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ABSTRACT

Excessive activation of the TLR/MyD88 signaling pathway contributes to several inflammation-related diseases.
Previously, our laboratory synthesized a novel thiazaol-aminoramification MyD88 inhibitor named TJ-M2010-5.
In this study, we interrogated the role of MyD88, as well as the protective effect of TJ-M2010-5, in a p-gal/LPS-
induced acute liver injury mouse model. In order to induce acute liver injury, BALB/c mice received in-
traperitoneal injection of p-gal and LPS at a dose of 800 mg/kg and 80 pg/kg body weight, respectively. All mice
died within 48h of injection without intervention. However, pre-treatment with TJ-M2010-5 as well as knock-
out (KO) of the MyD88 gene significantly improved mouse survival rate to 73.3% and 80% at 48 h, respectively,
and both treatments protected liver function. These pathological results demonstrated that TJ-M2010-5 and
MyD88 KO reduced the infiltration of inflammatory cells and protected hepatocytes against apoptosis.
Furthermore, TJ-M2010-5 remarkably inhibited NF-kB and MAPK signaling in vivo. LPS-induced activation of
macrophages as well as pro-inflammatory factors were also shown to be decreased after TJ-M2010-5 treatment
in vivo and in vitro. Taken together, these results suggested that blockage of the TLR/MyD88 signaling pathway

by TJ-M2010-5 has an important role in the prevention of inflammation-related acute liver injury.

1. Introduction

Acute hepatitis injury is a liver disease commonly seen in clinical
practice. If left untreated the condition may develop into acute liver
failure (ALF) which is life-threatening. Causation for this condition can
be multi-factorial [1,2]. In intensive care units, septicemia is the main
cause of acute liver injury, which continues to have high morbidity and
mortality rates despite the availability of advanced clinical manage-
ment [3,4].

Evidence has shown that macrophages play a key role in the de-
velopment of sepsis-induced liver injury [5]. Kupffer cells (KCs) are
macrophages resident in the liver; they help maintain immunological
balance in the liver as well as the whole body. These cells act as a
double-edged sword, mediating the immune response and clearing

pathogens, but also causing inflammation in response to sepsis [6].
Normally, these cells capture and destroy bacteria from the intestines
through the hepatic portal to maintain systematic homeostasis. Under
pathological conditions, like severe infection or liver injury, macro-
phages recognize pathogen-associated molecular patterns (PAMPs) or
danger-associated molecular patterns (DAMPs) via toll-like receptors to
promote creation of a large amount of pro-inflammatory cytokines,
such as interleukin-1f (IL-1f3), tumor necrosis factor alpha (TNF-a) and
interleukin-6 (IL-6) [7]. Lipopolysaccharides (LPS) are the main PAMP
in Gram-negative bacteria and a key inducer of inflammation. LPS is
recognized by toll-like receptor 4 (TLR4) of cells [8] and actives innate
immunity via the MyD88-dependent pathway [9]. In sepsis induced by
Gram-negative bacteria, overdose of LPS was shown to stimulate
Kupffer cells activation to produce a large volume of TNF-a, which
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induces TNF-R1-mediated hepatocytes apoptosis [10].

Myeloid differentiation factor 88 (MyD88) is an important adapter
molecule of toll-like receptors (TLRs). Excepting for TLR3, all TLRs
totally or partially, via MyD88, transduce signals into the cytoplasm
including activation of downstream nuclear factor-kappa B (NF-kB) and
mitogen-activated protein kinase (MAPK) pathways [9,11]. Studies
have revealed that excessively activated TLR/MyD88 signaling is a key
factor in the development of many immunity-mediated diseases, which
provide us with a new therapeutic area targeting TLR/MyD88 signaling
pathway to reduce the intensity of the immune response.

Previously, we synthesized a series of MyD88 inhibitors named TJ-
M2010s (WIPO Patent Application Number: PCT/CN2012/070811),
that bind to the TIR domain and inhibits MyD88 dimerization [12-14].
In our previous research, we found that TJ-M2010s had a therapeutic
effect on a variety of diseases in mouse models: TJ-M2010-2 could
protect renal ischemia reperfusion-induced progressive renal injury
[12]; TJ-M2010-5 could ameliorate cardiac and skin graft rejection
[13]; TJ-M2010-6 could cure non-obese diabetic (NOD) mice [14].
Based on these findings, we wondered if TJ-M2010-5 could become an
effective drug for the treatment of inflammation-induced acute liver
injury.

In this study, we established an acute liver inflammatory injury
model in mice that was caused by p-gal and LPS. In this model, the
synthetic function of hepatocytes was impaired by p-gal and of Kupffer
cells aberrantly activated by LPS [15-17]. Over-activation of Kupffer
cells led to secretion of a large number of pro-inflammatory factors. The
over-production TNF-a especially, induced impaired hepatocyte ful-
minant apoptosis [18]. In addition, these apoptotic hepatocytes re-
leased large amounts of intracellular substances, such as High Mobility
Group Box 1 (HMGBL1), heat shock proteins (HSPs), hyaluronan and
free DNA, which in turn combined with toll-like receptors and ad-
ditionally activated more Kupffer cells [6]. We supposed that blockage
of MyD88 function could inhibit this kind of aberrant activation and
alleviate inflammation in liver, consequently protecting hepatocytes
against apoptosis. In this study, we elucidated the role of MyD88 in D-
gal/LPS-induced acute liver injury (ALI) MyD88 gene knock-out mice
and investigated the effectiveness of TJ-M2010-5 for the treatment of
ALL

2. Materials and methods
2.1. Animals

Five-week-old male BALB/c WT mice was purchased from Hunan
SJA Laboratory Animal Co. Ltd. (Hunan China). BALB/c MyD88 /"
mice were generously provided by Dr. Maria-Luisa Alegre (University of
Chicago, Chicago, IL, USA). All animals were housed under controlled
conditions (21-23 °C, 55-60% humidity and 12 h day/night cycle) and
in a pathogen-free facility. All animals were allowed to feed and drink
freely; they were acclimatized to the environment for one week prior to
experimentimentation. All animal experiments were performed ac-
cording to the guidelines approved by the Institutional Animal Care and
Use Committee at the Tongji Hospital, Wuhan, China.

2.2. Reagents

TJ-M2010-5, 3-(4-(4-benzylpiperazin-1-yl)-N-(4-phenylthiazol-2-
y1)) propanamide, was synthesized at the Academy of Pharmacy, Tongji
Medical College, Huazhong University of Science and Technology,
Wuhan, China (WIPO Patent Application Number: PCT/CN2012/
070811). The molecular structure of MyD88 and its interaction with
MyD88 TIR domain were provided during previous study (Fig. 1) [13].

p-Galactosamine (p-gal) and lipopolysaccharides (LPS) were pur-
chased from Sigma-Aldrich (Shanghai, China) and dissolved in saline
before use. Dulbecco's modified Eagle's medium (DMEM) and fetal
bovine serum (FBS) were obtained from Thermo Fisher Scientific
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Fig. 1. The molecular structure of synthesized MyD88 inhibitor TJ-M2010-5.

(Shanghai, China). The enzyme-linked immunosorbent assay (ELISA)
kits for IL-1B, TNF-a and IL-6 were purchased from Dakewe Biotech
Co., Ltd. (Shenzhen, China). The ELISA Kkits for iNOS and COX2 were
purchased from ELK Biotchnology CO., Ltd. (Wuhan, China). All anti-
bodies used in western blot were purchased from Cell Signaling
Technology and all antibodies used in flow cytometry were purchased
from eBioscience.

2.3. Introduction of p-gal/LPS-induced acute liver injury model and
treatment

Mice received intraperitoneal (i.p.) injection of p-gal and LPS at a
dose of 800 mg/kg and 80 ug/kg body weight, respectively, to induce
acute liver injury. Beginning two days before p-gal/LPS injection, TJ-
M2010-5, dissolved in 0.5% carboxymethylcellulose (CMC), was ad-
ministered as an i.p. injection to all mice at 50 mg/kg/day. The mice
were then divided into four groups: (1) saline group: BALB/c mice were
injected i.p. with saline as a control with an equal volume of D-gal/LPS;
(2) p-gal/LPS group: BALB/c mice were treated with 0.5% CMC before
p-gal/LPS injection; (3) TJ-M2010-5 group: BALB/c mice were pre-
treated with TJ-M2010-5 and then injected with p-gal/LPS; (4) MyD88
knock-out (KO) group: BALB/c MyD88 ™/~ mice were injected p-gal/
LPS without any other intervention.

2.4. Isolation of mononuclear cells from liver tissue

After mouse euthanasia, the liver was freed enough to expose the
first hepatic portal and was perfused in situ with cold saline through the
portal vein indwelling catheterization meanwhile breaking the inferior
vena cava. Then the liver was excised for perfusion with collagenase
type IV at 37 °C for 15 min and grinded on a 200-mesh sieve to create a
cell suspension. Finally, mononuclear cells were collected using a
Percoll gradient centrifugation method [19].

2.5. Bone marrow-derived macrophages (BMDMs) culture and intervention

We obtained tibial and femoral bone from 6- to 8-week-old male
BALB/c mice in a bio-clean environment. Bone marrow cells were flu-
shed and treated with red blood cell lysis solution (Beyotime, Shanghai,
China), and then cultured in 6-well plates (10°cells/ml) in DMEM
medium supplemented 10% FBS and 20ng/ml macrophage colony-
stimulating factor (M-CSF, Peprotech, London, UK) at 37 °C under 5%
CO,. On day 3, the culture medium was replaced with fresh cultures
and the same dose of M-CSF was added as previously described. On the
day 6, TJ-M2010-5 was added at different concentrations (0, 5, 10,
30 uM) for 2 h before stimulation with LPS (500 ng/ml). Twelve hours
later, the cultural supernatants and BMDMs were harvested for sub-
sequent experimentation.

2.6. Liver tissue hematoxylin-eosin staining, TUNEL assay and
immunofluorescence

Fresh liver samples were collected from all mice. Each sample was
fixed in 10% neutral formalin for 24-48 h and then embedded in par-
affin. Sections, 5 pm in thickness, were stained with hematoxylin-eosin
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(H&E) to assess histopathological liver damage using an optical mi-
croscope at different magnifications. Terminal-deoxynucleoitidyl
Transferase Mediated Nick End Labeling (TUNEL) was used to detect
hepatocyte apoptosis in acute liver injury mice according to the man-
ufacturer's instructions. Liver tissues were also used to perform im-
munofluorescence with TNF-a antibody (Abcam) at 4 °C overnight. A
Cy3-conjugated secondary antibody was then added at 37 °C for in-
cubation 60 min in dark. The cell nuclei were labeled with 4’-6-dia-
midino-2-phenylindole (DAPI). We then observed images using a
fluorescence microscope.

2.7. Measurement of liver enzymes and ELISA assay

At 12 h after D-gal/LPS injection, blood samples were collected from
mouse inferior vena cava and centrifuged (7500 g, 8 min) for serum
collection. Plasma aspartate transaminase (ALT) and alanine transa-
minase (AST) concentrations were measured by the clinical laboratory
of Tongji Hospital (Wuhan, China). The IL-1f3, TNF-a, IL-6, iNOS and
COX2 levels in sera and cultural supernatants were measured using
ELISA kits according to the manufacturer's instructions.

2.8. Flow cytometry analysis

Mononuclear cells isolated from liver tissues and BMDMs were
stained using PE-conjugated F4/80 antibody, FITC-conjugated CD80
antibody, and APC-conjugated CD86 antibody at 4°C for 30 min in
dark. Then cells were analyzed by flow cytometry (BD FACSCalibur).

2.9. Quantitative real-time PCR

Total RNA was extracted from mouse liver samples and BMDMs
using the TRIzol® reagent (Beyotime, Shanghai, China) according to the
manufacturer's instruction. cDNA templates were prepared using a
PrimeScript™ RT reagent kit (Takara, Japan) and 500 ng total RNA was
used for reverse transcription in 10pl of the reaction mixture.
Quantitative RT-PCR was performed on a StepOne System (Life
Technologies) using a SYBR® Premix Ex TaqTM II (Tli RNaseH Plus)
(Takara, Japan). Real-time PCR reactions were performed in triplicate
and all samples were analyzed using the AACT value method. The fol-
lowing mouse sequence-specific primers were used (5-3"): GAPDH
forward, AGGTCGGTGTGAACGGATTTG; GAPDH reverse, TGTAGACC
ATGTAGTTGAGGTCA; MyD88 forward, TTTA-TCTGCTACTGCCCCA
ACG; MyD88 reverse, GCGGCGACACCTTTTCTCA; IL-1B forward,
GCACTAC-AGGCTCCGAGATGAA; IL-1p3 reverse, GTCGTTGCTT-GGTT
CTCCTTGT; TNF-a forward, ATGGCCTCCCTCTCATCAGT; TNF-a re-
verse, TGGTTTGCTACGAC-GTGGG; IL-6 forward, AGTGGCTAAGGA
CCA-AGAC; IL-6 reverse, ATAACGCACTAGGTTTGCCGA; iNOS for-
ward, ATTCAC-AGCTCATCCGGTACG; iNOS reverse, GGATCTTGACC
ATCAGCTTGC; COX2 forward, GTGTATCCCCCCACAGTCAAA; COX2
reverse, ACACTCTGTTGTGC-TCCCGAA. Values were normalized to
GAPDH mRNA.

2.10. Western blot analysis

Total protein, cytosolic protein and nuclear protein were extracted
from liver tissue respectively according to manufacturer's instruction
(Beyotime, Shanghai, China). Western blot was performed using a
method previously described [12]. Protein concentration was measured
using a BCA protein assay kit (Beyotime, Shanghai, China). The ex-
tracted proteins (50 ug) were separated on SDS-PAGE and then were
transferred onto PVDF membranes and blocked with 5% nonfat milk at
room temperature for 2 h. The membranes were washed with 1 X tris-
buffered saline with Tween 20 (TBST) for four times and incubated with
primary antibodies overnight at 4 °C. The membranes were washed
with 1x TBST again and incubated with HRP-conjugated secondary
antibodies at room temperature for 1.5h. The protein blots on the
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membranes were visualized using enhanced chemiluminescence (ECL,
Beyotime). Total protein was used for determination of the expression
levels of TLR4, MyD88, TNFR1, phosphorylated (p-) and total forms of
p38, ERK and JNK. The NF-kB/P65 subunit was measured from cyto-
solic protein and nuclear protein. IkB-a was only determined from cy-
tosolic protein.

2.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism 6.02.
All data are presented as mean * standard deviation (s.d.). Survival
rates were compared using a log-rank test. Paired comparisons were
performed using a Student's t-test and multiple group comparisons were
compared with one-way analysis of variance (ANOVA) followed by
Dunnett's test. P values < 0.05 were considered statistically sig-
nificant.

3. Results

3.1. MyD88 was significantly upregulated in p-gal/LPS-induced acute liver
injury mice

To evaluate the expression of MyD88 in our p-gal/LPS-induced liver
injury model we obtained hepatic tissue 12 h after p-gal/LPS stimula-
tion and determined the MyD88 level via western blotting and real-time
PCR. We found that the expression of MyD88 in D-gal/LPS group was
higher than in the saline control group (Fig. 2A-C).

3.2. Inhibition or knock-out of MyD88 improves survival, protects liver
function and attenuates liver damage after D-gal/LPS stimulation

Mice began to die 12h after p-gal/LPS injection in the D-gal/LPS
group and all died by 36 h after injection. However, pretreatment with
TJ-M2010-5 and knock-out of MyD88 in mice dramatically improved
their survival rate, which reached to 73.3% and 80.0% at 48h, re-
spectively (Fig. 3A). To evaluate the damage to liver function in each
group, we determined plasma ALT and AST concentrations at 12 h post
d-gal/LPS stimulation. As shown in Fig. 3B and C, ALT and AST levels
were dramatically elevated in p-gal/LPS group rather than the saline
group (P < 0.001). Strikingly, pretreatment with TJ-M2010-5 or
knock-out of MyD88 efficiently prevented an increase in ALT and AST
levelsat 12h (P < 0.001, P < 0.001). By analysizing pathologic slices
of mice liver tissue, we found that p-gal/LPS group mice showed slight
liver congestion, hepatocyte necrosis and inflammatory cells infiltration
at 24h after p-gal/LPS stimulation. However, these pathological al-
terations were significantly ameliorated, except for mild edema of he-
patocytes, by TJ-M2010-5 pretreatment or knocking out MyD88
(Fig. 3D).

3.3. TJ-M2010-5 or knock-out MyD88 decreases hepatic apoptosis upon D-
gal/LPS stimulation

TUNEL staining revealed a small amount of hepatocyte apoptosis at
12h and numerous apoptotic hepatocytes at 24 h after p-gal/LPS sti-
mulation. TJ-M2010-5 pretreatment or knock-out MyD88 could sig-
nificantly reduce the number of apoptotic hepatocytes at 12h and 24 h
upon p-gal/LPS stimulation (Fig. 4A, B).

3.4. TJ-M2010-5 or knock-out of MyD88 inhibits Kupffer cell activation
and attenuates inflammatory response

KCs represent a resident liver population of macrophages that have
crucial functions in physiological and pathological processes. We iso-
lated total mononuclear cells (MNCs) from mice livers 6 h after p-gal/
LPS intraperitoneal injection and detected the activation of Kupffer
cells in each group by flow cytometry (FCM). F4/80% cells were
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Fig. 2. MyD88 is significantly upregulated in p-gal/LPS-
induced acute liver injury mice. Mice were exposed to D-
gal/LPS for 12 h. (A) Total protein was extracted from the
liver tissues and MyD88 expression were measured with
western blot (one of three independent experiments
shown). (B) Band densities were digitized and semi-
quantitated. Each lane density of GAPDH was divided by
that of MyD88 (**p < 0.01 versus saline group, Student's
t-test). Results are expressed as mean =+ s.d. (C) Total
RNA was extracted from liver tissues and MyD88 mRNA
levels were measured by real-time PCR (one of three in-
dependent experiments shown) (**#p < 0.001 versus
saline group, Student's t-test).

D-gal/LPS

COX2 expression by ELISA, which produced results consistent with the
above results (Fig. 5I-M). Because TNF-a has a key role in inducing
hepatocytes apoptosis, we further tested the content of TNF-a in liver
tissues by immunofluorescence. Our results showed that levels of TNF-a
were significantly increased in p-gal/LPS group, and application of TJ-
M2010-5 or MyD88 knock-out minimized this increase at both 6 h and
12 h after p-gal/LPS injection (Fig. 6A, B).

3.5. TJ-M2010-5 or knock-out of MyD88 down-regulates the TLR/MyD88
signaling pathway

The abnormal activation of the TLR/MyD88 signaling pathway has
been shown to contribute to liver inflammation, so we detected the

B C
1 san 14000+ aan
5 12000- =
) o=
35 S 8000
5 &» 6000
< <
o - 4000+ e o
=5 I valr” 2000 [l-$1 vihv
:: Q’; e"; *_O' \\(‘: Qf" \«‘; *.ol
A S y & &
<>‘“° ,\y“p @o o Q'& \\“‘o
(10x10)
(10x20)

TJ-M2010-5

MyD88 KO

Fig. 3. TJ-M2010-5 or knock-out of MyD88 improves mouse survival and attenuates D-gal/LPS-induced liver damage. (A) After mice received intraperitoneal
injection of p-gal/LPS, mouse survival was monitored for 48 h. The survival rate was 100% in the saline group, 0% in p-gal/LPS group, 73.3% in TJ-M2010-5 group,
80% in MyD88 KO group (***p < 0.001 versus p-gal/LPS group, log-rank test). (B, C) Six mice were sacrificed in each group and blood samples were collected 12h
after injecting p-gal/LPS. Serum levels of ALT and AST were measured (representative results from one of three independent experiments shown) (**#p < 0.001
versus saline group; **p < 0.001 versus p-gal/LPS group, one-way ANOVA with Dunnett's post-hoc-test.) Results are expressed as mean = s.d. (D) Liver tissues
were collected at 24 h after D-gal/LPS injection, and stained with hematoxylin & eosin. Images are presented from each group (original magnifications, x 100 and
% 200) (representative results from one of three independent experiments shown).
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TJ-M2010-5 MyD88 KO

TJ-M2010-5 MyD88 KO

Fig. 4. TJ-M2010-5 or knock-out of MyD88 decreases hepatic apoptosis upon D-gal/LPS stimulation. Liver tissues were collected at (A) 12 h and (B) 24 h after D-gal/
LPS injection. TUNEL stained apoptotic hepatocytes and DAPI stained nucleus in liver tissue sections from each group mice (original magnifications, x 200; re-

presentative results from one of three independent experiments shown).

expression of proteins related to this condition from mouse liver tissues
12h after D-gal/LPS stimulation via western blot analysis. First, we
measured TLR4, which was significantly increased in the D-gal/LPS
group; this increase was attenuated in TJ-M2010-5 group and MyD88
KO group (Fig. 7A, E). Then we examined the nuclear translocation of
NF-kB. We measured the content of the NF-xB/p65 subunit protein from
cellular cytoplasm and nucleus respectively, and the content of IkB-a,
an endogenous NF-kB inhibitor, from cytoplasm. Our results suggested
that the level of cytoplasmic p65 was significantly decreased and the
level of nuclear p65 from nuclear was significantly increased in the p-
gal/LPS group. This indicated to us that the content of NF-kB nuclear
translocation was increased. However, TJ-M2010-5 or knock-out of
MyD88 significantly suppressed the increase in nuclear translocation of
NF-xB. On the other hand, IkB-a content was decreased in the p-gal/LPS
group and TJ-M2010-5 or MyD88 knock-out suppressed this decrease

360

(Fig. 7B, F-H).

The MAPK signaling pathway plays a key role in cellular pro-
liferation and apoptosis regulation. We tested the phosphorylation le-
vels of p38, JNK, and ERK in our experimental models. Each level was
increased in the p-gal/LPS group, and down-regulated by TJ-M2010-5
pre-treatment or MyD88 knock-out. Interestingly, the levels of the
phosphorylation in TJ-M2010-5 group were lower than those of the
MyD88 KO group (Fig. 7C, I-K). Finally, we measured one TNF-a re-
ceptor, TNFR1, which was expressed on the hepatocyte membrane. The
activation of TNFR1 has been shown to contribute to hepatocytes
apoptosis via the TNFR1-TRADD-FADD apoptotic pathway. Our results
demonstrated that TNFR1 was highly expressed in D-gal/LPS group and
its elevated expression was attenuated in the TJ-M2010-5 group and
MyD88 KO group (Fig. 7D, L).
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Fig. 5. TJ-M2010-5 or knock-out of MyD88 inhibits Kupffer cell activation and attenuates inflammatory responses in vivo. (A) Mononuclear cells were isolated from
mouse liver tissues 6 h after D-gal/LPS injection and were stained with CD80, CD86 and F4/80 antibodies. The positivity ratio of CD80 or CD86 in F4/80* cells was
measured by FCM (three mice were sacrificed for each group and one of three independent experiments shown). Blank: single stained F4/80 antibody and F4/80*
cells. (B, C) Quantitative analysis of FCM results are shown. (*#p < 0.01 versus saline group, *##p < 0.001 versus saline group; *p < 0.05 versus p-gal/LPS group,
*p < 0.01 versus p-gal/LPS group, **p < 0.001 versus D-gal/LPS group; one-way ANOVA with Dunnett's post-hoc-test). Results are expressed as mean + s.d.
(D-H) RNA was extracted from liver tissues at 12 h after p-gal/LPS injection. IL-13, TNF-a, IL-6, iNOS and COX2 mRNA levels were measured by real-time PCR
(*#*#p < 0.001 versus saline group; ***p < 0.001 versus D-gal/LPS group; one-way ANOVA with Dunnett's post-hoc-test). Results are expressed as mean * s.d
(representative data from one of three independent experiments shown). (I-M) Serum samples were collected at 12h after p-gal/LPS injection (three mice were
sacrificed from each group). IL-1p, TNF-q, IL-6, iNOS and COX2 serum levels were quantified by ELISA (*##p < 0.01 versus saline group; *p < 0.01, “*p < 0.001

versus p-gal/LPS group; one-way ANOVA with Dunnett's post hoc test). Results are expressed as mean

experiments shown).

3.6. TJ-M2010-5 inhibits LPS-induced macrophages activation and
suppresses pro-inflammatory response in vitro

To further confirm whether TJ-M2010-5 directly affected macro-
phage activation, we obtained BMDMs from mice and detected the in-
hibitory effect of TJ-M2010-5 on LPS-induced macrophages activation
in vitro. Our results showed that LPS stimulation increased BMDMs
expression in CD80 and CD86. TJ-M2010-5 suppressed BMDM expres-
sion in a dose-dependent manner, especially 30 uM TJ-M2010-5 sig-
nificantly inhibited BMDM activation (Fig. 8A-C). In addition, we ex-
amined the levels of IL-1f, TNF-a, IL-6, iNOS and COX2 at 12h after
LPS stimulation with or without TJ-M2010-5 pretreatment using real-
time PCR and ELISA. The results also suggested the levels of these pro-
inflammatory factors were inhibited by TJ-M2010-5 in a dose-depen-
dent manner (Fig. 8D-M).

+

s.d (representative data from one of three independent

4. Discussion

The liver is an important organ which participates in metabolism,
detoxification and energy conversion. Liver disease is often the result of
multiple causes, such as viral infection, immunological factors, as well
as abuse of toxic substances like alcohol, and so on [20-23]. If patients
have a pre-existing liver disease, systemic infection can accelerate the
progression of liver injury and result in acute liver failure (ALF). This
condition has a high mortality rate because there is no satisfying
therapy in conventional medicine [24]. There is a pressing need to
confirm the underlying pathophysiological mechanism of ALI caused by
infection and to develop a new therapeutic target to inhibit liver da-
mage.

In this research, an ALI mice model was successfully established via
intraperitoneal injection of D-gal and LPS, which simulates septicemia
or endotoxemia-induced acute liver injury. D-gal is a kind of specific
hepatocyte transcriptional inhibitor, which leads to major depletion of
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TJ-M2010-5 MyD88 KO
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Fig. 6. TJ-M2010-5 or knock-out of MyD88 inhibits the production of TNF-a in liver tissues after D-gal/LPS injection. Liver tissues were collected at (A) 6 h and (B)
12h after D-gal/LPS injection and stained with TNF-a (red) and nucleus (blue). (representative data from one of three independent experiments shown). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

uridine triphosphate (UTP) via irreversible binding. This depletion
obstructs protein synthesis, inducing hepatocytes disfunction [25,26].
LPS is a major active component of endotoxins, derived from the outer
membrane of Gram-negative bacteria cell wall, which activate some
immunocytes to secrete pro-inflammatory factors, leading to in-
flammation-induced liver injury [27]. Due to the self-repair and re-
generation capabilities of the liver and the resistance to infection in the
body, low dose of LPS or D-gal alone is not enough to cause irreparable
liver damage [28]. However, LPS in combination with D-gal in a low
dose respectively can induce specific liver injury and mouse death. It is
reported that D-gal could largely augment the sensitivity of hepatocytes
to pro-inflammatory cytokines caused by LPS [29]. In this model,
mouse liver macrophages played an important role in the process of
hepatocyte apoptosis. They were activated by LPS, excreting a large
number of pro-inflammatory cytokines [30]. The secreted TNF-a,
combining with TNFR1 expressed on hepatocyte membrane, promoting
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hepatocytes apoptosis via the TNFR1-TRADD-FADD apoptotic pathway
[31]. Depletion of these macrophages could directly alleviate liver in-
flammation [32] and indirectly protect liver after p-gal/LPS stimulation
(supplementary results), but this method cannot be used in clinical
practice. So inhibition of Kupffer cells activation may be a good re-
medial method to decrease inflammation-induced hepatocytes apop-
tosis.

Toll-like receptors (TLRs) are widely expressed on the cell mem-
brane of various cells [33]. In the liver, LPS is first combined with LPS-
binding protein (LBP) and then transferred to toll like receptor 4 (TLR4)
to be expressed on the surface of Kupffer cells. During the interaction
with MD2 and CD14, myeloid differentiation factor 88 (MyD88) is ac-
tivated and induces cytoplasmic signaling cascades that lead to the
activation of NF-xB and MAPK signaling, resulting excessive macro-
phage activation [34]. It had been reported that knocking out TLR4
genes no longer induces hepatocyte apoptosis after LPS/D-gal
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Fig. 7. TJ-M2010-5 or knock-out of MyD88 down-regulates the TLR/MyD88 signaling pathway and TNF-a receptor in vivo. Mice were exposed to p-gal/LPS for 12 h.
(A, C, D) Total proteins were extracted from liver tissues. TLR4, p-p38, p-ERK, p-JNK and TNFR1 protein levels were analyzed by western blot (representative data
from one of three independent experiments shown). (B) Cytosolic proteins and nuclear proteins were extracted from liver tissues respectively. Plasma proteins were
used to detect NF-kB/P65 and IkB-a, and nuclear proteins were used to detect NF-kB P65 (representative data from one of three independent experiments shown).

(E-L) Densitometric analysis of western blot results. The density of each internal reference band was divided by that of their target protein (p < 0.05

#H##

p
pressed as mean * s.d.

stimulation [35].

MyD88 adaptor protein is involved in all TLR signaling pathways
except for TLR3, and so plays a dominant role in Kupffer cells activa-
tion. Therefore, we hypothesized that blocking MyD88 could also al-
leviate liver damage in this mouse model. In our previous work, we
synthesized small molecules named TJ-M2010s, which targeted MyD88
at the TIR domain and blocked homodimerization of MyD88. We

363

, ##p < 0.01,

< 0.001 versus saline group; *p < 0.05, **p < 0.01, ***p < 0.001 versus D-gal/LPS group; one-way ANOVA with Dunnett's post-hoc-test). Results are ex-

observed that TJ-M2010s could reduce LPS-induced dendritic cells
(DCs) activation and further inhibited T-cell proliferation. This inhibi-
tion has been shown to help resolve diseases related to a strengthened
immune system, such as cardiac or skin graft rejection, type 1 diabetes
and renal ischemia reperfusion injury [12-14]. In this study, we pre-
sented a key role of MyD88 in p-gal/LPS-induced ALI by knocking out
the MyD88 gene and demonstrating the effectiveness of TJ-M2010-5
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Fig. 8. TJ-M2010-5 interferes with BMDM activation and reduces the level of inflammatory factors in vitro. BMDMs were incubated with TJ-M2010-5 for 2h and
then stimulated with LPS for 12h. (A) BMDMs were collected to measure CD80 and CD86 levels by FCM. TJ-M2010-5 inhibited CD80 and CD86 levels in a dose-
dependent manner (one of three independent experiments is shown). Blank: Unstained BMDMs; Control: BMDMs stained with CD80, CD86 and F4/80 antibodies in
the absence of LPS intervention. (B, C) Quantitative analysis of the FCM results. (*#*#p < 0.001 versus control group; ***p < 0.001 versus LPS group; one-way
ANOVA with Dunnett's post-hoc-test). Results are expressed as mean *+ s.d. (D-H) RNA was extracted from BMDMs 12 h after LPS stimulation. IL-13, TNF-a, IL-6,
iNOS and COX2 mRNA levels were measured by real-time PCR. (*#p < 0.01, #*#p < 0.001 versus control group; *p < 0.05, *p < 0.01, ***p < 0.001 versus LPS
group; one-way ANOVA with Dunnett's post-hoc-test). Results are expressed as mean *+ s.d (representative data from one of three independent experiments shown).
(I-M) BMDMs culture supernatant was collected 12h after LPS stimulation. The levels of IL-1f, TNF-a, IL-6, iNOS and COX2 were measured by ELISA.
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(one of TJ-M2010 series) in the treatment of ALI

We observed that MyD88 protein was significantly upregulated in
liver tissue after p-gal/LPS stimulation. Knocking out MyD88 or in-
hibiting MyD88 activation by TJ-M2010-5 decreased mouse mortality.
Conversely, mice treated with p-gal/LPS started to die at 12h post-
treatment, and mortality reached 100% at 48 h. However, when MyD88
was knocked-out or there was pretreatment with TJ-M2010-5, the
survival rate 48h after p-gal/LPS injection reached 80% and 73.3%
respectively. In addition, the activities of serum ALT and AST increased
after p-gal/LPS injection. This increase was attenuated by knocking out
MyD88 or pretreatment with TJ-M2010-5. Results of H&E liver tissue
staining strongly support our conclusions about the hepato-protective
effects of TJ-M2010-5. When exposed to D-gal/LPS, liver tissue showed
large areas of hemorrhage and putrescence, combined with increasing
inflammatory cell infiltration. However, knocking out MyD88 or pre-
treatment with TJ-M2010-5 attenuated these changes except for mild
edema of hepatocytes. Thus all the phenomena suggested that inhibi-
tion of MyD88 activation could suppress the lethal liver damage and
that TJ-M2010-5 has a great potential of clinical application in liver
protection.

Based on the above results, we further investigated the protective
mechanism of TJ-M2010-5 against D-gal/LPS-induced ALI in mice. NF-
kB and MAPK activation are related to the regulation of macrophage
activation and pro-inflammatory factor secretion [36]. TJ-M2010-5
treatment effectively inhibited the nuclear translocation of NF-kB and
the phosphorylation of p38, JNK, and ERK in the liver after p-gal/LPS
stimulation. The expression of TLR4 was also reduced. We concluded
that due to a reduction in hepatocytes apoptosis, DAMPs released from
hepatocytes were decreased and induced lower expression of TLR4
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< 0.001 versus control group; *p < 0.05, **p < 0.01, ***p < 0.001 versus LPS group; one-way ANOVA with Dunnett's post-hoc-test). Results are expressed
s.d (representative data from one of three independent experiments shown).

[37-39]. Then we tested the activation level of macrophages isolated
from mice liver tissues. We found that TJ-M2010-5 could effectively
reduce the proportion of activated macrophages. In line with in vivo
results, co-culture with TJ-M2010-5 markedly inhibit the activation of
BMDMs after LPS stimulation in a dose-dependent manner in vitro. Pro-
inflammatory factors were secreted from macrophages, which directly
or indirectly damaged hepatocytes. They were also efficiently reduced
by TJ-M2010-5 treatment in vivo and in vitro.

Taken together, these findings suggest that TJ-M2010-5 treatment
could effectively reduce the inflammatory response of the liver pro-
tecting this critical organ against damage from pro-inflammatory fac-
tors. Accordingly, this research provides a new therapeutic insight into
the inhibition of MyD88 via inhibition with TJ-M2010-5 as a way to
protect the liver from septicemia or endotoxemia in vulnerable patients.
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