8-control and AAV8-FLIPL (Long form
of FLIP) (1 � 1011 vg/mouse, i.v.) were prepared by Hanbio
(Shanghai, China). FLIPL (NM_001289704.3) was vectored with
AAV-CMV-MCS-GFP and tagged with 3 � Flag. All experiments
and procedures involving mice were carried out on the basis of the
guidelines from Ethical Committee of China Pharmaceutical
University (Nanjing, China) and the Laboratory Animal Man-
agement Committee of Jiangsu Province.
To explore the function of anti-TNF-a antibody, etanercept, in
TP/LPS-induced hepatotoxicity, mice were randomly divided into
five groups (n Z 10/group) and etanercept or the same volume of
PBS was injected 1 h after the last dose of TP (Fig. 1A). To
investigate whether TP-treatment increased the sensitivity of liver
upon TNF-a stimulation, mice were divided into four groups
(n Z 6/group) and were injected intravenously with recombinant
TNF-a or dilute PBS 2 h after the last dose of TP (Fig. 3A). The
involvement of NF-kB in TP/LPS-induced hepatotoxicity was
verified by the time-dependent experiment shown in Fig. 4A with
six mice in each group.Moreover, the function of FLIPL in TP/LPS-
induced hepatotoxicity was studied by the injection of AAV8-
FLIPL or AAV8-NC in mice. Four weeks after AAV injection,
mice were treated with TP and LPS as presented in Fig. 7A.

2.3. Blood biochemistry analysis

Serum alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), albumin (ALB), and total protein were detected
using kits from Weiteman Biotech (Nanjing, China). Serum total
bile acid (TBA) was measured using the kit from Jiancheng
Bioengineering Institute (Nanjing, China). Serum glucose was
measured with the kit from Rongsheng Biotech (Shanghai, China).
All kits were used according to the manufacturer’s instructions.

2.4. Histopathological examination

Fresh liver sections from mouse liver were washed with 4 �C PBS
and fixed in 10% formaldehyde. Hematoxylin and eosin (H&E),
immunohistochemistry (IHC) and periodic acid-Schiff (PAS)
staining were performed by standard procedures.

2.5. Cell culture and cell viability assay

Human hepatic cell line L-02 was obtained from China Cell
Culture Center (Shanghai, China). Cells were cultured in DMEM
media with 10% fetal bovine serum (FBS) provided by Gibco
(Grand Island, NY, USA) and maintained at 37 �C in a humidified
atmosphere with 5% CO2. TP was added 1 h before human re-
combinant TNF-a in all in vitro experiments.

Cell viability was detected with the MTT assay in the 96-well
plates. In brief, exponentially growing cells were plated at the
density of 4 � 103 in each well. Twelve hours after seeding, old
media was replaced with fresh DMEM media without FBS and
different concentrations of TP as well as human recombinant TNF-
a were added. Cell viability was detected at the indicated time.

Lactate dehydrogenase (LDH) leakage was detected according
to the instructions of CytoTox 96� Non-Radioactive Cytotoxicity
Assay Kit from Promega operation (Madison, WI, USA) and
calculated using Eq. (1):

Relative LDH releaseZ

ðExperimental releaseeCulture medium background=

ðControl releaseeCulture medium backgroundÞ: ð1Þ

2.6. Cell transfection

For gene silencing or overexpression of human FLIPS (short form
of FLIP) (NM_001127184.3), L-02 cells cultured in 24-well plates



Figure 1 Effects of etanercept administration on liver injury parameters disturbed by TP/LPS co-treatment. (A) Schematic presentation of the

experimental procedure to testify the effects of etanercept upon TP/LPS-induced hepatotoxicity. (B)e(G) Levels of serum ALT, AST, TBA,

Glucose, total protein, and ALB in TP/LPS treated mice, pretreated with etanercept (nZ 10). (H) Pictures of liver tissue sections stained by H&E

(top panels), analyzed by IHC for MPO (middle panels) or analyzed by PAS (bottom panels) (200 �). Scale barZ 50 mm. Results were expressed

as mean � SEM and statistical analysis was performed using One-way ANOVA following by Tukey’s multiple comparison test. *, #P < 0.05, ***,
##P < 0.01, ***, ###P < 0.001; ns, no statistical difference.
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Figure 2 Pretreatment with etanercept protected mice from TP/LPS-induced apoptosis and necroptosis. (A) and (B) Representative protein

bands related to apoptosis and necroptosis after etanercept treatment, with tubulin as the loading control (n Z 3e6). (C)e(J) Densitometric

analyses of the bands in Fig. 2A and B. (K) Pictures of liver tissue sections analyzed by IHC for cleaved caspase-3 (top panels) and MLKL

(bottom panels) (200 � ). Scale bar Z 50 mm. Results were expressed as mean � SEM and statistical analysis was performed using One-way

ANOVA following by Tukey’s multiple comparison test. *, #P < 0.05, **, ##P < 0.01, ***,###P < 0.001.
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were transfected with scrambled control siRNA, FLIPS siRNA,
pEX-1 vector, or pEX-1 vector carrying FLIPS sequence obtained
from Genepharma (Shanghai, China). SiRNA or plasmid were
transfected into the cells using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocols.
The siRNA sequences are listed in Table 1. After 24 h trans-
fection, fresh DMEM medium was added to the plates to replace
the transfection medium for another 24 h before the treatment of
TP (25 nmol/L) and TNF-a (50 ng/mL). Cell supernatant and
lysate for LDH detection and Western Blot analysis were collected
24 h after TNF-a application.
2.7. Immunocytochemistry

L-02 cells were plated in 24-well plates containing coverslips with
the density of 2 � 104 in each well. Thirty minutes after pre-
treatment with TP and TNF-a, cells were fixed with 10% form-
aldehyde for 15 min, permeabilized with 0.1% Triton X-100 for
15 min, and blocked with 5% BSA. The fixed cells were then
incubated with P65 primary antibody overnight at 4 �C followed
by the incubation with Alexa Fluor 488 secondary antibody at
room temperature for 1 h. The nucleus was labeled with DAPI
(Beyotime Biotechnology, Shanghai, China) for 15 min and
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fluorescence images were obtained with FV-1000 (Olympus, TKY,
Japan).

2.8. RNA extraction and qPCR

Total RNA was extracted from mouse liver with Trizol reagent. A
total of 1 mg RNA for each sample was reversed to cDNA with
Reverse Transcription Kit after the quantification of RNA con-
centration with Nanodrop2000 (Thermo Fisher Scientific, Wal-
tham, MA, USA). The experiment was carried out on Stepone Plus
using SYBR Green Master Mix and normalized with tubulin. The
primer used for qPCR is listed in Table 2 and the relative mRNA
expression was calculated using DDCT method.

2.9. Western blot analysis

Total protein was extracted from mouse liver stored at �80 �C or
cell samples using RIPA lysis buffer (Beyotime Biotechnology).
Protein concentration was quantified by a BCA kit (Beyotime
Biotechnology) and then protein was mixed with 4 � loading
buffer from Bio-Rad laboratories (Hercules, CA, USA). Proteins
were separated by SDS-PAGE with gels ranging from 8% to 12%
and then transferred onto PVDF membranes. After blocking with
5% BSA at room temperature for 1 h, the membranes were
incubated with primary antibodies overnight at 4 �C. The mem-
branes were then incubated with second antibodies for 1 h and
visualized at Tanon 4200 Chemiluminescent Imaging System
(Shanghai, China) using ECL detection kit (Millipore, Danvers,
MA, USA). The relative protein expression was normalized with
Tubulin or GAPDH and analyzed with Image J (NIH, Bethesda,
MA, USA).

2.10. Statistical analysis

Data were analyzed using GraphPad Prism 6 (La Jolla, CA, USA)
and presented in the form of mean � SEM. One-way analysis of
variance (ANOVA) and two-way ANOVA followed by Tukey’s
multiple comparison test were performed to analyze the differ-
ences between groups. P-values <0.05 were considered to be
statistically significant.

3. Results

3.1. Etanercept pretreatment protected mice from TP/LPS-
induced hepatotoxicity

Previously, our results showed that apoptosis inhibitor, Z-VAD-
FMK, together with necroptosis inhibitor, Nec-1, protected mice
Figure 3 Pretreatment with TP increased the sensitivity of mice and

sensitivity of TP-treated mice upon TNF-a. (B) and (C) Levels of serum

Representative pictures of H&E staining of liver tissues obtained from m

Cell viability of L-02 cells treated with TP (25 nmol/L) and TNF-a (50

viability of L-02 cells treated with TP (15, 20, or 25 nmol/L) and TN

(n Z 3). (H) and (I) Relative LDH release and representative images of th

(50 ng/mL), 24 h after TNF-a treatment. Scale bar Z 100 mm. (J)e(M) R

cleaved caspase-3, cleaved caspase-8, and cleaved PARP from cells trea

application, with GAPDH as the loading control (n Z 5e6). Results we

using One-way ANOVA or Two-way ANOVA following by Tukey’s mult
from TP/LPS induced hepatotoxicity, uncovering the essential role
of apoptosis and necroptosis in TP/LPS-induced liver toxicity8. It
is well established that the binding of TNF-a to tumor necrosis
factor receptor type 1 (TNF-R1) on the surface of cell membrane
leads to programmed cell death, including apoptosis and nec-
roptosis, via promoting the formation of TNF-R1-bound complex
(complex-I)32,33.

We supposed that LPS participated in TP/LPS-induced hep-
atotoxicity through stimulation of immune cells producing TNF-
a. To test this, etanercept, a soluble decoy to the TNF-a receptor,
was injected before LPS treatment to inhibit the binding of TNF-
a to TNF-R1. Serum TNF-a levels were measured 1, 3, and 8 h
post-LPS (Supporting Information Fig. S1A). Fig. S1B shows
that LPS and TP/LPS-treated groups had significant increases in
serum TNF-a, 1 h after LPS injection, whereas etanercept pre-
treatment decreased TP/LPS-induced TNF-a back to the normal,
revealing efficient blockade of the binding of TNF-a to TNF-R1
in vivo.

Blood analysis was conducted 8 h after LPS injection to
confirm the effects of etanercept on TP/LPS-induced hepato-
toxicity. Consistent with our previous research, TP or LPS alone
had little effect on serum ALT and AST, but TP/LPS co-
treatment significantly increased ALT and AST levels (Fig. 1 B
and C). Etanercept pretreatment inhibited TP/LPS-induced up-
regulation of transaminases and protected mice from TP/LPS-
induced hepatic cell apoptosis and necrosis. This was clear in
the massive nuclear fragmentation and condensation of both
cytoplasm and nucleus (see black arrows in Fig. 1B and C and
H&E staining in Fig. 1H). TP/LPS co-treatment also up-
regulated serum TBA level, an effect counteracted by Eta-
nercept (Fig. 1D). Also, TP/LPS led to a dramatic decrease of
serum glucose and almost completely depleted glycogen storage
in the liver. Etanercept pretreatment partly enhanced serum
glucose level and restored glycogen storage compared with TP/
LPS co-treatment (Fig. 1E and PAS staining in Fig. 1H).
Furthermore, ALB and total protein were inhibited by TP/LPS
co-treatment which was alleviated by etanercept pretreatment
(Fig. 1F and G). TP/LPS co-treatment also promoted the
recruitment of neutrophils and increased serum TNF-a 8 h after
LPS injection. Both effects were alleviated by etanercept
(Fig. S1B and MPO staining in Fig. 1H).

To determine whether the protective effects of etanercept
were related to cell death inhibition, the expressions of apoptosis
and necroptosis related proteins were detected. The results
(Fig. 2A, CeG) indicated that TP/LPS up-regulated cleaved
caspase-8, cleaved caspase-3, and cleaved PARP, but had little
effect on the expression of BAX and BCL-2. Likewise, eta-
nercept pretreatment almost completely inhibited the up-
hepatocytes upon TNF-a. (A) Experimental design to prove hyper-

ALT and AST in mice treated with TP, TNF-a, or both (n Z 6). (D)

ice treated with TP, TNF-a, or both (200 �). Scale bar Z 50 mm. (E)

ng/mL), 6, 12 or 24 h after TNF-a treatment (n Z 3). (F)e(G) Cell

F-a (ranging from five to 50 ng/mL), 24 h after TNF-a treatment

e morphology of L-02 cells treated with TP (25 nmol/L) and TNF-a

epresentative Western blots and relative intensity of protein bands of

ted with TP (25 nmol/L) and TNF-a (50 ng/mL), 24 h after TNF-a

re expressed as mean � SEM and statistical analysis was performed

iple comparison test. *, #P < 0.05, **, ##P < 0.01, ***, ###P < 0.001.
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regulation of cleaved caspase-8, cleaved caspase-3, and cleaved
PARP. Moreover, etanercept weakened the up-regulation of the
proteins related to necroptosis (RIPK1, MLKL, and P-MLKL
[Ser345]) induced by TP/LPS co-treatment (Fig. 2B, HeJ). The
effect of etanercept on apoptosis and necroptosis was addition-
ally confirmed by IHC staining of cleaved caspase-3 and MLKL,
as etanercept decreased the positive areas of cleaved caspase-3
and MLKL induced by TP/LPS co-treatment (Fig. 2K).

These results show that anti-TNF-a antibody, etanercept, effi-
ciently protected the mice from TP/LPS-induced bile acid and
glucose metabolic disorder, inflammatory reactions, apoptosis,
and necroptosis. LPS might participate in TP/LPS-induced
apoptosis and necroptosis through promoting the release of
TNF-a.

3.2. Pretreatment with TP increased the sensitivity of mice and
hepatocytes upon TNF-a stimulation

The function of LPS-induced TNF-a was demonstrated by the
injection of recombinant TNF-a in vivo (Fig. 3A). In normal
mice, TNF-a (10 mg/kg) had little effect on serum ALT and AST
levels vs. control, whereas TNF-a increased serum ALT and AST
levels in mice pretreated with TP (Fig. 3B and C). H&E staining
revealed that mice treated with TP or TNF-a alone showed little
morphological abnormalities. However, TP/TNF-a co-treatment
increased hepatic cellular injury, reflected by nuclear fragmen-
tation and condensation, loss of cytoplasm, and increased in-
flammatory reactions (Fig. 3D). These results reveal the
hypersensitivity of mice treated with TP upon TNF-a
stimulation.

In vitro experiments were also carried out to discover the
effects of TNF-a on TP-treated hepatocytes. In most circum-
stances, the cellular effect of TNF-a was pro-survival not pro-
death. A 1 h pretreatment of L-02 cells with TP (25 nmol/L)
followed by the application of TNF-a (50 ng/mL) for 24 h
dramatically decreased cell viability. TP or TNF-a alone had
insignificant effects on cell viability (Fig. 3E). Results also show
that the TP/TNF-a-induced hepatic cell death was TP and TNF-
a-dependent (Fig. 3F and G). The cytotoxicity of TP/TNF-a co-
treatment was additionally confirmed by LDH release and his-
topathological observation. TP or TNF-a alone slightly increased
LDH levels, but TP/TNF-a co-treatment significantly increased
the release of LDH (Fig. 3H). Moreover, TP/TNF-a co-treatment
impaired cellular morphology expressed by the shrinkage of
hepatocytes, yet TP or TNF-a alone did not cause this kind of
injury (Fig. 3I). Protein measurements revealed the apoptosis of
hepatocytes induced by TP/TNF-a, reflected by an increase in the
expression of cleaved caspase-3, cleaved caspase-8, and cleaved
PARP (Fig. 3JeM).

In summary, TP treatment increased the sensitivity of
mice and hepatocytes upon TNF-a stimulation. LPS
Figure 4 Possible role of NF-kB and NF-kB-mediated pro-survival si

detect the time-dependent changes of NF-kB and its related pro-survival fac

Ciap1, Ciap2, FlipL, Xiap, Tnfaip3, and Nfkbia, were detected by qPCR

Western blots and relative intensity of protein bands of FLIPL, CIAP1, XI

loading control (n Z 4e6). (M) Representative photomicrographs of live

bar Z 50 mm. Results were expressed as mean � SEM and statistical an

multiple comparison test. *, #, $P<0.05, **, ##, $$P<0.01, ***, ###, $$$P<
participated in TP/LPS-induced hepatotoxicity through the
release of TNF-a.

3.3. TP pretreatment counteracted NF-kB dependent pro-
survival signals induced by LPS and TNF-a

As a vital pro-inflammatory factor in immune system, TNF-a
participates in tissue homeostasis by regulating cytokine pro-
duction, cell survival, and cell death34. However, under most
circumstances, TNF-a is not able to promote cell death unless the
checkpoints of TNF-a related pathways are disrupted. NF-kB and
the relevant pro-survival proteins are important components of
these pathways33e35. We suspected that the inhibition of NF-kB
dependent pro-survival signals in hepatocytes by TP might be
responsible for the sensitivity of hepatocytes following TNF-a
stimulation. It has been reported that LPS activated NF-kB 1 h
after LPS injection and this effect was gradually weakened with
the passage of time31,36. Thus, a period of 1 h after LPS injection
was suitable for the detection of NF-kB activity. Time-dependent
changes in NF-kB induced by TP and LPS were detected 1, 3,
and 8 h after LPS treatment (Fig. 4A). Two NF-kB target genes,
Nfkbia encoding IkB-a and Tnfaip3 used to reflect the tran-
scriptional activity of NF-kB, were increased 1 h after LPS in-
jection and gradually returned to normal three and 8 h later
(Fig. 4F and G). However, TP pretreatment, in TP/LPS co-
treatment group, weakened NF-kB activity in comparison with
LPS treatment alone. Western blots revealed that IkB-a (NF-kB
inhibitor alpha) degraded 1 h after LPS administration and began
to restore after 3 h, while TP pretreatment inhibited LPS induced
IkB-a degradation 1 h after LPS injection (Fig. 4H and L). The
effects of TP on LPS induced NF-kB activation were also
confirmed by IHC staining of NF-kB P65. LPS alone promoted
the translocation of P65 from cytoplasm to nucleus, especially in
hepatocytes, while TP treatment decreased this effect (Fig. 4M).
Thus, TP pretreatment inhibited LPS induced NF-kB activation
in mice.

Subsequently, NF-kB-dependent pro-survival genes and pro-
teins were detected. The mRNA levels of the pro-survival genes,
including Xiap, FlipL, Ciap1, and Ciap2, were significantly
elevated by LPS, especially 1 h after LPS administration and
subsequently fell back to normal. However, TP treatment
repressed the transcription of those genes being induced by LPS
(compared TP/LPS- vs. LPS-treated groups, Fig. 4BeE). Addi-
tionally, TP alone was able to inhibit the mRNA levels of Ciap1,
Ciap2, Xiap, and FlipL (Fig. 4BeE). The effects of TP on the
pro-survival proteins were also detected. In contrast to the gene
expression, LPS alone had little effect on CIAP1 and XIAP
protein expressions (Fig. 4H, J and K). Previous work has
revealed that CIAP1, CIAP2, and XIAP cooperated with each
other to maintain embryonic development and protected cells
from TNF-a-induced cell death37. Although TP significantly
gnals in TP/LPS-induced hepatotoxicity. (A) Experimental design to

tors. (B)e(G) Relative mRNA levels of NF-kB target genes, including

with tubulin as the internal control (n Z 6). (H)e(L) Representative

AP, and IkB-a after the treatment of TP and LPS with tubulin as the

r sections by IHC for P65 1 h after LPS application (200 � ). Scale

alysis was performed using Two-way ANOVA following by Tukey’s

0.001; ns, no statistical difference.



Figure 5 Possible role of NF-kB and NF-kB-mediated pro-survival signals in TP/TNF-a-induced hepatic cell apoptosis. (A) L-02 cells were

treated with TP (25 nmol/L) plus TNF-a (50 ng/mL) and were collected 30 min after TNF-a treatment for immunocytochemistry. Scale

bar Z 50 mm. (B)e(D) L-02 cells were treated with TP (25 nmol/L) plus TNF-a (50 ng/mL) and were collected 24 h after TNF-a application.

Representative Western blots and relative intensity of protein bands of FLIPL and FLIPS with GAPDH as the loading control (n Z 3e4). Results

were expressed as mean � SEM and statistical analysis was performed using One-way ANOVA following by Tukey’s multiple comparison

test. *, #P<0.05, **, ##P<0.01, ***, ###P<0.001; ns, no statistical difference.
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suppressed the expression of XIAP, it had little effect on CIAP1
expression. However, suppression of the expression of CIAP1
sensitized cells to TNF-a while repression of XIAP or CIAP2
had no effect38. Thus, we excluded the possibility of XIAP in-
hibition on TP/TNF-a-induced liver hypersensitivity. Likewise,
Fig. 4H and I shows that TP treatment not only blocked the up-
regulation of FLIPL 1 h after the injection of LPS, but also
inhibited the expression of FLIPL 8 h after LPS administration.
Published work revealed that FLIPL induced by TNF-a was
indispensable for cell survival and cells deficient of FLIPL were
prone to death in the presence of TNF-a29. We speculated that
inhibition of NF-kB-mediated FLIPL expression by TP might be
responsible for hypersensitivity of TP-treated mice upon LPS
stimulation.

The effects of TP on NF-kB activity and the expression of
FLIP were also confirmed in vitro. L-02 cells treated with TNF-a
showed NF-kB P65 aggregation in nucleus (especially in partially
magnified images), while TP pretreatment suppressed this pro-
cess (Fig. 5A). However, in contrast to the results in mice, TP
increased the expression of FLIPL in L-02 cells and TNF-a
seemed to have no effect on it, indicated that FLIPL may not
participate in cytoprotective effect on L-02 cells against TNF-a-
induced cell death (Fig. 5B and C). Nevertheless, TNF-a alone
increased the expression of the FLIPS, which was not present in
mouse, implied that FLIPS instead of FLIPL may protect L-
02 cells against TNF-a. We also discovered that TP pre-treatment
counteracted the up-regulation of FLIPS induced by TNF-a and
TP treatment reduced the FLIPS protein level, which was
consistent with the effects of TP on the expression of FLIPL
in vivo (Fig. 5B and D).

In this part, we found that TP inhibited NF-kB-dependent
transcriptional activity as well as the pro-survival protein FLIPL
in vivo and FLIPS in vitro, which were induced by LPS or TNF-a.
However, whether inhibition of NF-kB dependent FLIP expression
involved in TP/LPS-induced hepatotoxicity or TP/TNF-a-induced
hepatic cell apoptosis remained elusive.
3.4. Overexpression of FLIPs alleviated TP/TNF-a-induced
apoptosis in hepatocytes

Next, the function of FLIPS on L-02 cells was studied by FLIPS
knockdown. L-02 cells were transfected with FLIPS siRNA or
negative control siRNA and the efficiency of siRNA was verified
in Supporting Information Figs. S2A and S2B. We found that
transfection with FLIPS siRNA promoted hepatic cell apoptosis in
the presence of TNF-a, revealing the role of FLIPS in protecting
cells against TNF-a-induced cell death (Fig. 6A, C, and D).
However, the results of LDH release and the protein level of
cleaved PARP indicated that there was no difference between cells
treated with siRNA-NC plus TP/TNF-a and siRNA-FLIPS plus
TP/TNF-a. We propose the following reason behind these results:
although siRNA-FLIPS was enough to inhibit the expression of
FLIPS, cells transfected with siRNA-FLIPS plus TP/TNF-a co-
treatment were not able to further inhibit the expression of
FLIPS, compared with siRNA-NC plus TP/TNF-a co-treatment
(Fig. 6E and F).

The role of FLIPS in TP/TNF-a-induced hepatic cell
apoptosis was further clarified by FLIPS overexpression and the
efficiency of FLIPS plasmid was confirmed by Western blot
(Figs. S2C and S2D). As expected, cells transfected with FLIPS
plasmid expressed high level of FLIPS even after TP and TNF-a
treatment (Fig. 6I). Furthermore, compared with cells trans-
fected with NC, hepatocytes transfected with FLIPS protected
cells from TP/TNF-a-induced apoptosis and decreased the LDH
release induced by TP/TNF-a (Fig. 6B, G, and H). Thus, the
inhibitory effect of TP on NF-kB-dependent FLIPS up-
regulation sensitized hepatocytes upon TNF-a exposure.



Figure 6 Protective role of FLIPS in TP/TNF-a-induced hepatic cell apoptosis. (A) and (B) Relative LDH release in L-02 cells transfected with

siRNA or plasmid before the treatment of TP (25 nmol/L) and TNF-a (50 ng/mL) (n Z 4). (C)e(F) Representative Western blots and relative

intensity of protein bands of FLIPS and cleaved PARP in L-02 cells transfected with siRNA-NC or siRNA-FLIPS before the treatment of TP and

TNF-a with GAPDH as the loading control (nZ 4e5). (G)e(I) Representative Western blots and relative intensity of protein bands of FLIPS and

cleaved PARP in L-02 cells transfected with pEX-1-NC or pEX-1-FLIPS before the treatment of TP and TNF-a with GAPDH as the loading

control (n Z 3). Results were expressed as mean � SEM and statistical analysis was performed using One-way ANOVA following by Tukey’s

multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, no statistical difference.
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Figure 7 Overexpression of FLIPL protected mice from TP/LPS-induced hepatotoxicity. (A) Experimental procedure for the protective effects

of FLIPL on TP/LPS-induced hepatotoxicity. (B) and (C) Changes of serum ALT and AST in mice treated with TP and LPS after the transfection

of AAV-NC and AAV-FLIPL (n Z 6). (D)e(H) Representative Western blots and relative intensity of the protein bands of RIPK1, P-MLKL,

MLKL, and cleaved caspase-8 with GAPDH as the loading control (n Z 4e6). (I) Pictures of liver sections analyzed by H&E staining (top

panels), IHC staining for cleaved caspase-3 (middle panels) and MLKL (bottom panels) after the transfection of AAV-NC and AAV-FLIPL
(200 �). Scale bar Z 50 mm. Results were expressed as mean � SEM and statistical analysis was performed using One-way ANOVA following

by Tukey’s multiple comparison test. *, #P<0.05, **, ##P<0.01, ***, ###P<0.001; ns, no statistical difference.
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Figure 8 Schematic presentation indicated the suggested mechanisms b

intervention of etanercept, Z-VAD-FMK, Nec-1, as well as FLIP overex

physiological conditions, the binding of LPS on the surface of TLR4 on

attachment of TNF-a to TNF-R1 on hepatocytes facilitated the formation

treated hepatic cell death. On the other hand, stimulation of TNF-R1 acti

(including FLIP) to inhibit cell death. Thus, TNF-a alone cannot induce he

signals (indicated as black arrows). However, TP treatment inhibited the NF

protein FLIP in hepatocytes. TP-treated hepatocytes cannot counteract TN

presence of TNF-a (indicated as orange arrows). Z-VAD-FMK and Nec-1

hepatotoxicity. Etanercept treatment inhibited the binding of TNF-a to TN

overexpression increased the formulation of FLIPecaspase-8 complex, ul

Table 2 The primer sequences used for qPCR assay in mice.

Gene Forward primer (50e30)

Tubulin GAGGAGATGACTCCTTCAACAC

Ciap1 GATACGGATGAAGGGTCAGGAG

Ciap2 GGACATTAGGAGTCTTCCCACA

Nfkbia TGAAGGACGAGGAGTACGAGC

Tnfaip3 AGCAAGTGCAGGAAAGCTGGCT

FlipL GCTCTACAGAGTGAGGCGGTTT

Xiap GGCAGAATATGAAGCACGGATC

Table 1 Sequence of target gene siRNA.

Gene Gene sequence (50e30)

Negative control sense UUCUCCGAACGUGUCACGUTT

Negative control antiense ACGUGACACGUUCGGAGAATT

FLIPS sense GGAGAAACUAAAUCUGGUUTT

FLIPS antisense AACCAGAUUUAGUUUCUCCTT
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Overexpression of FLIPS protected hepatocytes from TP/TNF-
a-induced apoptosis.

3.5. Overexpression of FLIPL protected the mice from TP/LPS
induced hepatotoxicity

Lastly, the protective effect of FLIPL on TP/LPS-induced hepato-
toxicity was confirmed in vivo. We generated AAV vectors carrying
y which TP/LPS-induced hepatotoxicity and the possible mechanistic

pression for liver protection in TP/LPS-induced liver injury. Under

immune cells triggers the production of TNF-a. On one hand, the

of cell death Complex IIa and Complex IIb, thus promoting TNF-a

vated NF-kB and up-regulated the expression of pro-survival proteins

patic cell death due to the balance between pro-survival and pro-death

-kB-dependent transcriptional activity and the subsequent pro-survival

F-a induced cell death, ultimately promoting hepatic cell death in the

inactivated apoptosis and necroptosis, thus alleviated TP/LPS-induced

F-R1 and protected mice from TP/LPS-induced hepatotoxicity. FLIP

timately inhibited TP/LPS-induced cell death and hepatotoxicity.

Reverse primer (50e30)

C TGATGAGCTGCTCAGGGTGGAA

GGGTCAGCATTTTCTTCTCCTGG

G GAACACGATGGATACCTCTCGG

TTCGTGGATGATTGCCAAGTG

GCTTTCGCAGAGGCAGTAACAG

CACCAATCTCCATCAGCAGGAC

G CACTTGGCTTCCAATCCGTGAG
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FLIPL plasmid to overexpress FLIPL in hepatocytes (Fig. 7A).
Fluorescence microscopy revealed GFP expression in mice injected
with AAV-NC or AAV-FLIPL (Fig. S2E). Measurement of serum
ALT and AST revealed that overexpression of FLIPL partly allevi-
ated the liver injury induced by TP/LPS, as shown in comparison
between AAV-FLIPL/TP/LPS and AAV-NC/TP/LPS groups
(Fig. 7B and C). This was supported by H&E staining, where the
apoptosis and necrosis areas were attenuated by FLIPL over-
expression (Fig. 7I). To identify the effect of FLIPL overexpression
on TP/LPS-induced apoptosis, we detected the protein level of
cleaved caspase-8 and positive areas of cleaved caspase-3 in liver
tissues (Fig. 7D, H, and I). FLIPL overexpression inhibited TP/LPS-
induced caspase-8 cleavage and attenuated the positive areas of
cleaved caspase-3, implying that the protective effect of FLIPL
overexpression was partly relied on apoptosis inhibition. In addi-
tion, FLIPL overexpression inhibited necroptosis related proteins,
including RIPK1, MLKL, and P-MLKL, activated by TP/LPS co-
treatment (Fig. 7DeG). This was supported by IHC staining of
MLKL (Fig. 7I). Thus, FLIPL protectedmice fromTP/LPS-induced
hepatotoxicity through the inhibition of both apoptosis and nec-
roptosis in vivo.
4. Discussion

Drugs containing TP had been reported to induce severe liver
injury according to the data from the National Center for Adverse
Drug Reaction Monitoring of China. However, mice or rats treated
with TP even at high doses ranging from 400 to 1000 mg/kg did
not completely express the toxic reactions which were observed
clinically1,3,4,6. We proposed that animals maintained in barrier
systems cannot fully imitate the conditions faced by the patients
and that TP treatment might disrupt immune homeostasis, leading
to the liver hypersensitivity upon the stimulation of pathogens.
Thus, we chose LPS as the stimulant and found that TP/LPS
co-treatment caused serious liver injury together with massive
hepatic cell death8. However, the role of LPS was unclear in TP/
LPS-induced hepatotoxicity and liver hypersensitivity. TNF-a, the
pro-inflammatory factor produced by LPS-activated immune cells,
is the main cytokine for apoptosis and necroptosis activation. We
proposed that decreased TNF-a level facilitated by LPS might
counteract TP/LPS-induced cell death and found that etanercept
abolished the toxic reactions induced by TP/LPS, and especially
alleviated TP/LPS-induced apoptosis and necroptosis (Figs. 1 and
2). Although etanercept greatly protected mice from TP/LPS-
induced hepatotoxicity, it did not completely inhibit TP/LPS-
induced transaminase up-regulation. Thus, it is rational to spec-
ulate that other cytokines might also involve in TP/LPS-induced
hepatotoxicity. For example, it has been reported that another
two TNF family members, FasL and TRAIL expressed on acti-
vated immune cells, can participate in the development of liver
disease and promote cell death in the condition of pro-survival
function deficiency39,40. Thus, it is necessary to learn the role of
other cytokines involved in the mechanism of hypersensitivity.

In most cases, cell death of parenchymal cells (i.e., hepato-
cytes) vs. non-parenchymal cells (including Kupffer cells, endo-
thelial cells, lymphocytes, and stellate cells) is responsible for the
progression of liver diseases and drug-induced liver injury41e43.
Therefore, the human hepatic cell line L-02 was used in the
in vitro experiments. It is known that monocytes and macrophages
express the highest levels of TLR4 and facilitate the production of
TNF-a in response to LPS44,45. Although low levels of TLR4 are
expressed on hepatocytes, the expression of TLR4 on hepatocytes
is mostly related to hepatic cell metabolism rather than LPS-
induced cell death46,47. However, TNF-R1, expressed on almost
every mammalian cell type, including hepatocytes, regulates a
number of biological responses ranging from NF-kB activation to
cell death when it is being activated by TNF-a. Thus, TNF-a was
used as a stimulant rather than LPS in vitro. We found that TP-
treatment increased the sensitivity of hepatocytes upon TNF-a
stimulation and promoted apoptosis of hepatocytes (Fig. 3EeM).
However, only Z-VAD-FMK protected hepatocytes from TP/TNF-
a-induced cell death and decreased LDH release, while Nec-1 had
little protective effect (Supporting Information Figs. S3A and
S3B). This suggested that necroptosis may not participate in TP/
TNF-a induced cell death in vitro. These results were inconsistent
with our in vivo results in which both Z-VAD-FMK and Nec-1
alleviated TP/LPS-induced hepatotoxicity8. Some research
groups reported that RIPK3 is only expressed in liver non-
parenchymal cells, but not in hepatocytes, while others reported
the RIPK3-independent necroptosis during hepatitis and RIPK3-
dependent necroptosis in hepatocellular carcinoma cell line48e51.
Differences between our in vivo and in vitro results may be due to
the RIPK3 deficiency in hepatocytes and the in vivo activation of
both apoptosis and necroptosis might not be restricted to hepa-
tocytes. Thus, only apoptotic proteins were detected in vitro
(Fig. 3JeM). Additionally, mouse recombinant TNF-a was used
in our in vivo experiments to replace LPS as the stimulant, con-
firming the role of LPS in TP/LPS-induced hepatotoxicity. These
results also support our hypothesis that TP-treated mice were
sensitized to TNF-a (Fig. 3AeD).

Subsequent experiments were designed to explain why TP-
treatment sensitized mice or hepatocytes to TNF-a. In vitro results
revealed that TNF-a did not promote hepatic cell death, which
was consistent with the published research26,52. It was reported
that the binding of TNF-a to TNF-R1 led to the receptor trime-
rization and the formation of complex-I33. Complex I, closely
associated with plasma membrane, is known to additionally re-
cruit caspase-8 to complex IIa (containing TNF receptor-
associated death domain (TRADD), FADD, caspase-8, and
FLIP) and complex IIb (containing RIPK1, FADD, caspase-8, and
RIPK3) in the cytoplasm, which potentiate apoptosis and nec-
roptosis33. There are several essential checkpoints controlling the
formation of complex II. The ubiquitin-dependent checkpoint
hinders RIPK1 to complex II and activates kinases upstream of
NF-kB. The kinase-dependent checkpoint is mediated mainly by
IKKa, IKKb, and MAPK-activated protein kinase 2. Finally, the
transcription-dependent and caspase-dependent checkpoint is
dependent on the NF-kB-mediated pro-survival function and the
formation of FLIPecaspase-8 heterodimer34. Among these,
transcription-dependent mechanisms have been extensively stud-
ied. The inhibition of NF-kB by TP, especially in immune cells, is
closely related to its pharmacodynamic effects53e55. Our results
indicated that TP inhibited LPS induced NF-kB activation in vivo
together with NF-kB-dependent pro-survival genes. In particular,
NF-kB-mediated FLIPL expression was inhibited by TP (Fig. 4).
In vitro experiments demonstrated that NF-kB and its related pro-
survival protein, FLIPS, which was especially expressed in human
cells, were inhibited by TP in hepatocytes (Fig. 5). Thus, it was
rational to speculate that the deficiency of NF-kB-mediated pro-
survival function in TP-treated hepatocytes might be the reason
for its sensitization.

It has been reported that three isoforms of FLIP, have been
identified: FLIPL, FLIPS, and FLIPR

56. As the structural analogue
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of caspase-8, all isoforms of FLIP combine with caspase-8 to form
FLIP-caspase-8 complex and inhibit the formation of caspase-8
homodimer, which is essential for external apoptosis activa-
tion57. Additionally, FLIPLecaspase-8 complex functions to
inhibit necroptosis via RIPK1 and RIPK3 proteolytic cleavage32.
Importantly, FLIPL is expressed in human and mice, while FLIPS
is expressed in human and FLIPR is specially expressed in some
specific cell lines57. We found that LPS administration was able to
induce the expression of FLIPL in vivo, while TNF-a induced the
specific up-regulation of FLIPS without affecting the physiological
levels of FLIPL in L-02 cells (Figs. 4H and 5B). We supposed that
FLIPS rather than FLIPL might be the regulator of caspase-8
processing for TNF-a-mediated sensitization in L-02 cells,
which was similar to HeLa cells58. The results in Fig. 6 uncovered
that knockdown of FLIPS sensitized L-02 cells to TNF-a by
activating apoptosis and overexpression of FLIPS rescued TP/
TNF-a-induced apoptosis, implying the cytoprotective function of
FLIPS upon TP/TNF-a application. It has been reported that
deletion of FLIPL in intestinal epithelial cells or hepatocytes
resulted in perinatal lethality as a consequence of apoptosis and
programmed necrosis while knockout FLIPL in T lymphocytes
promoted apoptosis and necroptosis in the presence of anti-
CD359,60. We supposed that apoptosis and necroptosis activation
in TP/LPS-induced hepatotoxicity might be the consequence of
FLIPL inhibition by TP and AAV carrying FLIPL plasmid was
injected in vivo to prove the function of FLIPL in apoptosis and
necroptosis regulation. The results in Fig. 7 reflected that over-
expression of FLIPL alleviated TP/LPS-induced hepatotoxicity as
well as apoptosis and necroptosis.

Although the results in Figs. 4 and 5 show that TP-treatment
inhibited LPS induced NF-kB activation in whole liver homoge-
nate with mixed cell types and TNF-a induced NF-kB activation
in L-02 cells, we were surprised that TP treatment enhanced serum
TNF-a level one and 8 h after LPS administration, compared
between TP/LPS and LPS treatments (Fig. S1B). It is widely
accepted that cell necrosis is able to destroy cellular integrity and
triggers a massive inflammatory response, which can be the reason
for an increase in serum TNF-a level 8 h after LPS administration.
However, we found that TP/LPS co-treatment did not induce any
obvious liver injury 1 h after LPS injection by monitoring the
time-dependent changes of serum ALT and AST, which excluded
the possibility of necrosis in increasing serum TNF-a level in TP/
LPS co-treatment group (Figs. S1C and S1D). One possible reason
for this phenomenon might associate with the effect of TP on the
number of hepatic macrophages and their phagocytic function.
Our group showed that TP treatment inhibited phagocytic function
of macrophages, resulting in the up-regulation of serum LPS and
increased the number of hepatic macrophages, which was mainly
responsible for the production of inflammatory factors upon LPS
stimulation61. Moreover, we cannot rule out the possibility that TP
has different effects on NF-kB activation between macrophages
and hepatocytes. Thus, reasons for massive TNF-a production by
TP-treated immune cells upon LPS stimulation needs further
explanation.

In this article, we demonstrated that the inhibition of FLIP in
hepatocytes by TP is one reason for TNF-a/LPS induced hyper-
sensitivity and the possible role of NF-kB in FLIP regulation. It
has been postulated that the combination of LPS and certain drugs
aggravate drug-induced adverse reactions62e64. For instance, the
application of LPS aggravated the liver injury induced by amio-
darone, trovafloxacin, sulindac, or ranitidine, while anti-TNF-a
therapy restrained this liver damage43,65e67. However, none of
these researchers focused on the function of TNF-a-related
checkpoints in cell death or NF-kB-mediated transcriptional ac-
tivity in their hypersensitivity models. Some of the drugs
mentioned above, such as isoniazid and trovafloxacin, had been
reported to inhibit RNA transcription, uncovering the possibility
between their transcriptional inhibition (including NF-kB-medi-
ated transcriptional inactivation) and hypersensitivity68,69.
Nevertheless, whether there is an existence of any common
pathways, such as transcriptional, translational, or NF-kB inacti-
vation, for drug hypersensitivity or whether the drugs suppress
NF-kB-mediated survival functions in hepatocytes, hypersensi-
tivity upon LPS or TNF-a stimulation needs further investigation.
In addition, the disruption of ubiquitin-dependent and kinases-
dependent checkpoints lying in the upstream of NF-kB, can
modify its pro-survival function. There is a great need to discover
the actual target of TP in order to explain whether NF-kB inac-
tivation is the secondary effect of TP on ubiquitination and kinase-
mediated pathways or not. Overall, a deeper understanding of the
checkpoints in TNF-a-induced cell death and their relationship to
drug-induced adverse reactions is needed to provide a better
theoretical basis for clinically safe medications.
5. Conclusions

This report showed that LPS participates in TP/LPS-induced
hepatotoxicity through the induction of TNF-a. Mice or hepatic
cells treated with TP were sensitized to TNF-a, while inactivation
of NF-kB and NF-kB-mediated FLIP expression in hepatocytes
may be responsible for this sensitization. Exogenous over-
expression of FLIP protected mice or hepatocytes from TP/LPS-
induced hepatotoxicity or TP/TNF-a-induced apoptosis. These
results are critical in the search for the toxic targets of TP and they
broaden our understanding of drug-induced hypersensitivity. A
comprehensive mechanism for TP/LPS-induced hepatotoxicity is
interpreted shown in Fig. 8.
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