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Abstract

Background Acute liver failure (ALF) is one of the most common life-threatening diseases in adults without previ-
ous liver disease. Glycogen synthase kinase 33 (GSK3) is a serine/threonine protein kinase that is widely distributed
in the cells. Inhibition of its activity can inhibit cell death and promote autophagy through various pathways, thus
providing a protective effect. In this study, we aimed to investigate the effect on ALF after inhibition of GSK3( and its
potential mechanisms.

Methods D- galactosamine(D-Gal) in combination with lipopolysaccharide(LPS) was used to induce ALF in vitro
and in vivo. And then GSK3 inhibitor TDZD-8 was used to explore the protective effect against ALF. After TDZD-8
treatment TUNEL staining and flow techniques were used to detect the proportion of apoptosis in liver tissues

and cells respectively, while western blotting and immunofluorescence assays were performed to detect the expres-
sion levels of apoptosis, pyroptosis and necroptosis-related proteins in tissues and cells. In addition, western blot-

ting was performed to explore the specific mechanism of hepatoprotective effect after GSK3[3 inhibition to detect
the expression levels of TAK1, TRAF6 and HDAC3 after TRAF6 and HDAC3 inhibition alone. The co-localization of TRAF6
and HDAC3 in vitro was detected by immunofluorescence, while the interaction between TRAF6 and HDAC3

was detected by immunoprecipitation assay.

Results Both in vivo and in vitro experiments, GSK3 inhibitor TDZD-8 can significantly alleviate the progression

of ALF. Inhibition of GSK3{3 activity could significantly reduce the level of hepatocyte apoptosis, pyroptosis, necrop-
tosis and improve liver dysfunction and tissue damage. Furthermore, we found that hepatocyte TAK1 and TRAF6
levels decreased and HDAC3 levels increased in ALF, whereas inhibition of GSK3[ upregulated TAKT and TRAF6 levels
and decreased HDAC3 expression.

Conclusion GSK3f inhibitor TDZD-8 can prevent the progression of ALF, and its action may involve the TRAF6/
HDAC3/TAKT pathway.
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Introduction

Acute liver failure(ALF) is a serious clinical syndrome

leading to massive liver cell death in a short time, usu-
*Correspondence: ally caused by various factors, including drugs, toxins,
f_“cgino”@%ggzgm viruses, and genetic disorders, without a history of liver
‘Jgepgrtmeﬁt of Infectious Diseases, Renmin Hospital of Wuhan disease [1]. Patients with ALF have a very high mortality
University, No. 238 Jiefang Road, Wuhan, Hubei province 430060, China rate and poor prognosis if not treated in time. To date,

for these patients, there is a lack of effective drugs and
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treatments other than liver transplantation. Therefore,
finding new therapeutic targets and developing new
treatment approaches are still under evaluation.

Animal models formed by intraperitoneal injection of
lipopolysaccharide (LPS) and D-galactosamine (D-Gal)
are widely used in human ALF pathogenesis and drug
development because their clinical signs are similar to
those of patients [2]. Excessive inflammatory response
and massive hepatocyte death are the main features of
ALF [3]. In the available studies, the LPS/D-Gal model
exhibits typical hepatocyte death, including apoptosis,
necroptosis, autophagy and other programmed deaths.
In addition, although not well studied, hepatocyte death
caused by pyroptosis and necroptosis in the LPS/D-Gal
model has been reported to be associated with severe
liver injury [4]. Thus, multiple modes of death may co-
exist in the ALF model, collectively leading to liver dam-
age and poor prognosis.

Glycogen synthase kinase 3 (GSK3p) is a serine/threo-
nine protein kinase prevalent in a variety of cells and is
originally thought to be involved in cellular metabolism,
growth and other physiological functions [5]. With pro-
gressive research, more and more studies have concluded
that GSK3p is associated with the occurrence of various
diseases such as neuroinflammatory diseases, autoim-
mune diseases, inflammatory diseases, etc. [6, 7]. It is
involved in various signaling pathways such as cellular
inflammation, oxidative stress and apoptosis, and is con-
sidered to be a key regulatory molecule of the inflamma-
tory response [8]. In addition to regulating inflammation,
GSK3p is also implicated in cell death. For example, in
one study GSK3p was identified as a key regulator of
necrotic death [9], and selective inhibition of GSK3f
was able to decrease necrosis-associated protein expres-
sion, reduce its interaction with receptor-interacting
protein kinase 1 (RIPK1) and prevent ischemic stroke-
induced scar formation [10]. In an acute liver failure
model, GSK3p, which is highly activated, can aggravate
liver inflammation and hepatocyte apoptosis in model
mice and promote the progression of injury [11]; hepato-
protective drugs can improve hepatocyte apoptosis and
iron death through GSK3pB/Nrf2, AKT/GSK3p and other
pathways and play a hepatoprotective role [12].

Programmed cell death mainly consists of apoptosis,
necroptosis and pyroptosis. Previous studies have sug-
gested that these three types of death exist indepen-
dently and do not interfere with each other. Today, a
growing number of studies suggest that these three types
of programmed death can be activated simultaneously
and affect each other in crosstalk in response to stimuli
such as infection, Interferon regulatory factor 1 (IRF1)
and tumor necrosis factor-a (TNF-a), a phenomenon
known as PANoptosis [13]. Transforming growth factor

Page 2 of 16

beta-activated kinase 1 (TAK1) plays an important func-
tion in body immunity, participating in cellular pro-sur-
vival signal pathways and, when inactivated or absent, is
usually able to initiate cellular PANoptosis [14]. Studies
at this stage show that PANoptosis is involved in tumo-
rigenesis, microbial infections, and auto-inflammatory
diseases [15]. Oxidative stress activates PANoptosis in
colon cancer cells, and to a certain extent alleviates the
drug resistance of tumor cells. In infectious diseases,
pathogens produce various inflammatory factors, which
activate PANoptosis, so in terms of molecular mecha-
nisms, PANoptosis can also be considered at the center
of a cytokine storm [16]. The role of PANoptosis in ALF
has not been studied enough, but ALF models harbor
severe inflammatory responses, apoptosis, necrosis and
scorching at the same time. In addition, GSK3p inhibitors
can play a role in organ protection by alleviating oxida-
tive stress and improving apoptosis. For this reason, we
hypothesized whether GSK3f inhibitors could serve a
hepatoprotective function and improve hepatic failure by
inhibiting multiple modes of cell death in ALFE.

Here, we have explored the protective effect of GSK3
inhibitor TDZD-8 against liver death induced by D-Gal/
LPS in vivo and in vitro. Deeply, we also explored how
inhibition of GSK3p ameliorates hepatocyte death while
potential protein mechanisms are involved, providing
new directions for the treatment of liver failure.

Materials and methods

Animal and experimental model

Male C57BL/6 mice (age, 7-8 weeks), which were pro-
vided by the Experimental Animal Center of Wuhan Uni-
versity, were housed in a specific pathogen-free facility
at the animal experiment center in Renmin Hospital of
Wuhan University with a light-controlled, the tempera-
ture of 25 C and humidity of 50% + 15%. All the animals
can eat and drink freely. This project was approved by the
Institutional Animal Care and Use Committee of Ren-
min Hospital of Wuhan University. All mice were ran-
domly divided into three treatment groups: saline control
group (n=6); ALF model group (n=6); ALF+TDZD-8
group (n=6). All mice were injected intraperitoneally
with D-Cal (400 mg/kg, Sigma-Aldrich, USA) and LPS
(100 pg/kg, Sigma-Aldrich, USA), except for the con-
trol group. The control group was given equal amounts
of saline. In addition, mice in the TDZD-8 group were
treated with the GSK3p inhibitor TDZD-8 (2 mg/kg,
MCE, USA) intraperitoneally for 2 h before the construc-
tion of the ALF model. The rest of the mice were injected
with equal amounts of saline. The mice were treated 24 h
after the construction of the ALF model, and the livers
and serum were collected.
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Cell culture

The mouse normal hepatocyte line AML-12 was pur-
chased from the Cell Collection Center of Wuhan Uni-
versity (Wuhan, China). The cells were incubated in
Dulbeccos Modified Eagle's medium (DMEM/F12)
(HyClone, USA) supplemented with 10% fetal bovine
serum(FBS) (GIBCO, USA) at the 37 °C, 5% CO, con-
centration and saturated humidity environment. LPS
(100 ng/mL, Sigma-Aldrich, USA) combined with
D-Gal (44 pg/mL) treated cells were used to construct
an in vitro model of acute hepatocyte injury, stimulating
all cells except the control group. TDZD-8 (20 uM) and
RGFP966 (15 uM, MCE, USA) were added after 24 h of
cell culture. TDZD-8 is an inhibitor of GSK3p, which
increases serine 9 (Ser 9) of GSK3p and inhibits the
activity of this molecule; RGFP966 is a specific inhibitor
of histone deacetylase 3 (HDAC3) and does not affect
other HDAC molecules at concentrations of 15 uM and
above, and is often used in experimental studies to inhibit
HDACS3 activity [17].

Small Interfering RNA (siRNA) transfection

Cells were seeded in 6-well plates at 50,000 cells per well
to enable cells to reach a density of 70-80% by the next
day. siRNA (RiboBio, Guangzhou, China) was used to
transfect the si-(tumor necrosis factor receptor—associ-
ated factor 6) TRAF6 and si-TRAF6+TDZD-8 groups.
Meanwhile, non-targeted siRNA transfection of other
groups was used as a negative control. Cells were treated
with therapeutic intervention and molding 24 h after
transfection, and cells were collected for protein concen-
tration assay after 24 h of continued culture.

Histological analysis and biochemical tests

Fresh liver tissue from mice was fixed in 10% neutral
buffered formalin and paraffin-embedded sections were
made after 24 h. Each mouse liver section was stained
for HE and the histopathological changes were observed
by microscopy. Blood from mice was collected by cen-
trifugation at 3500 rpm for 15 min and the supernatant
was aspirated. Serum levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were altered
using a fully automated biochemical analyzer.

TUNEL staining

Terminal deoxynucleotidyl transferase-mediated end-
labeling assay was used to detect apoptosis in the tis-
sues. Paraffin sections of liver tissue were dewaxed and
hydrated, and proteinase K (Roche, USA) was added for
20 min at room temperature, followed by 3 washes in
PBS. The TUNEL assay was added dropwise according to
the instructions of the one-step TUNEL Apoptosis Assay
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Kit (Beyotime, Shanghai, China) and incubated for 1 h at
37 °C in a dark humidified chamber, followed by 3 washes
with PBS. The nuclei were stained with DAPI and washed
3 times with PBS after 5 min. The slices were blocked
using an anti-fluorescence quencher and the level of
apoptosis in the liver tissue was observed under a fluores-
cent microscope.

Flow cytometry

The Annexin V-PE/7-ADD Apoptosis Kit (BD, USA) was
applied to detect the level of apoptosis in the different
intervention cells. Cells were inoculated in 6-well plates
at a density of 1 x10° per well, collected after stimulation
by drug intervention, washed in PBS, and resuspended
in 400 pL of buffer, 5 pL. Annexin V-PE and 5 pL 7-AAD
were added sequentially, incubated for 15 min at room
temperature and protected from light, and then assayed
for apoptosis using CytoFLEX (Beckman Coulter Bio-
technology (Suzhou), China) to detect apoptotic cells.

Immunofluorescence

Cells were seeded in 24-well plates containing circular
slides and fixed in 4% paraformaldehyde for 25 min; for
tissues, paraffin sections were dewaxed and hydrated,
and repaired using sodium citrate antigen. After PBS
washing, BSA was used to block at room temperature for
1 h. Rabbit anti-TAK1 (1:100, Abcam, ab10952), HDAC3
(1:100, Abcam, ab32369), RIPK1 (1.00, Proteintech,
17,513-1-AP), Caspase-8 (1:100, Abcam, ab25901) and
mouse anti-TRAF6 (1:10, Santa, sc-8409) polyclonal anti-
bodies were incubated overnight at 4 °C. The next day,
secondary antibodies with FITC and Cy3 labeling were
added and incubated for 1 h at room temperature pro-
tected from light. After 5 min of DAPI staining, cells or
tissues were rinsed with PBS, blocked with an anti-fluo-
rescent light quencher,0 and finally observed by fluores-
cence microscopy (Olympus, Japan).

Western blotting

Cells and tissues were lysed with RIPA buffer containing
protease inhibitors, total protein was extracted and pro-
tein concentrations were determined using the BCA Kkit.
Protein samples were separated on 10% SDS polyacryla-
mide gels, while later transferred to PVDF membranes
and closed with 5% skimmed milk powder before being
incubated with anti-RIPK1 (1:1000), MLKL (1:1000,
Abcam, ab243142), caspase-1+plO+pl2 (1:1000,
Abcam, ab179515), Gasdermin D (GSDMD) (1:1000,
Abcam, ab219800), caspase-7 (1:100, Santa, sc-56063),
caspase-3 (1:100, Santa, sc-56053), TAK1 (1:1000),
GSK3pB (1:1000, CST, #5676), ser9-GSK3p (1:1000, CST,
#9322), TRAF6(1:100), HDAC3(1:1000), GAPDH(1:2000,
Abcam, ab8245) and [-actin(1:2000, Abcam, ab8226)
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primary antibodies overnight at 4 °C. The next day
the bands were washed by TBST and incubated with
IRDye800CW secondary antibody for one hour protected
from light using an Odyssey infrared imaging system (Li-
COR Biosciences). After scanning, the membranes were
washed for 5 min at room temperature with eluent and
then closed for one hour with 5% skimmed milk powder.
This was followed by incubation with GAPDH or -actin
in a shaker at 4 °C. The secondary antibody was incu-
bated in the same way the next day and then scanned.

Immunoprecipitation (IP) assay

Cells were lysed on ice with RIPA lysate containing pro-
tease inhibitors for 30 min, the supernatant was col-
lected by centrifugation and the protein concentration
was determined, a portion of the protein was retained
and added to the loading buffer and boiled for 10 min.
The remaining protein was incubated overnight at 4 °C
with an anti-TRAF6 antibody (1:10) and normal immu-
noglobulin (IgG) was used as a negative IP control. The
next day the beads were incubated with magnetic pro-
tein A/G beads at 4 °C for 4 h, washed with lysate, added
to 1xloading buffer and boiled at 100 °C for 15 min,
together with the retained protein for subsequent protein
blotting experiments.

Statistical analysis

Data analysis and drawing are carried out using
GraphPadPrism 8.0 software. All data are reported as
mean * standard deviation (SD). Comparisons between
groups were made using a one-way analysis of variance
(ANOVA) or t-test. Differences were considered statisti-
cally significant when P<0.05.

Results

GSK3p inhibitor TDZD-8 alleviates liver tissue structure
and liver function damage in ALF mice

In this experiment, an ALF model was constructed to
verify the protective effect of TDZD-8 on ALF in mice.
Compared with the control group, the model group
showed obvious damage to the liver structure, disorgani-
zation of liver lobules and inflammatory cell infiltration,
with a large number of hepatocyte necrosis and bruising;
after treatment with TDZD-8, the liver structure was sig-
nificantly improved, and hepatocyte necrosis and inflam-
matory cell infiltration were reduced (Fig. 1 A). At the
same time, liver function was significantly impaired in
the model group compared to the control mice, with sig-
nificantly higher AST and ALT levels, and TDZD-8 treat-
ment significantly reduced this abnormal increase (Fig. 1
B and C).
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TDZD-8 alleviates multiple programmed cell death levels
in liver tissue of ALF mice

Massive hepatocyte death is one of the main features of
ALF. The level of apoptosis in liver tissue was shown using
TUNEL staining (Fig. 1A and D). The number of apop-
totic cells in liver tissue was significantly higher com-
pared to the control group, while the number of positive
apoptotic cells was significantly reduced after TDZD-8
treatment. Meanwhile, the expression levels of apoptosis,
pyroptosis and necroptosis-related marker proteins were
detected (Fig. 2A-C), and the levels of apoptosis-related
cleaved caspase-3 and caspase-7, pro-pyroptosis protein
cleaved caspase-1 and GSDMD and necroptosis-related
protein RIPK1 and MLKL were significantly higher in the
model group compared to the control group. However,
the protein levels decreased after treatment with TDZD-
8. In addition, the results of immunofluorescence detec-
tion of RIPK1 and caspase-8 expression in liver tissues
were consistent with the protein blotting results (Fig. 2 D
and E). These results indicated that TDZD-8 was able to
alleviate the levels of apoptosis, pyroptosis and necropto-
sis in ALF mice.

TDZD-8 alleviates the level of death of acutely injured
hepatocytes in vitro

Cells were stimulated with D-Gal/LPS to investigate the
protective effect of TDZD-8 on acute hepatocyte injury
in vitro. Flow cytometry showed that the apoptosis rate
of the model group was significantly higher than that of
the control group, and the apoptosis rate of the TDZD-8
group was significantly improved compared with that
of the model group (Fig. 3 A and B). Protein blotting
assayed the levels of apoptosis, pyroptosis and necropto-
sis-related proteins, and was consistent with the in vivo
experiments. The levels of these proteins were signifi-
cantly elevated in the model group compared to the con-
trol group, and the treatment with TDZD-8 significantly
alleviated this abnormal alteration (Fig. 3 C-F). These
results indicated that TDZD-8 was able to improve apop-
tosis, pyroptosis and necroptosis in acute hepatocyte
injury in vitro.

TDZD-8 inhibited GSK3f activity and altered TRAF6,
HDAC3 and TAK1 levels in vivo and in vitro

It has been shown that TAK1 plays a key role in the pro-
grammed mode of death in PANoptosis [14], and TRAF6
is one of the major activating molecules of TAK1 [18].
We then examined the protein levels of TAK1, TRAF6,
and HDAC3 using protein blotting assays and found that
the p-GSK3f ratio decreased in the model group, and
the protein levels of TAK1 and TRAF6 decreased, but
HDACS3 levels increased, in vivo and in vitro. In contrast,
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Fig. 4 In vivo and in vitro, TDZD-8 treatment was able to regulate TRAF6, TAKT and HDAC3 expression levels. A-C Expression of p-GSK3[3, t-GSK3(,
TAK1, TRAF6 and HDAC3 in liver tissues of each group of mice and their quantitative analysis. B and (D, E) Expression of p-GSK3[3, t-GSK3(3,

TAKT, TRAF6 and HDAC3 in cells of each group and their quantitative analysis. F and (G) Immunofluorescence detection of localized expression

of TAKT in liver tissue and its mean fluorescence intensity statistics (magnification x 200). P<0.05 compare with control group, *P < 0.05 compare

with model group
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TDZD-8 was able to up-regulate TAK1 and TRAF6 levels
and decrease HDAC3 expression compared to the model
group while increasing the p-GSK3p ratio (Fig. 4 A-E).
The results of immunofluorescence detection of TAK1
localization and expression in liver tissues were consist-
ent with the protein blotting results (Fig. 4 F and G). For
this reason, TDZD-8 may exert a protective effect by
altering the levels of TAK1, HDAC3 and TAK1.

Inhibition of TRAF6 partially reverses the protective effect
of TDZD-8 in vitro

To further investigate the role of TRAF6 in the cytopro-
tective process of TDZD-8, we used si-RNA to inhibit
TRAF6 expression. As expected, the therapeutic effect
of TDZD-8 was reduced after the inhibition of TRAF®6.
Flow cytometry showed that after inhibition of TRAF6
expression, the apoptosis rate was able to increase com-
pared to the model group, and after combined treatment
with TDZD-8 the apoptosis rate increased significantly
compared to TDZD-8 alone (Fig. 5 A and B). In addi-
tion, protein blotting and immunofluorescence detection
of apoptosis, pyroptosis and necroptosis-related protein
expression revealed that inhibition of TRAF6 did not
down-regulate cell death protein expression, but even
up-regulated cell death protein expression after TDZD-8
treatment, partially reversing the protective effect of
TDZD-8 (Fig. 5 C-G). The above results suggest that
inhibition of GSK3p can function through the TRAF6
molecule.

TRAF6 interacts with HDAC3 to reduce HDAC3 molecular
levels

Recent studies have revealed that TRAF6 is able to
interact with HDAC3 molecules, ubiquitinate to reduce
HDACS3 levels, upregulate proto-oncogenes and promote
hepatocellular carcinogenesis [19]. In the present experi-
ments, inhibition of GSK3p activity increased TAK1
levels and decreased HDAC3 levels, but inhibition of
TRAF6 expression levels decreased the effect of TDZD-
8, and in contrast to TDZD-8 alone, inhibition of TRAF6
decreased TAK1 levels and increased HDAC3 levels
(Fig. 6 A and B). Using fluorescence co-localization anal-
ysis, it was found that HDAC3 and TRAF6 shared a com-
mon expression site in cells, and interestingly, HDAC3
expression was relatively low at sites of high TRAF6
expression (Fig. 6 C and D). Furthermore, the interac-
tion between the two molecules in cells was detected

(See figure on next page.)
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using immunoprecipitation methods and was found to be
present in normal hepatocytes (Fig. 6 E). In vitro experi-
ments suggest that TRAF6 has some interaction with
HDACS3 in hepatocytes and can reduce HDAC3 expres-
sion levels.

HDAC3 inhibition exerts hepatoprotective effects via TAK1
An increasing number of experiments have demonstrated
that inhibition of HDAC can exert hepatoprotective
effects by inhibiting apoptosis, pyroptosis and oxidative
stress. It was found by flow cytometry that inhibition of
HDACS3 was able to significantly reduce the rate of apop-
tosis in hepatocytes (Fig. 7 A and B). Protein blotting and
immunofluorescence detection of pro-cell death-related
proteins revealed that inhibition of HDAC3 increased
TAK1 levels but significantly decreased pro-cell death-
related protein expression and reduced hepatocyte death
(Fig. 7 C-H). In conclusion, we found that inhibition of
GSK3p activity could improve apoptosis, pyroptosis and
necroptosis through TRAF6/HDAC3/TAK1 pathway and
exert hepatocyte protective effects Fig. 8.

Discussion

This study focuses on the hepatoprotective effects and
potential mechanisms of the GSK3p inhibitor TDZD-8
in a mouse model of acute liver failure, the LPS/D-Gal
mouse model of liver failure, which is used not only to
study acute liver failure but also as a study of fulminant
liver failure, acute liver injury and other liver diseases [20,
21]. In previous studies, liver injury in this model was
caused by the involvement of various complex mecha-
nisms such as excessive inflammatory response, oxida-
tive stress, apoptosis, necrosis, autophagy, pyroptosis,
ferroptosis, etc. [22—25]. The various mechanisms inter-
acted and promoted each other, for example, excessive
inflammatory response deteriorated liver function and
promoted hepatocyte necrosis and apoptosis; in turn, the
large number of necrotic liver cells further contributed
to the inflammatory response of the liver [3]. However,
most studies have examined only one or two mecha-
nisms, reporting on various hepatoprotective agents and
analyzing their protective mechanisms. It is because the
factors and mechanisms of liver injury are intricate and
interact with each other that it is more helpful to study
substances that can control multiple mechanisms simul-
taneously in acute liver failure. Various stimuli dam-
age induces cells to form tumor necrosis factor receptor

Fig. 5 Inhibition of TRAF6 was able to partially reverse the hepatocyte-protective effect of TDZD-8 in vitro. A and (B) Flow cytometry detection
of apoptosis levels in each group and its statistical analysis. C and (D) Immunofluorescence detection of RIPK1 and caspase-8 localization

and expression levels in vitro and their quantitative analysis (magnification x 400). E-G Protein blotting and immunofluorescence to detect MLKL,
GSDMD, cleaved caspase-7, cleaved caspase-3 protein levels in each group of cells and their quantitative analysis. 'P < 0.05 compare with control
group, *P<0.05 compare with model group, “P < 0.05 compare with TDZD-8 group



Zhang et al. Journal of Inflammation (2023) 20:24 Page 10 of 16

mode | TDZD-8 si—TRAF6 TDZD-8+si-TRAF6

lat ]
288 a1

g o . & RIPK1
§ 60 T s
",Sf 40 * -
8 T
2 20
< RIPK1/DAPI
c r?‘ T T T T
P ‘\\.‘o\ & z\/\o 493;\ p ng@\ﬁ ngb
og'xe
D < Casp-8
24
2 3 RIPK1
g 3 T . 3 Casp-8
g’ iy t Casp-8/DAPI
P L]
§ T T T T
oo“\‘& & «o"oﬁ &y@ ,{@5;(6 D-Gal/LPS - + + + +
N &g" TDZD-8 - - + _ +
Q'
) si-TRAF6 = - - + +
E MK —=— == F.
- g — 5§ 3 MLKL/GAPDH
CaSp-3 poal 2pn e ﬁ x [ GSDMD/B-actin
biRES 3 o oy :%'1‘0-
4 £ e 5 &
Rl I g T
Cle-Casp-3 ¥ & 05 - &
- § lnnllif]
) s
GAPDH - - e & 00 T T T T T
- séo\ obe\ "9& ng ngb
GSDMD == R R
Casp_7 — Y =" — — G &01,03’
. — — -_— —
I g 259 « [ Cle-Casp-3/Casp-3
Cle-Casp-7 oot | 2 20- [ Cle-Casp-7/Casp-7
oy | 5 *
i @ 1.54 &
B-actin == - —— — - ,
o * &
D-Gal/LPS - + + + + : ols-ﬂ ﬂ m ﬂ ﬂ
TDZD8 - - + - + $ ol 1| ﬂ 1
si-TRAF6 + + & e & &
&) 2
o7
S

Fig. 5 (Seelegend on previous page.)



Zhang et al. Journal of Inflammation (2023) 20:24

A

Page 11 of 16

TRAF6 s s S ssies é s 3 TAK1/GAPDH
3
e @ 05 . . 3 TRAF6/GAPDH
TAK] s : S L 1 & [ HDAC3/GAPDH
p w 0.6
HDAC3 -,.- § N ”
(o] 4
GPDH = me ﬂ*ﬂﬂ**&&
D-Gal/LPS - + + + + g e ﬁ ﬂﬁ Hﬂ
o # 1 1 1 1 1
TDZD-8 - - + - + S & P & o
3 ¢ & & &
si-TRAF6 - - - + + £ ¢ e L
«019

¢ HDAC3+DAPI

TRAF6+DAPI

HDAC3+TRAF6

250 — Red ©
— Green Lo
— 200- = =
3 a v K=
7 150 s o a
2 .
3 4004 HDAQC3S s P
g .
- s TRAF6 e 5. 92
0 I 1 1 1 1
0 20 40 60 80 100

Distance (um)

Fig. 6 TRAF6 can regulate TAKT while being able to interact with HDAC3 to alter HDAC3 levels. A and (B) Protein blotting to detect TRAF6, TAK1
and HDAC3 protein levels in vitro and their quantitative analysis. C and (D) Immunofluorescence detection of TRAF6 and HDAC3 co-localization
in vitro and its statistical analysis (magnification x 1000). E Immunoprecipitation assay to detect the interaction of HDAC3 with TRAF6. P <0.05
compare with control group, *P < 0.05 compare with model group, 4P < 0.05 compare with TDZD-8 group

(TNFR) complex I containing RIPK1, which is capable
of promoting apoptosis both through caspase-8 activa-
tion and through RIPK1 and receptor-interacting protein
kinase 3 (RIPK3) activation promoting MLKL oligomeri-
zation and translocation to the cell membrane, thereby
promoting necroptosis [26, 27]. Therefore, RIPK1 is at

the pivotal position between apoptosis and necroptosis
and can promote different types of apoptosis through dif-
ferent pathways [28]. Regardless of upstream signaling,
phosphorylation of MLKL is a central event in necropto-
sis [29]. More and more experiments have revealed that
the gasdermin protein family plays an important role in
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scorch death occurrence. In particular, GSDMD is con-
sidered a key executor of pyroptosis and an essential
molecule in pyroptosis [30]. In this study, a mouse model
of acute liver failure was constructed by intraperitoneal
injection of LPS and D-Gal. As expected, liver tissue sec-
tions from ALF mice showed significant necrosis and
inflammatory cell infiltration, and apoptosis levels were
significantly increased by TUNEL staining. At the same
time, the levels of apoptosis, necrosis and pyroptosis-
related proteins in mouse liver tissues were also signifi-
cantly elevated. However, TDZD-8 treatment decreased
liver injury and liver function in mice, while downregu-
lating the levels of apoptosis, necrosis and pyroptosis-
related markers. Similarly, we obtained consistent results
in an in vitro model. In our previous study, TDZD-8 was
able to improve the inflammatory response in mice with
acute liver failure and exerted hepatoprotective effects. In
addition, inhibition of GSK3p has been shown to alleviate

liver inflammation, reduce hepatocyte apoptosis and
activate hepatocyte autophagy, improving liver function
and exerting hepatoprotective effects in previous studies.
Moreover, it has been shown that GSK3p interacts with
RIPK1 molecules to promote RIPK1 molecular activity
and promote post-stroke scar formation, leading to poor
prognosis [11].

In several studies, TAK1 is one of the major regula-
tory molecules of pyroptosis, apoptosis and necropto-
sis. In the absence or inhibition of TAK1 activity, cells
are prone to initiate programmed cell death in response
to external stimuli [31]. TAK1 is a key molecule in the
regulation of inflammation and cell death and plays a
critical role in regulating cell survival, differentiation
and apoptosis. TAK1 activates NF-kB, promotes tran-
scription of downstream anti-apoptotic proteins and
promotes cell growth and proliferation [32]. At the
same time, inhibition or deletion of TAK1 can initiate
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RIPK1-mediated apoptosis or RIPK1-RIPK3-mediated
necroptosis, promoting programmed cell death in a
variety of cells. Not only that, in recent years, it has
been shown that TAKI acts as a direct upstream acti-
vator of AMPK, inducing protective autophagy and
regulating cell death [33]. Moreover, hepatocyte-spe-
cific deficiency of TAKI can activate RIPK1-dependent
inflammatory responses in hepatocytes, promoting
hepatocellular fibrosis and hepatocellular carcinogene-
sis and facilitating disease progression [34]. Given this,
we speculated whether the marked apoptosis, scorch
death and necroptosis in the ALF model were associ-
ated with decreased TAK1 levels. To this end, we exam-
ined changes in TAK1 content in mouse liver tissues
and cells, and we found that TAK1 content was signifi-
cantly downregulated in the induced ALF model, but
increased after TDZD-8 treatment as GSK3p activity
was inhibited. Therefore, we suggest that inhibition of
GSK3p can improve ALF through TAKI.

Subsequently, we further investigated the specific
mechanisms by which inhibition of GSK3f activity ame-
liorates multiple programmed cell deaths via TAK1 in
ALF models. Many studies have shown that TRAF6 is
a typical activator of TAK1 with an N-terminal cyclic
domain that functions as an E3 ubiquitin ligase and that
TRAF6 generates a lysine-63 (K63)-Ub oligomer that
activates TAK1 in vitro [18]. In addition to the typical
NF-kB pathway, TRAF6 and TAK1 play key roles in the
development and homeostasis of several tissues by reg-
ulating cell survival, proliferation and differentiation. In
one study, using a cinchonine drug capable of targeting
the TRAF6 molecule, ubiquitination reduced AKT while
inhibiting TAK1 activity and promoting apoptosis in can-
cer cells [35]. TRAF®6 is a bridging protein that mediates
multiple signaling pathways and is overexpressed in many
tumor cells, activating the AKT signaling pathway and
promoting cell survival and migration [36]. TRAF6 inter-
acts with Deltex to induce cysteine-mediated apoptosis
and promote cell death [37]. In addition, it has also been
shown that reduced TRAF6 expression levels correlate
with increased GSK3p protein levels and activity. TRAF6
is then phosphorylated by GSK3p at Thr266, which pro-
motes K48-linked polyubiquitination and degradation of
TRAF®6, thereby reducing TRAF6 molecular levels [38].
To further verify the role of TRAF6, we reduced TRAF6
expression in cells and examined the levels of TAK1 and
various programmed cell death-related proteins and
found that reducing TRAF6 did not reduce hepatocyte
injury, but even reduced TAK1 levels, attenuated the pro-
tective effect of TDZD-8 on hepatocytes and increased
cell death protein levels after TDZD-8 treatment. There-
fore, we suggest that inhibition of GSK3p may act by
altering TRAF6 molecular content and activity.
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The E3 ubiquitin ligase activity of TRAF6 has also been
shown to ubiquitously downregulate HDAC3 levels and
upregulate c-Myc gene expression, promoting hepato-
cellular carcinogenesis and poor prognosis [19]. HDAC3
is a class I histone deacetylase that regulates chroma-
tin structure and gene expression, mainly found in the
nucleus. Histone deacetylase inhibitors play a key role
in tumor therapy [39]. HDAC has been shown to regu-
late the GSK3p pathway involved in disease progression
[40]. Recent studies have shown that dual HDAC/GSK3p
inhibition therapy promotes neuronal survival and con-
trols tumor growth [41, 42]. Given this, we speculated
whether changes in TRAF6 levels in this model could
alter HDAC3 and play a role. In this experiment, we first
examined the changes in HDACS3 levels in the model liver
and cells, and found that HDAC3 levels increased signifi-
cantly in the model, and TDZD-8 treatment significantly
reduced its levels, suggesting that altering GSK3p activ-
ity could regulate HDACS3 levels; then we used siRNA
to alter TRAF6 expression levels, and found that inhibi-
tion of TRAF6 expression partially reversed the effect of
TDZD-8 on HDACS3. The effect of TDZD-8 was partially
reversed and HDACS3 levels were increased. We verified
the co-localized expression of HDAC3 and TRAF6 in
cells by fluorescence microscopy, while immunoprecipi-
tation experiments demonstrated that TRAF6 molecules
can interact with HDAC3 to alter HDAC3 levels and
thus increase TAK1 levels to improve ALF. To verify the
role of HDAC3, we used HDAC3-specific inhibitors to
reduce HDACS3 in cells We found that lowering HDAC3
simultaneously significantly increased TAK1 levels and
improved cell injury and reduced death levels. Thus, inhi-
bition of GSK3p activity could improve cell death levels
in acute liver failure by modulating the activity levels of
the TRAF6/HDAC3/TAK1 molecular pathway. However,
the exact mechanism of how HDACS3 alters the level of
TAKI1 activity needs to be further investigated.

In summary, our experiments show that TDZD-8 can
inhibit GSK3p activity and exert partial hepatoprotective
effects, mainly by alleviating hepatocyte apoptosis and
possibly acting through the TRAF6/HDAC3/TAK1 path-
way. TDZD-8 pretreatment reduces liver damage and
decreases the inflammatory response of the liver, thus
making it a potential prophylactic agent for the treat-
ment of acute liver failure. However, it is of concern that
our current work is focused on the preventive effect of
GSK3p inhibition on acute liver failure, although some
studies have shown that TDZD-8 has some preventive
and therapeutic value in ischemia-reperfusion injury
[43]. Still, further studies are needed to explore the thera-
peutic effects of applying specific GSK3p inhibitors after
acute liver failure, and the potential therapeutic window
for the administration of inhibitors after injury.
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