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SUMMARY

Apoptosis and ferroptosis contribute to lipopolysaccharide/
D-galactosamine-induced acute liver failure, transforming
growth factor 31 is increased significantly during acute liver fail-

ure, and liver-specific knockout of transforming growth factor ¢
receptor 1 alleviates lipopolysaccharide/D-galactosamine-induced
acute liver failure in mice through glycogen synthase kinase
36-nuclear factor erythroid 2-related factor 2-mediated
apoptosis and ferroptosis.

BACKGROUND & AIMS: Acute liver failure (ALF) is a condition
with high mortality and morbidity, characterized by glutathione
depletion, oxidative stress, and mitochondrial dysfunction.
Ferroptosis may be involved in ALF. Indeed, emerging studies
have shown that ferroptosis plays a significant role in ALF.
However, the mechanism of ferroptosis in hepatocytes during
ALF remains unknown.

METHODS: Hepatic-specific transforming growth factor § re-
ceptor 1 knockout (TGFBr12"P%°) mice and nuclear factor

erythroid 2-related factor 2 knockout (Nrf2”/") mice were
generated and subjected to ALF. Electron microscopy was used
to detect mitochondrial and other cell substructure changes
during ALF.

RESULTS: In this study, we noticed that lipopolysaccharide
(LPS)/D-galactosamine (D-GalN) induced caspases-mediated
apoptosis as current research reported, we also found lipid
peroxidation, reactive oxygen species accumulation, and
glutathione, co-enzyme Q10 system inhibition mediated fer-
roptosis during LPS/D-GalN-induced ALF. Rescue studies have
shown that ferrostatin-1 (Fer-1) and deferoxamine mesylate
(DFOM), the inhibitor of ferroptosis, could alleviate LPS/D-
GalN-induced ALF. In addition, we noticed that TGFg1
was increased during ALF, while ALF was relieved in
TGFBr12"P K0 mjce. We also noticed that liver TGFAr1 defi-
ciency alleviated LPS/D-GalN-induced apoptosis and ferropto-
sis by affecting the phosphorylation of glycogen synthase
kinase 36 and Nrf2, a key antioxidant factor, by up-regulating
the levels of glutathione peroxidase 4 (GPX4), glutamine anti-
porter xCT (XCT), dihydroorotate dehydrogenase (DHODH),
and ferroptosis suppressor protein 1 (FSP1), and down-
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regulating transferrin receptor (TFR), prostaglandin-endoper-
oxide synthase (Ptgs2), chaC glutathione specific gamma-glu-
tamylcyclotransferase 1 (CHAC1), and cytochrome P450
reductase (POR) expression. The further supplemental experi-
ment showed that ferroptosis was aggravated significantly in
Nrf2”/~ mice compared with its wild-type controls and reversed
by ferrostatin-1.

CONCLUSIONS: This study shows that TGFSrl plays a critical
role in mediating LPS/D-GalN-induced ALF by promoting
apoptosis and ferroptosis. (Cell Mol Gastroenterol Hepatol
2022;13:1649-1672; https://doi.org/10.1016/jjcmgh.2022.02.009)

Keywords: ALF; TGF@rl; Nrf2; GSK38; ROS; Apoptosis;

Ferroptosis.

cute liver failure (ALF) is a condition with high

mortality and morbidity that results from severe
impairment of liver function induced by drugs, toxins, or
viruses.! In western developed countries, the most common
etiology is acetaminophen (APAP)-induced liver failure, in
developing countries, the vast majority of cases are attrib-
utable to viral hepatitis (hepatitis A-E viruses).” If not
treated in time, mortality in ALF usually results from cere-
bral edema or multiorgan failure. Although great progress
has been made in acknowledging the molecular mechanism
of ALF at present, there is still a long way to go. Because
liver transplantation may be the only way to cure this dis-
ease, there is an urgent need for new treatments. ALF
induced by D-galactosamine (D-GalN) and lipopolysaccha-
ride (LPS) is a well-established experimental model, which
is widely applied to search for potential therapeutics.®* LPS
is the main inflammatory bacterial component by triggering
the activation of immune cells and initiating the inflamma-
tion response, while D-GalN is responsible for sensitizing to
LPS lethality by inhibiting protein and RNA synthesis by
depleting uridine triphosphate (UTP), primarily in the
liver.*”

ALF is interlinked with various factors such as oxidative
stress, apoptosis, and inflammation. Reactive oxygen/ni-
trogen species and expression of death ligands in the pro-
cess culminating in hepatocyte death are well documented
and most of the current studies attribute hepatocyte death
to apoptosis.® Ferroptosis characterized by accumulation of
reactive oxygen species (ROS) and iron accumulation, and
the release of damage-associated molecular patterns, plays
an important role in liver disease, including acute liver
injury and liver fibrosis.”® The imbalance between excess
production of ROS and the body’s ability to neutralize or
eliminate its harmful effects through antioxidants such as
glutathione (GSH) and coenzyme Q10 (CoQ10) result in
oxidative damage.’® Specifically, glutathione peroxidase 4
(GPX4) is a main regulator of the GSH antioxidant system
and prevents ferroptosis by converting lipid hydroperoxides
into nontoxic lipid alcohols.'* Ferroptosis suppressor pro-
tein 1 (FSP1) acts as an oxidoreductase that reduces ubi-
quinone to ubiquinol mainly on the plasma membrane while
dihydroorotate dehydrogenase (DHODH) inhibits ferropto-
sis in the mitochondrial inner membrane by reducing
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ubiquinone to ubiquinol.'>'* However, how the ferroptosis
reacts to ALF remains largely obscure. Former studies have
described that malondialdehyde (MDA) levels are increased
in LPS/D-GalN-induced acute liver injury.'* Other research
has shown that ferroptosis is related to acetaminophen
(APAP)-induced hepatocyte cell death, which indicates that
ferroptosis plays a significant role in ALF and further
research needs to be conducted.’® Nuclear factor E2-related
factor 2 (Nrf2) is the major regulator of the cellular anti-
oxidant response and participates in the regulation of fer-
roptosis. Certain studies have found that activation of Nrf2
attenuates LPS/D-GalN-induced acute liver injury and re-
duces ferroptosis.'® Glycogen synthase kinase 38 (GSK30) is
an indispensable regulator of the oxidative stress response.
A multitude of evidence suggests that GSK3( regulation of
Nrf2 is implicated in aging, acute liver injury, hepatotoxicity,
and neurologic degeneration. In chronic hepatitis C, the
expression of phosphorylated GSK34 correlated positively
with Nrf2 expression and was associated inversely with the
degree of liver injury, the inhibitory effect of GSK36 on Nrf2
is promoted with transforming growth factor 81 (TGFg1)."”
Nevertheless, very little was known about how TGF@1 reg-
ulates GSK3@ by affecting Nrf2 antioxidant response in
ferroptosis-induced acute liver injury.

TGFB, produced by many cell types, including non-
parenchymal cells in the liver, similar to liver macrophages,
plays important roles in the processes of ALF.'"® TGFS me-
diates their signaling via a specific complex of type I/type II
receptor serine/threonine kinases and plays a significant
role in cell proliferation, differentiation, migration, and cell
death. Previous clinical research has shown that the
expression of TGFB1 is increased in ALF patients because
TGFB1 inhibits hepatic DNA synthesis and reduces liver

*Authors share co-first authorship.
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regeneration.'”?” Another study also showed that inhibition
of TGF@ receptor 1 (TGFBrl) improves mouse survival in
APAP poisoning.® Increases in circulating TGF81 level also
have been described in patients with systemic inflammatory
response syndrome (SIRS), an important syndrome of
ALF.?2 There is no evidence, however, indicating a patho-
genic role of TGFB1 in ALF. It is necessary to study the
regulatory mechanism of TGFB1 in ALF from a new
perspective. Therefore, this study examined the regulatory
effect of TGFB1 on ferroptosis in ALF. We established LPS/
D-GalN-induced ALF as an experimental model and found
that ferroptosis was enhanced in LPS/D-GalN-induced ALF,
while deletion of hepatic TGFprl relieved LPS/D-GalN-
induced ALF by inhibiting apoptosis and ferroptosis
through regulating GSK33-Nrf2.

Results
ALF Resulted in Hepatocellular Apoptosis and
Ferroptosis

We first established the LPS/D-GalN-induced ALF model
by intraperitoneally injecting mice with LPS (20 ug/kg) 15
minutes before injection of D-GalN (700 mg/kg) and
examined the survival rate and liver function. As shown in
Figure 14 and B, liver tissues were harvested 6 hours after
LPS/D-GalN injection because we found that mice began to
die 5 hours after LPS/D-GalN injection, and the survival rate
of mice dropped to approximately 0%-20% in 6 hours. The
level of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) of mice with LPS/D-GalN treatment
was sharply increased compared with control mice
(Figure 1C). Furthermore, H&E and terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate
nick-end labeling (TUNEL) staining of liver sections showed
that extensive destruction of liver structure, diffuse hem-
orrhagic necrosis, and combined severe liver congestion and
hepatocyte apoptosis were seen in the mouse liver with
LPS/D-GalN treatment, compared with the observations in
control mice (Figure 1D). With LPS/D-GalN injection, tumor
necrosis factor « (TNFa) was activated as well as intra-
hepatic inflammatory cells such as macrophages and neu-
trophils. They were detected by TNF«, F4/80, and
lymphocyte antigen 6 complexes, locus G (LY6G) immuno-
histochemistry, and were increased significantly, as
compared with the results in control mice (Figures 1E and
Figure 24). As reported in previous studies,®® apoptosis
plays an important role in LPS/D-GalN-induced ALF. We
also detected the activation of caspase proteins such as
caspase 8 and caspase 9, as well as the activation of the b-
cell lymphoma 2 (BCL2)-BAX) system (Figure 2B and ().

Next, we detected the mitochondrial changes in the liver
by electron microscopy and surprisingly found that mito-
chondria appeared smaller than the control group, with
increased membrane density, which was the main feature of
ferroptosis (Figure 1F). To further evaluate the role of fer-
roptosis induced by LPS/D-GalN, we assessed lipid peroxi-
dation and iron metabolism. Because polyunsaturated fatty
acids (PUFAs) are the main substrates of lipid peroxidation
in the process of ferroptosis, cytochrome P450 reductase
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(POR) and prostaglandin-endoperoxide synthase 2 (Ptgs2),
mediating the formation of PUFAs from PUFAs hydrolipid
peroxy radical (OOH), plays a significant role in lipid per-
oxidation. With Western blot assay, we found the expression
of POR and Ptgs2 were low in the control liver, although
significantly increased after LPS/D-GalN administration
(Figure 11 and L). MDA, a lipid peroxidation product, also
was triggered significantly after the treatment of LPS/D-
GalN (Figure 1G). The main anti-ferroptosis activity of the
GSH system is related to GPX4 and glutamine antiporter xCT
(XCT), and the expression of GPX4 and XCT was decreased
after LPS/D-GalN treatment (Figure 1H). As another anti-
oxidant, DHODH and FSP1 can mediate the production of
CoQ10 to inhibit ferroptosis in a GSH-independent manner.
The expression of DHODH and FSP1 were also inhibited
after LPS/D-GalN treatment (Figure 1[). For iron meta-
bolism, we mainly detected changes in Fe2" levels and
related proteins such as transferrin receptor (TFR) and
divalent metal transporter 1 (DMT1).>* Compared with the
control group, the plasma Fe2* level (Figure 5C) was
increased significantly, as well as the expression of TFR and
DMT1 after LPS/D-GalN treatment (Figure 1H and L).

Taken together, these results suggest both apoptosis and
ferroptosis occurred in LPS/D-GalN-induced ALF. In-depth
exploration of the mechanism of ferroptosis in ALF may
provide new ideas for clinical practice.

Inhibition of Apoptosis or Ferroptosis Attenuated
LPS/D-GalN-Induced ALF

In the earlier-described experiments, we found that both
apoptosis and ferroptosis occurred in ALF. Next, we
respectively injected mice with apoptosis inhibitor ZAVD-
FMK (10 mg/kg) and ferroptosis inhibitor ferrostatin-1
(Fer-1) (10 mg/kg) and deferoxamine mesylate (DFOM)
(100 mg/kg) 1 hour before LPS/D-GalN administration to
see if they could save mice from ALF. Both apoptosis and
ferroptosis inhibitors could prolong the mice’s survival rate
(Figures 34 and 54).

ZAVD-FMK is an irreversible pan-caspase inhibitor. In
our research, compared with the LPS/D-GalN group, we
found that the levels of ALT and AST were decreased with
ZAVD-FMK treatment (Figure 3B). Sections of livers from
the LPS/D-GalN group showed pathologic damage and
numerous apoptotic hepatocytes while showing less hepatic
congestion and fewer apoptotic hepatocytes (Figure 3C).
The GSH and MDA assays of liver tissue homogenates
showed that the LPS/D-GalN group showed a lower level of
GSH and a high level of MDA, while the ZAVD-FMK~+LPS/D-
GalN group could increase the GSH level and reduce the
MDA level (Figure 3D and E). Both caspases and BCL2-BAX
were activated during LPS/D-GalN-induced ALF. Specif-
ically, BCL2 was inhibited while caspase 9 (Aspartate
368,39 kDa, P39) and cleaved caspase 8 were increased, and
there were no significant changes in the expression of cas-
pase 8. With ZAVD-FMK treatment, the expression of BCL2
was increased while the expression of caspase 9 and cleaved
caspase 8 was decreased (Figure 3F and G).

Fer-1, a potent inhibitor of ferroptosis, has been shown
to suppress ferroptosis in cells and a mammalian model
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Figure 1. LPS/D-GalN-induced ALF enhances apoptosis and ferroptosis. (A) The survival rate of WT mice treated with
vehicle or LPS/D-GalN (LPS, 20 ug/kg; D-GalN, 700 mg/kg) (n = 10). (B) Representative pictures of WT mice treated with
vehicle or LPS/D-GalN for 3, 5, and 6 hours (n = 10). (C) Serum levels of ALT and AST with or without LPS/D-GalN co-injection
(n = 6). (D) H&E and TUNEL staining after LPS/D-GalN co-injection (n = 6). (E) Immunohistochemistry of TNF« and F4/80
staining after LPS/D-GalN co-injection (n = 6). (F) Transmission electron microscope of liver tissues (n = 3). (G) MDA assay of
liver homogenates (n = 5). (H and J) Western blot analyses of TFR, DMT1, GPX4, and XCT from WT mice (H) with or without
LPS/D-GalN and (/) quantitative results (n = 3-9). (/ and K) FSP1, DHODH, and POR proteins. Western blot analyses of WT
mice (/) with or without LPS/D-GalN and (K) quantitative results (n = 3-9). (L) Immunohistochemistry of DMT1 staining and
immunofluorescence of Ptgs2 in livers with or without LPS/D-GalN (n = 6). (M) Quantitative results of DMT1 and Ptgs2. All data
were obtained from WT mice. Scale bars: 100 um. Data are presented as means + SEM. *P < 0.05, *P < 0.01, P < 0.001,
P < 0.0001. DAPI, 4',6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 2. Apoptosis was increased during LPS/D-GalN-induced ALF. (A) LY6G immunohistochemistry staining of WT mice
with or without LPS/D-GalN treatment. Scale bars: 100 um. (B) Western blot analyses of caspase 9, BCL2, BAX, caspase 8,
and cl-caspase 8 (cleaved-caspase 8) proteins from WT mouse liver treated with or without LPS/D-GalN co-injection (n = 5-6).
(C) Quantitative results of caspase 9, BCL2, BAX, caspase 8, and cl-caspase 8. (D) Western blot analyses of RIP3 and GSDMD
from WT mouse liver treated with or without LPS/D-GalN co-injection. (E) ratios of each protein to GAPDH (n = 3). (F) Ki67
immunofluorescence staining of LO2 with or without LPS/D-GalN (LPS, 10 ng/mL; D-GalN, 1 mmol/L). (G) Cell Counting Kit-8
(CCKB8) assay of LPS/D-GalN induced LO2 injury pretreated with Fer-1 (1 umol/L), ZVAD-FMK (10 umol/L), and Nec-1 (10 umol/
L) (n = 5). Scale bar: 10 um. Data are presented as means + SEM. "P < 0.05, P < 0.01, ™P < 0.001, **P < 0.0001.
C, Control; F, Fer-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; N, Necrostatin-1; Z, ZVAD-FMK.
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Figure 3. ZVAD-FMK relieved LPS/D-GalN-induced ALF through inhibiting apoptosis. (A) The survival rate of WT mouse
liver treated with vehicle or ZVAD-FMK (10 mg/kg) 1 hour before LPS/D-GalN co-injection (n = 5). (B) Serum levels of ALT and
AST. (C) H&E and TUNEL staining of mouse liver treated with vehicle or ZVAD-FMK before LPS/D-GalN co-injection (n = 6). (D
and E) GSH and MDA assay of liver homogenates (n = 5). (F) Western blot analyses of BCL2, caspase 9, caspase 8, and
cleaved (cl)-caspase 8 proteins. (G) Quantitative results of BCL2, caspase 9, caspase 8, and cl-caspase 8 proteins (n = 6). All
data were obtained from WT mice. Scale bar: 100 um. Data are presented as means + SEM. *P < 0.05, P < 0.01, *™P <
0.001, ***P < 0.0001. D-GalN, D-galactosamine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

with acute liver injury in our previous research.”® The main
mechanism by which Fer-1 inhibits ferroptosis is the inhi-
bition of ROS accumulation caused by lipid peroxidation.*”
Treatment with Fer-1 significantly suppressed the increase
in the levels of ALT and AST of mice with LPS/D-GalN
treatment (Figure 4B), consistent with H&E and TUNEL
staining, Fer-1 attenuated liver congestion and reduced
scattered hepatocyte death including apoptosis (Figure 4A4).
The level of MDA was reduced after treatment with Fer-1
(Figure 4C). Then we detected the expression of Ptgs2 and
4-hydroxynonenal (4-HNE) (the marker of lipid peroxida-
tion) by immunochemical staining and found the levels of

Ptgs2 and 4-HNE were decreased significantly with Fer-1
treatment (Figure 4H and I). GPX4, protecting cells against
membrane lipid peroxidation and cell death, was detected
by Western blot and immunofluorescence staining and
rescued by Fer-1 treatment after LPS/D-GalN injection
(Figure 4D and F). We also detected the expression of DMT1
and found that DMT1 was decreased significantly with Fer-1
treatment (Figure 4F).

DFOM is the mesylate salt of deferoxamine, which forms
an iron complex and acts as a chelating agent, and used as a
ferroptosis inhibitor. Similar to previous detection methods,
DFOM could decrease the levels of ALT and AST and
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Figure 4. Fer-1 attenuated LPS/D-GalN-induced ALF by repressing ferroptosis. (A) Representative pictures for H&E and
TUNEL staining from WT mice treated with vehicle or Fer-1 (10 mg/kg) 1 hour before LPS/D-GalN treatment (n = 5). Scale bars:
100 um. (B) Serum levels of ALT and AST from WT mice treated with vehicle or Fer-1 before LPS/D-GalN treatment (n = 5). (C)
MDA assay of liver homogenate from WT mice treated with vehicle or Fer-1 before LPS/D-GalN treatment (n = 5). (D)
Representative GPX4 Western blots of WT mice treated with vehicle or Fer-1 before LPS/D-GalN treatment and (E) quantitative
results of GPX4/g-actin (n = 3). (F) Immunofluorescence of DMT1 and GPX4 staining of WT mice treated with vehicle or Fer-1
before LPS/D-GalN treatment and (G) quantitative results (n = 5). Scale bars: 10 um. (H) Ptgs2 and 4-HNE immunohisto-
chemistry staining of WT mice treated with vehicle or Fer-1 before LPS/D-GalN treatment and (/) quantitative results (n = 5).
Scale bars: 100 um. All data were obtained from WT mice. Data are presented as means + SEM. *P < 0.05, *P < 0.01, **P <
0.001, ™P < 0.0001. D-GalN, D-galactosamine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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attenuated liver congestion, and reduced scattered hepato-
cyte death in LPS/D-GalN-induced ALF (Figure 5B and D).
DFOM also could increase the level of GSH and decrease the
level of MDA (Figure 5E and F). However, as TUNEL staining
showed in Figure 5D, the difference was that DFOM did not
reduce apoptosis of hepatocytes, which indicated that DFOM
could not inhibit apoptosis. We also found that DFOM could
decrease the level of Fe?" (Figure 5C). Then, we tested the
multiple proteins related to ferroptosis. ChaC glutathione
specific gammaglutamylcyclotransferase 1 (CHAC1), POR,
TFR, and Ptgs2 were largely up-regulated in the LPS/D-GalN
group, while CHAC1 and TFR were down-regulated signifi-
cantly in the DFOM+LPS/D-GalN group. There were no
significant changes in POR and Ptgs2 between the LPS/D-
GalN group and the DFOM+LPS/D-GalN group (Figure 5G-J).
Moreover, DHODH, FSP1, XCT, and GPX4 were down-
regulated in the LPS/D-GalN group while FSP1, GPX4, and
XCT were up-regulated in the DFOM+LPS/D-GalN group,
and DHODH showed no significant changes between them
(Figure 5G-]).

In addition, we treated mice with ZVAD-FMK+Fer-1
to verify whether simultaneous inhibition of apoptosis
and ferroptosis could relieve LPS/D-GalN-induced ALF.
We recorded the survival rate and liver pathologic staining
results of mice and found the simultaneous injection of
ZVAD-FMK and Fer-1 could prolong the lifespan of mice
compared with the LPS/D-GalN group (Figure 6A4).
Compared with the single-inhibitor group, H&E staining
showed reduced cell swelling as well as diffuse intrahepatic
hemorrhage and decreased hepatocyte death (Figure 6B).

In conclusion, we found that inhibition of apoptosis and
ferroptosis could attenuate LPS/D-GalN-induced ALF by
repressing caspase activation and inhibiting lipid peroxida-
tion, improving the antioxidant capacity of the GSH/CoQ10
system and reducing iron accumulation.

ALF Induced by LPS/D-GalN Was Dependent on
Macrophage-Derived TGF(

In the earlier-described study, we found that the mac-
rophages in the liver increased significantly after LPS/D-
GalN treatment (Figure 1E). Macrophages are a known
source of TGF@ ligands, particularly in the context of tissue
injury.”’ TGFG was expressed both by nonparenchymal cells
and hepatocytes, in our study, we found that TGFg1
secreted by macrophages was largely increased with LPS/D-
GalN injection (Figure 7A4). TGF@rl, the downstream re-
ceptor of TGFB1, was expressed by hepatocytes in addition
to nonepithelial cells.”! Therefore, we detected the expres-
sion of TGFAr1l in liver tissues and found that the protein
expression of TGF@Brl was increased in liver tissues with
LPS/D-GalN injection, as compared with the results in con-
trol mice (Figure 7B and C).

To address the role of TGF@rl in LPS/D-GalN-induced
ALF, we used B6.129-Alp"™1(CreERT2)Sremo oy 4 TGFg1 flox/flox
mice to construct tamoxifen-induced hepatic TGFGrl dele-
tion (TGFAr14"¢P“k%) mice, control mice also were derived
from the homozygous offspring of B6.129-Alb™?!(CreERT2)
Sremo - and  TGFB1719%/f°%  without tamoxifen induction,
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abbreviated to TGFGr1“"®? (Figure 7D). They were used to
establish the LPS/D-GalN-induced ALF model. TGFGrl
expression was not observed in livers of TGFBr12her-CKO
mice (Figure 7E). TGFBr12PP K0 mice turned out to be
suppressed LPS/D-GalN-induced ALF as assessed by hepatic
function parameters ALT and AST (Figure 7F). The histo-
logic analysis also showed that liver congestion and reduced
hepatocyte death were reduced in TGFAr12heP-¢K0 mijce,
compared with TGFBr1"P mice after LPS/D-GalN treat-
ment (Figure 7G). Consistent with pathologic changes, the
number of apoptotic cells also was decreased, while
the number of proliferating cells was increased in
TGFBr12eP¢k0 mice after LPS/D-GalN treatment as
assessed by TUNEL and Ki67 immunofluorescence staining
(Figure 7H). These results suggest that deletion of hepatic
TGF@rl improved liver regeneration and inhibited hepato-
cyte apoptosis. Moreover, we detected the apoptosis-related
proteins and found the expression of BCL2 was increased
while the expression of cleaved caspase 8 was decreased in
TGFBr14MP-tK0 mice after LPS/D-GalN treatment (Figure 71
and )).

These findings suggest that the absence of liver TGFgr1
inhibited LPS/D-GalN-induced ALF by reducing hepatocyte
apoptosis.

Deletion of Hepatic TGF@r1 Repressed ALF-
Induced Ferroptosis and Reactive Nitrogen

Species Accumulation

To characterize the role of TGFBrl in ferroptosis, we
evaluated the expression of several proteins involved in iron
metabolism and lipid peroxidation in TGFAr1*"? mice and
TGFBr12eP¢X0 mice co-injected with LPS/D-GalN. The
expression of 4-HNE was reduced in TGFBr140eP-CKO mijce,
although it was increased in TGFBr1"? mice (Figure 84
and B). Then, we measured the level of lipid peroxidation in
mice by MDA assay and found the level of MDA decreased in
TGFBr12"eP¢k0 mice treated with LPS/D-GalN (Figure 8D).
We also detected the expression of CHAC1 and POR in
mouse liver and found that the expression of CHAC1 was
decreased in TGFBr1MP-K9 mijce treated with LPS/D-GalN.
There were significant changes in POR expression between
TGFAr12™P and TGFEr12"PX® mice (Figure 8I and J).
These results indicate that TGFGr1 might play an important
role in ferroptosis in regulating lipid peroxidation induced
by LPS/D-GalN. Next, we detected an iron metabolism-
related index. We found the level of Fe?" was decreased
in TGFAr12"ePtk0 mice treated with LPS/D-GalN (Figure
8C). The expression of TFR protein also was decreased in
TGFBr12PP-tk0 mice (Figure 8G), which showed that
TGFBrl might play an important role in the process of iron
metabolism.

Furthermore, we detected relevant indicators of anti-
ferroptosis such as XCT/GPX4 and DHODH/FSP1. We found
that the expression of both XCT and GPX4 protein were
increased significantly in TGFr14P*tk® mice (Figure 8E
and G). Consistently, the expression of DHODH and FSP1
also were increased in TGF@r1*"PK% mice (Figure 8G and
H). In addition, we detected the reactive nitrogen species
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accumulation between TGFBr1“"P and TGFgr14hep-cko
mice injected with LPS/D-GalN. We first measured the ni-
tric oxide (NO) level of liver homogenate and found the
increased NO level was reduced in TGFBr12"P-CK0 mice
(Figure 9A4). We also noticed the LPS/D-GalN-induced

A
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inducible nitric oxide synthase (iNOS) increase was
reduced in TGFBr14PeP¢X0 mice. As shown in Figure 9B-G,
in the LPS/D-GalN-treated group, both iNOS and nitro--
tyrosine (NT) levels in TGFBr14PPCX% mice were lower
than in TGFAr12"P mice.
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Figure 6. Simultaneous inhibition of ferroptosis and apoptosis alleviated LPS/D-GalN-induced ALF. (A) The survival rate
of WT mice liver treated with ZVAD-FMK, Fer-1, or ZVAD-FMK+-Fer-1 treatment before LPS/D-GalN co-injection (n = 5). (B)
H&E staining of WT mouse liver treated with ZVAD-FMK, Fer-1, or ZVAD-FMK-+Fer-1 treatment before LPS/D-GalN co-
injection (n = 5). Scale bar: 50 um. Data are presented as means + SEM. D-GalN, D-galactosamine.

The earlier-described data showed that TGFgrl expres-
sion was crucial for the extent of ferroptosis and reactive
nitrogen species accumulation induced by ALF.

compared with the control group (Figure 10C and D). Dur-
ing the period of ALF, a large amount of secreted TGF31
promoted the expression of GSK36 and decomposed a lot of
glycogens in the liver, which is also the reason why patients

TGFGr1-Mediated LPS/D-GalN-Induced ALF
Was Dependent on GSK3p3-Nrf2 Signaling

The earlier-described research provided evidence that
TGF@Brl played critical roles in LPS/D-GalN-induced ALF,
but the link between them is still not clear. A previous study
elaborated that TGF31 remarkably abrogated the inhibitory
phosphorylation of GSK3p, potentially via activating protein
phosphatase 1."” Correspondingly, in our research, we
performed double immunohistochemical staining of liver
tissues with LPS/D-GalN treatment and found higher TGF31
(green) and GSK3p (red) levels after LPS/D-GalN treatment
(Figure 104 and B). Interestingly, GSK30 is implicated in the
hormonal control of several regulatory proteins including
glycogen synthase. Under the electron microscope, we found
that in mice with ALF, glycogen was reduced significantly

with liver failure often have hypoglycemia, because the
glycogen storage in the liver is reduced.

Recent evidence has suggested that GSK38 is an
inhibitory upstream component that regulates Nrf2 phos-
phorylation and subcellular P-GSK38, an anti-(phospho-
Ser9)-GSK33-specific antibody that identifies GSK3g4 in its
Akt (known as protein kinase B)-phosphorylated inactive
state.”® Consistently, in our research, we found that with
LPS/D-GalN treatment, both p-GSK38 and Nrf2 were largely
decreased in control mice, but rescued in TGFgr12her-¢ko
mice (Figure 10E-I). In addition, we performed double
immunohistochemical staining of liver tissues with LPS/D-
GalN treatment and found higher Nrf2 (green) and p-GSK38
(red) levels in TGFGr12"P k% mijce compared with
TGFBr12"P mice (Figure 10j). We also noticed that the

Figure 5. (See previous page). DFOM alleviated LPS/D-GalN-induced ALF by inhibiting ferroptosis. (A) The survival rate of
WT mice treated with vehicle or DFOM (100 mg/kg) 1 hour before LPS/D-GalN co-injection (n = 5). (B) Serum levels of ALT and
AST from WT mice with vehicle or DFOM before LPS/D-GalN co-injection (n = 5). (C) Serum of Fe** levels of WT mice with
vehicle or DFOM before LPS/D-GalN co-injection (n = 5). (D) Representative pictures for H&E and TUNEL staining of WT mice
with vehicle or DFOM before LPS/D-GalN co-injection (n = 5). (E and F) GSH and MDA assay of liver homogenates from WT
mice with vehicle or DFOM before LPS/D-GalN treatment (n = 5). (G and H) Western blot analyses of CHAC1, POR, TFR, and
Ptgs2 from WT mice with vehicle or DFOM before LPS/D-GalN treatment and ratios of each protein to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (n = 6). (/ and J) Western blot analyses of DHODH, FSP1, GPX4, and XCT from WT
mice with vehicle or DFOM before LPS/D-GalN treatment and ratios of each protein to GAPDH (n = 6). All data were obtained
from WT mice. Scale bars: 100 um. Data are presented as means + SEM. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.
D-GalN, D-galactosamine.
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Figure 7. Hepatic TGFgr1 deletion inhibited LPS/D-GalN-induced ALF. (A) Immunofluorescence co-staining of TGFG1/
F480 and TGF31/CD68 from WT mice with or without LPS/D-GalN co-injection (n = 5). (B) Immunohistochemistry staining of
TGFgr1 in livers and (C) quantitative results (n = 5). (D) Schematic protocol used for reproducing TGF8r12"P-CKO mice. (E)
Western blots of TGFgr1 in liver tissues and quantitative results of TGFBr1/GAPDH (n = 3). (F) Serum ALT and AST levels of
TGFBr14heP-CKO gnd TGFEr14™P mice after vehicle or LPS/D-GalN treatment (n = 5). (G) H&E staining was performed on
paraffin-embedded sections of mouse livers from TGFr12"P-CK0 and TGFBr12"*P mice after vehicle or LPS/D-GalN treatment
(n = 5). (H) Representative pictures for TUNEL assay and Ki67 immunofluorescence staining TGFgr121P-CKO and TGFgr14hee
mice after vehicle or LPS/D-GalN treatment (n = 5). (/) Western blot analyses of BCL2 and cl-caspase 8 proteins of TGFgr14nep-CKO
and TGFBr12™P mice after vehicle or LPS/D-GalN treatment and their (J) ratios of each protein to GAPDH (n = 6). Scale bars:
100 um; Data are presented as means + SEM. *P < 0.05, **P < 0.01, *P < 0.001, ***P < 0.0001. DAPI, 4',6-diamidino-2-
phenylindole; D-GalN, D-galactosamine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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expressions of p-GSK38 and Nrf2 were reduced in GSK3(, we concluded that TGF@rl-mediated LPS/D-GalN-
TGFBr12"P mice while improved in TGFAr12"®P k% mijce induced ALF was enhanced by promoting GSK38 to inhibit
after LPS/D-GalN co-injection. Considering that the increase  Nrf2 expression, thereby inhibiting the body’s antioxidant
in Nrf2 protein levels was correlated with the inactivation of  system.
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Figure 8. Hepatic TGF3r1 deletion repressed LPS/D-GalN-induced ferroptosis. (A and B) Immunohistochemistry staining
of and 4-HNE in livers (right) of TGFgr12"eP-CX© and TGFr12"®P mice after vehicle or LPS/D-GalN treatment and quantitative
results (feft). (C) Serum levels of Fe?* (n = 6) in TGFBr12"PC%C and TGFAr12MP mice after LPS/D-GalN treatment. (D) MDA
assay of liver homogenates from TGFgr12M®*CO and TGFEr14"P mice after LPS/D-GalN treatment (n = 4). (E and F) Western
blots of GPX4 expression in TGF8r12eP-CKO and TGFBr12"®P mice liver and quantitative result of GPX4/GAPDH (n = 6). (G)
Representative Western blots of DHODH, FSP1, xCT, GPX4, and TFR expression in TGFr14"P"°KO and TGFr14"°P mice liver
and (H) ratios of each protein to GAPDH (n = 6). (/) Representative western blots of CHAC1 and POR expression in TGFgr14her-
CKO and TGFBr12"P mice liver and (J) ratios of each protein to GAPDH (n = 6). All data are presented as means + SEM. Scale
bar: 100um. *P < 0.05, *P < 0.01, **P < 0.001, **P < 0.0001. D-GalN, D-galactosamine; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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Ferroptosis Was Enhanced by LPS/D-GalN-
Induced ALF in Nrf2™"

Nrf2 is considered a master regulator of the antioxi-
dant response because many of its downstream target
genes are involved in preventing or correcting redox im-
balances in the cell.”” To further assess the role of Nrf2 in
LPS/D-GalN-induced ALF, we performed ALT/AST and
H&E staining of liver tissues in wild-type (WT) mice and
Nrf27/" mice. Liver function and histologic examination
showed more severe liver damage in Nrf2”/~ mice (Figure
11A and B). Furthermore, the relative values of oxidative
stress markers (MDA, superoxide dismutase (SOD), and 4-
HNE) were assessed. The percentage of MDA was
increased significantly, while the percentage of SOD levels
decreased significantly after LPS/D-GalN treatment.
Compared with WT mice, MDA was increased in Nrf2/-
mice (Figure 11C and D). Consistently, immunohisto-
chemical staining showed 4-HNE was increased
significantly in Nrf2”/" mice (Figure 11B), indicating that
Nfr2 played an important role in the body’s antioxidant
system. The expression of DMT1 was increased after LPS/
D-GalN treatment and exacerbated in Nrf2”" mice
(Figure 11E). In addition, examination of lipid
peroxidation-related proteins (Ptgs2, CHAC1, and POR)
(Figure 11E and [) indicated that ferroptosis was signifi-
cantly greater in Nrf2”" mice than in WT mice because the
expression of Ptgs2 was increased in Nrf2”/" mice, when
compared to WT mice. However, there were no significant
differences in the expression of CHAC1 and POR. We
further detected the expression of antioxidant system-
related proteins (GPX4, XCT, FSP1, and DHODH) and
found that the expression of GPX4 and FSP1 was
decreased in Nrf2”/" mice when compared to WT mice
after LPS/D-GalN treatment (Figure 11G and H).

Subsequently, we conducted a rescue experiment on
Nrf2”/" mice to further assess the relationship between Nrf2
and LPS/D-GalN-induced ferroptosis. With Fer-1 treatment,
the levels of serum AST and ALT were decreased drastically
in Nrf2”/" mice (Figure 124). Histologic examination showed
a normal liver structure and slight liver congestion in Nrf2”/-
mice after Fer-1 treatment (Figure 12B). The percentage of
MDA level was decreased while the percentage of SOD level
was increased significantly in Nrf2”/" mice with Fer-1 in-
jection (Figure 12C and D). The expression of 4-HNE, Ptgs2,
and DMT1 proteins also was decreased significantly in
Nrf27/" mice after Fer-1 treatment (Figure 12F-I). At the
same time, inflammatory cell infiltration in the liver also
was reduced in Nrf2”/" mice with Fer-1 injection (Figure
12E).

Therefore, these results suggest that ferroptosis was
more severe in Nrf2”/" mice compared with WT mice, and
Fer-1 protected Nrf2”/" mice from ferroptosis induced by
LPS/D-GalN.

Nrf2 Was Essential for the Hepatoprotective
Effect of Hepatic TGF3r1 Knockout

The earlier-described experiments indicated that Nrf2
played an important role in LPS/D-GalN-induced ALF by
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inhibiting ferroptosis. To further confirm the protective ef-
fect of liver TGFBrl knockout in LPS/D-GalN-induced ALF
was owing to Nrf2, we constructed the adeno-associated
virus serotype 9 (AAV9)-NFE2 like bZIP transcription factor
2(Nfe212)-RNA interference(RNAi) virus-carrying flanked
by loxp (flox) tags to perform the following experiment. The
AAV9-Nfe2]12-RNAi virus was injected through the tail vein,
and the injection volume was 2 x 10" vg (unit of virus
titer) per mouse through pre-experimental testing. As
shown in Figure 13, 7 days after being injected with
tamoxifen to induce TGFﬁrlAhep’CKO, these mice were
respectively treated with AAV9-Nfe2]12-RNAi (Nrf2-RNAi)
and negative control (NC) virus, by tail vein injection.

As the H&E and liver function tests show, after LPS/D-
GalN treatment, mice in the Nrf2-AAV group showed more
severe destruction of liver structure, diffuse hemorrhagic
necrosis, and hepatocyte apoptosis than the NC group
because there was spotted sheet cell death in the liver, as
well as increased ALT and AST levels (Figure 134 and B).
However, compared with the previous results in Nrf27/-
ALF mice (Figure 11), liver cell death was reduced, liver
function ALT and AST was reduced in Nrf2-
RNAi+TGFBr14PP K9 mice, which indicated TGFBR1 has
inhibitory effects on Nrf2 during ALF. Moreover, we found
that the level of MDA was increased significantly in the
Nrf2-RNAi+TGFBr12"P %% mice compared with the
NC+TGFBr12"P¢K0 group (Figure 13C). We also detected
ferroptosis-related protein and found that DHODH, FSP1,
GPX4, and XCT were decreased significantly while TFR was
increased in the Nrf2-RNAi+TGFGr12tePtk0  mijce
compared with the NC+TGF8r12"P-¢k0 group. However,
the expression of Ptgs2 and POR did not change signifi-
cantly in the NC and Nrf2-RNAi groups (Figure 13D-G).

Taken together, combined with the results in Figure 11,
we have reason to believe that TGFBr1 is involved in fer-
roptosis in the process of ALF by regulating the Nrf2-
mediated antioxidant system. Nrf2 was especially
essential for the protective effect of hepatic TGFGrl
knockout in ALF.

Discussion

ALF is a rare clinical disease with high morbidity and
mortality, the most effective treatment at present is liver
transplantation.”®  Although hepatocyte cell death is
considered to be the critical event in ALF, the underlying
mechanism remains unclear. ALF is characterized by
massive loss of parenchymal cells, including the release of
cell contents, cell swelling, and inflammation, commonly
used experimental models related to ALF are the APAP-
based and LPS/D-GalN-based models. In APAP-induced
ALF, APAP enters the body and is converted by
cytochrome P450 enzymes to the toxic metabolite N-acetyl-
p-benzoquinone, which immediately binds to GSH for
detoxification. However, when APAP is overtaken, GSH is
depleted by excess N-acetyl-p-benzoquinone and leads to
oxidative stress and hepatocyte necrosis.”’ Hepatocyte ne-
crosis generally is considered to be the predominant type of
cell death in APAP-induced ALF.?° However, there are also
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more and more studies showing that ferroptosis plays an
important role in APAP-induced ALF.'>?'733 As Jaeschke
et al** said, if we are going down a rabbit hole, as ferrop-
tosis occurs not only requires a large amount of lipid
peroxide (LPO) but also requires complex processes such as
accumulation of iron, peroxidation of PUFAs in cell mem-
branes. Evidence that an APAP overdose causes ferroptosis
cell death is still lacking. In LPS/D-GalN-induced ALF,
pathophysiology begins with the binding of LPS to Toll-like
receptor 4 on Kupffer cells, which triggers TNFa-induced
apoptosis.?**>*® Previous research has shown that inflam-
matory responses, oxidative stress, endoplasmic reticulum
(ER) stress, and apoptosis mainly contributed to LPS/D-
GalN-induced ALF.2%37-*° However, Liu et al*' and Yang
et al*? found that pyroptosis occurred in LPS/D-GalN-
induced ALF through activating caspase 1 and inflamma-
some NLR family pyrin domain containing 3 (NLRP3).
Studies also showed that ferroptosis took place in LPS/D-
GalN-induced ALF by increasing lipid peroxidation with
cyclooxygenase (COX) and lysyl oxidase (LOX) pathway up-
regulation and inhibiting GSH synthesis.**"*® Whether

ferroptosis occurs during LPS/D-GalN-induced ALF is still
controversial and more adequate and detailed experimental
data are urgently needed. In our study, we provided evi-
dence that ferroptosis existed in LPS/D-GalN-induced ALF
from a more careful and comprehensive characterization of
ferroptosis features. With electron microscopy, we found
that mitochondria in the LPS/D-GalN group appeared
smaller than in the control group, with increased membrane
density. Because ferroptosis is characterized by the over-
whelming, iron-dependent accumulation of lethal lipid ROS,’
we separately examined iron metabolism and lipid ROS.
Excessive Fe®" can cause a Fenton reaction, resulting in a
large amount of ROS, and we found the expression of TFR
and DMT1 were increased and the levels of Fe*" also were
increased during LPS/D-GalN-induced ALF. In addition, we
also detected the related proteins of the GSH and CoQ10
antioxidant system and found that GPX4/XCT and FSP1/
DHODH were decreased significantly during LPS/D-GalN-
induced ALF. Furthermore, we detected lipid peroxidation-
related proteins such as Ptgs2 and POR and found they
were largely increased in LPS/D-GalN-induced ALF. Notably,
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in reverse validation experiments, we found that Fer-1 and
DFOM could prolong the mouse survival rate and alleviate
liver injury.

It is worth mentioning that during our experiments we
found the level of NO was increased in the LPS/D-GalN
group and decreased in the control group, similar results
also appeared in the expression levels of iNOS and NT. A
recent study”’ showed that iNOS could induce a mixture of

apoptosis, necroptosis, and pyroptosis, so we detected the
expression of receptor-interacting protein kinase 3 (RIP3)
and gasdermin D (GSDMD). Unfortunately, we found no
significant changes in RIP3 and GSDMD (Figure 2D and E).
At the same time, we also established an in vitro model of
hepatocyte-L02 injury model by using LPS/D-GalN (LPS, 10
ng/mL; D-GalN, 1 mmol/L) according to former research.*
By using inhibitors such as Fer-1 (ferroptosis inhibitor),
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ZVAD-FMK (apoptosis inhibitor), and necrostatin-1 (Nec-1, while Nec-1 could not (Figure 2F and G). In a previous
RIP1 inhibitor), we found that Fer-1 and ZVAD-FMK could study, apoptosis-related caspase proteins were activated
promote LO02 proliferation after LPS/D-GalN treatment such as caspase 3, but the activity of caspase 1 (interleukin
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16-converting enzyme)-like proteases did not change dur-
ing LPS/D-GalN-induced ALF.”® In addition, another study
also showed that nitroxide stress was involved in the pro-
cess of ferroptosis.” Combined with our experimental data,
we believe that a large number of free radicals are gener-
ated during nitroxide stress to promote ferroptosis. How-
ever, there is no sufficient evidence to conclude that
necrosis and pyroptosis occur in LPS/D-GalN-induced ALF.
More in-depth research is needed.

Excessive ROS are produced in liver cells during ALF,
which leads to oxidative stress. Upon oxidative stress,
mammalian cells immediately will initiate a highly efficient
cytoprotective machinery to protect cells against the
harmful effects of ROS. The study also showed that in LPS/
D-GalN-induced ALF, TNF« triggers early cell death and the
recruited neutrophils generated ROS.*” Similarly, in our
experiments we found that TNFa was increased, accompa-
nied by the increase in the expression of LY6G, indicating
that TNFa recruited neutrophils and generated excessive
ROS in the early stage of ALF. The Nrf2 antioxidant response
pathway, the primary cellular defense signaling against the
cytotoxic effects of oxidative stress, is essential for ALF.>°
Thus, GSK38 now is recognized as a central regulator of
cellular events. Emerging research has confirmed that
GSK3@ is activated in the progression of ALF, and GSK3g
inhibition can ameliorate hepatotoxicity in ALF mice.”’*? In
the past few decades, the role of GSK3(6 in ALF has been
attributed to the regulation of Nrf2 oxidative stress.”® GSK-
36 functions as an inhibitor, both directly in the activation
and indirectly in the postinduction of Nrf2.”*>° Consistently,
in our study, we found that the expression of GSK33 was
largely increased, which was consistent with the expression
of TGF@r1, while Nrf2 was decreased significantly in LPS/D-
GalN-induced ALF. Moreover, ferroptosis was exacerbated
in Nrf2”/" mice with LPS/D-GalN treatment, the expression
of DHODH, FSP1, GPX4, and XCT were decreased signifi-
cantly while TFR was increased in the Nrf2-
RNAi+TGFgr14hP-Ck0 mice compared with the NC group
in LPS/D-GalN-induced ALF, indicating that GSK3g-Nrf2
plays an important role in regulating ferroptosis in ALF, and
Nrf2 is essential for the protective effect of hepatic TGFSrl
knockout in ALF.

Mechanistically, deletion of hepatic TGFGrl was found
in the present study to be effective for alleviating ALF. Our
finding was in agreement with previous studies, the plasma
levels and hepatic messenger RNA expression of TGF31
were increased significantly in patients with fulminant
hepatic failure."”?%°® In another study conducted by
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Thomas et al,?’ TGF@r1 inhibition reduced senescence and
enhanced liver regeneration for treating APAP poisoning.
Taken together, the current research indicates that TGF31
plays an important role in ALF and aggravates liver failure
by inhibiting liver regeneration. In our research, however,
deletion of hepatic TGFGr1l was found to be sufficient and
essential for GSK36-Nrf2 to exert an anti-oxidant response
in ferroptosis induced by ALF. In a former study performed
by Michaeloudes et al,”” TGFG1 triggered intracellular ROS
release in airway smooth muscle cells by up-regulation of
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase 4 and inhibited Nrf2-antioxidant response in
cultured airway smooth muscle cells. In addition, with the
presence of TGF@B1, the cytoprotective Nrf2 response was
drastically impaired by GSK38 in hepatitis C virus."”
Consistent with the role of GSK3@8 in controlling the Nrf2
reaction, TGFG1 may significantly abolish the inhibitory
phosphorylation of GSK38 by activating protein phospha-
tase 1, because tautomycin, a specific inhibitor of protein
phosphatase 1, has an inhibitory effect on TGFG1. TGF31
has been confirmed to activate protein phosphatase 1,°°
which is highly involved in the dephosphorylation of
serine 9 residue GSK38.°? Therefore, it is conceivable that
TGFB1 induces the dephosphorylation of GSK36 and re-
duces the inhibitory phosphorylation of GSK38 by acti-
vating protein phosphatase 1, thereby enhancing the
activity of GSK38, amplifying the phosphorylation of GSK383
substrates (such as Nrf2), and ultimately promoting nu-
clear exit and degradation of Nrf2 and diminishing the Nrf2
response.

Generally, our experimental results provide a new
perspective to re-understand ALF. We provide laboratory
evidence that ferroptosis is present in ALF and show that
TGFprl plays an important role in LPS/D-GalN-induced ALF
through GSK33-Nrf2-mediated hepatocyte apoptosis and
ferroptosis. However, our study does not address whether
TGFprl or ferroptosis inhibitor is effective for acute liver
injury and failure in human beings, and further human
safety and efficacy studies are required. Moreover, there is
no further in vitro experiment on the effect of TGFgGrl and
ferroptosis on ALF.

Materials and Methods
Experimental Animals and Ethics Statement

Male C57BL/6 WT, Nrf2”/" (strain Nrf2tm1Ywk/]),
B6.129-Alp™(CreERT2)Sremo “pp grq flox/flox (14 ckson Labora-
tory, Bar Harbor, ME) mice between 9 and 12 weeks of age

Figure 11. (See previous page). Ferroptosis was enhanced by LPS/D-galactosamine (D-GalN)-induced ALF in Nrf2™-
mice compared with WT mice. (4) Serum ALT and AST levels of WT and Nrf2”~ mice treated with vehicle or LPS/D-GalN (n =
6). (B) H&E staining and 4-HNE immunohistochemistry staining of WT mice and Nrf2”~ mice with or without LPS/D-GalN co-
injection (n = 6). (C and D) MDA and SOD assay of WT mice and Nrf2”~ mice with or without LPS/D-GalN co-injection (n = 6).
(E) Representative pictures for DMT1 (green) and Ptgs2 (red) immunofluorescence staining from WT and Nrf2”~ mice treated
with or without LPS/D-GalN and (F) quantitative results (n = 4-5). (G) Representative Western blots of XCT, GPX4, FSP1, and
DHODH from WT and Nrf2”" mice treated with or without LPS/D-GalN and (H) ratios of each protein to GAPDH. (/) Repre-
sentative Western blots of CHAC1 and POR from WT and Nrf2”" mice treated with or without LPS/D-GalN and (J) ratios of
each protein to GAPDH (n = 3). All data are presented as means + SEM. *P < 0.05, P < 0.01, P < 0.001, **P < 0.0001.
Scale bar: 100 um. DAPI, 4',6-diamidino-2-phenylindole; D-GalN, D-galactosamine; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.
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Flgure 12. Fer-1 protected Nrf2”~ mice from ferroptosis induced by LPS/D GalN. (A) Serum levels of ALT and AST of
Nrf2”~ mice with or without Fer-1 treatment (n = 5). (B ) H&E staining of Nrf2”~ mice with or without Fer-1 treatment (n = 5).
Scale bars: 100 um. (C) MDA and (D) SOD assay of Nrf2”~ mice with or without Fer-1 treatment (n = 5). (E) Immunofluorescence
co-staining of CD11b (red) and CD68 (green) from Nrf2” 7~ mice with or without Fer-1 treatment (n = 5). Scale bars: 10 um. (F)
Immunohistochemistry staining of 4-HNE in livers from Nrf2”~ mice with or without Fer-1 treatment and (G) quantltatlve results
(n = 5). (H) Representative pictures for DMT1 (green) and Ptgs2 (red) immunofluorescence staining from Nrf2”~ mice with or
without Fer-1 treatment and (/) quantitative results (n = 5). Scale bars: 100 um. All data are presented as means + SEM. *P <
0.05, *P < 0.01, **P < 0.001, ***P < 0.0001. DAPI, 4’,6-diamidino-2-phenylindole; D-GalN, D-galactosamine.

were genotyped, housed under specific pathogen-free con- and B6.129-Alp™!(CreERT2)Sremo yyice - Tamoxifen (20 mg/
ditions. Tamoxifen-induced, hepatic-specific conditional mL) was administered via intraperitoneal injection once
TGFBr1 knock-out mice were generated by TGFAr1°/1°%  every 24 hours for a total of 5 consecutive days to induce



Liver TGFGr1 Deficiency Ameliorates ALF 1667

A NC+TGFprqsrercro Nrf2-RNAi+TGF Br12rer-cko B

trol ___LPS/D-GalN _ Co

trol  LPS/D-GalN _

ALT(IUL)

E

NC+TGFBr1anecko Nrf2-RNAi+TGFrq snepco
Control'r LPS/D-GalN Control LPS/D-GalN T  15-
DHODH| %% 8% #8(#® s == == s === = 3ypa 03
XCT - == o |55KDa © § 'O
GPM%"- - * o ww|22KDa B oo
GAPDH ...w..-%moa % e

F NC+TGFBr12her-cko Nrf2-RNAi+TGFr1ner-cko

Control LPS/D-GalN Control LPS/D-GalN

FSP1 ---P— — -

— e e |41KDa

GAPDH ..d.—-p..-—- 37KDa

TFRS &= v | o 5

i |98KDa

PORo-—mw—— =

=@ — 77KDa

Pt952|-—--~'~-- — - e

- — ~=|69KDa

(7Y | [ R —————— O

o o 225 e L =30
o — ]

E g’z-o ns ns ns [a) aé’

<545/ T & .

95 0S

2310 Z3 10

£L05 ag
0.0 0.0

ns

ns ns ns

2of [ 411

XCT/GAPDH
(fold change)

GPX4/GAPDH
(fold change)
© o = = N
e g g ?

IAZO * _5
Eg-)15 ns ns *l :Iﬂ:g""
<3 [y 1 2§,
93510 o5
33 o E3?

0.0 0

© TGFQr1aner-cko+NC

© TGFRr12arer-cko +NC+LPS/D-GalN

© TGFBr12hercko +Nrf2-RNAI

© TGFRr12her-cko +Nrf2-RNAi+LPS/D-GalN

Figure 13. Nrf2 was essential for the protective effect of hepatic TGF3r1 knockout in ALF. (A) Representative pictures for
H&E and TUNEL staining of TGF8r12heP-CKO mice tail vein injected with AAV9-NC or AAV9-Nrf2-RNAi virus (2*10"" vg/per
mouse) 3 weeks before LPS/D-GalN co-injection (n = 6). (B) Serum levels of ALT and AST of TGF8r12"®P-°KO mice carrying
AAV9-NC or AAV9-Nrf2-RNAi virus with LPS/D-GalN treatment (n = 6). (C) MDA assay of TGFgr14"P-°K° mjce carrying AAV9-
NC or AAV9-Nrf2-RNAi virus with or without LPS/D-GalN treatment (n = 6). (D) DHODH, XCT, and GPX4 Western blot analyses
of TGFBr14MeP-CKO mijce carrying AAVO-NC or AAVO-Nrf2-RNAI virus with or without LPS/D-GalN treatment and () ratios of
each protein to GAPDH (n = 6). (F and G) FSP1, TFR, POR, and Ptgs2 Western blot analyses of TGFgr14"P-CKO mijce carrying
AAV9I-NC or AAVI-Nrf2-RNAiI virus with or without LPS/D-GalN treatment (F) and ratios of each protein to GAPDH (G) (n =
3-6). All data are presented as means + SEM. *P < 0.05, *P < 0.01, **P < 0.001, ****P < 0.0001. Scale bars: 100 um. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

hepatic-specific conditional TGF@rl knock-out mice

(TGFﬁI‘lAhep_CKO).

The murine model of ALF was characterized previously.
Adult male mice weighing 20-22 g were injected intraper-
itoneally with LPS (20 ug/kg, Escherichia coli, L2630; Sigma,

Saint Louis, MO) in 100 uL saline 15 minutes before injec-
tion of D-GalN (700 mg/kg, G0500; Sigma, Saint Louis, MO)
in 100 uL saline. Mice were killed 6 hours after LPS and D-
GalN administration. ZVAD-FMK (S7023), DFOM (S5742),
and Fer-1 (S7243) inhibitors were purchased from Selleck
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(Houston, TX). All the procedures used in the animal studies
were approved by the National Institutional Animal Care
and Ethical Committee of Southern Medical University. All
the experimental methods performed in this study were by
the approved guidelines.

Histologic Analysis

Liver tissues were fixed in 4% paraformaldehyde over-
night at 4°C, dehydrated, soaked in xylene, and embedded in
paraffin in sequence, and then sliced into 4-um sections.
Paraffin sections were dewaxed with xylene, dehydrated
with different concentrations of ethanol, stained with H&E,
dehydrated, cleared, sealed, and finally imaged under a light
microscope (Eclipse Ni-U; Nikon, Tokyo, Japan).

Base Biochemical Parameters

Serum was acquired by centrifugation of blood samples
at 3000 x g for 15 minutes, and AST and ALT activities were
measured using an Alanine Aminotransferase Assay Kit
(C009-2-1; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) and an Aspartate Aminotransferase Assay
Kit (C010-2-1; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions
on a microplate reader at 510 nm.

Intracellular Antioxidant Capacity Evaluation

Liver SOD, GSH, and MDA levels were measured by a
SOD assay kit (A001-3-2; Nanjing Jiancheng Bioengineering
Institute), GSH assay kit (S0053; Beyotime, Shanghai, China),
and a lipid peroxidation MDA assay Kit (S0131; Beyotime)
following the manufacturer’s instructions. Absorbance
values at 450 nm, 412 nm, and 535 nm were recorded
separately, and SOD, GSH, and MDA levels were calculated
from a standard curve.

Immunofluorescence Staining

Liver tissues were collected and routinely embedded in
optimal cutting tissue. Frozen liver samples were sliced into
14-um sections. For immunofluorescence staining, after
being washed with phosphate-buffered saline (PBS) 3 times,
the sections were penetrated with methanol at -20°C for 10
minutes and sealed with 5% goat serum at room tempera-
ture for 1 hour. Finally, frozen liver sections were stained
with CD68 (ab201340; Abcam, Cambridge, UK), CD11b
(ab52478; Abcam), Ptgs2 (ab15191; Abcam), DMT1
(ab55812; Abcam), GPX4 (ab125066; Abcam), F4/80
(DF2789; Affinity, Jiangsu, China), TGFG1 (ER31210; huabio,
Hangzhou, China; 21898-1-AP; Proteintech), Ki67 (9129s;
Cell Signaling Technology, Boston, MA), GSK36 (9832s; Cell
Signaling Technology), P-GSK3g (5558p; Cell Signaling
Technology), Nrf2 (16396-1; Proteintech, Chicago, IL), and
iNOS (ab178945; Abcam) overnight at 4°C. After extensive
washing, the frozen sections were incubated with the
respective fluorescent secondary antibodies. Finally, the
nucleus was stained with 4/,6-diamidino-2-phenylindole for
10 minutes.
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Immunochemical Staining

For immunochemical staining, paraffin sections (4 pum)
were first dewaxed in xylene I, II, and II], and then rehy-
drated in 100%, 95%, 90%, 80%, and 70% ethanol. Then,
the samples were boiled in 1x sodium citrate, maintained at
a boiling temperature for 10 minutes to repair antigen, and
cooled to room temperature. Afterward, endogenous
peroxidase enzyme was inactivated using 3% H,0, in
methanol for 10 minutes in the dark at room temperature.
After blocking nonspecific binding with 5% goat serum at
room temperature, the sections were stained with anti-
bodies against F4/80, DMT1, Ptgs2, 4-HNE (MAB3249-SP;
R&D, Minneapolis, MN), NT (9691S; Cell Signaling Tech-
nology), and TGF@rl (ab31013; Abcam) overnight at 4°C.
The next day, sections were incubated with the respective
biotinylated secondary antibodies. Positive staining was
visualized using diaminobenzidine (DAB). The reaction was
stopped in ice water. Then, the samples were counter-
stained with hematoxylin, dehydrated, paraffinized, and
finally mounted and sealed with neutral gum. The dyed
sections were photographed with an optical microscope
(Eclipse Ni-U; Nikon).

TUNEL Assay

The TUNEL reaction was used to detect hepatocyte
apoptosis in liver tissue by using frozen sections and the In
Situ Cell Death Detection Kit (Roche, Indianapolis, IN). The
cryosections were immersed in 0.01% Triton X-100 (Sigma,
Saint Louis, MO) diluted in PBS for 10 minutes, washed with

Nrf2-- WT H,0
400bp 262bp
D WD W e e e - e -

Alb
1355bp WT H0
o7 = 829bp

TGFBR'] flox/flox
320bp
P e

A=l

WT H0
219bp

Figure 14.The gene identification results of Nrf2™”",
B6.129-Albtm1(CreERT2Srcmo - 5 TGFAr171oX/MoxX mice. (4)
Gene identification results of Nrf2”~ mice were validated ac-
cording to the standard polymerase chain reaction (PCR)
protocols posted on the Jackson Laboratory official website.
(B) Gene identification results of B6.129-Albtm?1(CreERT2)Sremo
mice were validated according to the standard PCR protocols
posted on the Shanghai Model Organism while TGFgr1ox/flox
mice were validated according to the standard PCR protocols
posted on the Jackson Laboratory official website. Alb,
Albumin.
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PBS, incubated with a 1:10 TUNEL working solution in a
dark environment at 37°C for 1 hour, and washed 3 times
with PBS. Then, 4/,6-diamidino-2-phenylindole was used to
stain nuclei in the dark at room temperature for 5 minutes,
and the samples were washed 3 times with PBS. The dyed
cryosections were photographed immediately with an op-
tical microscope (Eclipse Ni-U; Nikon).

Western Blot Analysis

Liver tissues were sonicated in ice-cold radio-
immunoprecipitation lysis buffer (Beyotime, Shanghai,
China) containing a phosphatase inhibitor cocktail (Beyo-
time, Shanghai, China) and a protease inhibitor cocktail
(Beyotime, Shanghai, China). Protein concentrations were
determined by a quantitative bicinchoninic acid (BCA)
assay. A total of 20-30 ug of protein was used for immu-
noblotting. Primary antibodies against GPX4 (1:5000,
ab125066, Abcam), xCT (1:1000, ab37185; Abcam), Ptgs2
(1:1000, ab15191, Abcam), TFR (1:1000, ab84036; Abcam;
10084-2-AP; Proteintech), GSK38, P-GSK33, Nrf2, and iNOS
(1:1000, ab178945; Abcam), Nrf2 (1:1000, 16396-1AP;
Proteintech), TGF@rl (1:1000, ab31013; Abcam), CHAC1
(1:1000, 15207-1-AP; Proteintech), DHODH (1:1000,
14877-1-AP; Proteintech), FSP1 (1:1000, 20886-1-AP; Pro-
teintech), POR (1:1000, ab180597; Abcam), caspase 8
(1:1000, 4927S; Cell Signaling Technology), cleaved caspase
8 (1:1000, 8592S; Cell Signaling Technology), caspase 9
(1:1000, 9504S; Cell Signaling Technology), BCL2 (1:1000,
sc-7382; Santa Cruz Biotechnology, Santa Cruz, CA), BAX
(1:1000, sc-20067; Santa Cruz Biotechnology), RIP3
(1:1000, sc-374639; Santa Cruz Biotechnology), GSDMD
(1:1000, ab209845; Abcam), B-actin (1:2000, T0022; Af-
finity), and glyceraldehyde-3-phosphate dehydrogenase
(1:2000, 2118S; Cell Signaling Technology) were applied in
the study.

Transmission Electron Microscopy

Liver tissues were fixed with 2.5% paraformaldehyde
and 2.5% glutaraldehyde in Sorenson’s phosphate buffer at
pH 7.4. The liver tissues then were sectioned at 50 ~ 60
nm, and sections were placed on copper mesh grids. The
sections were stained with uranyl acetate and lead citrate
for contrast and examined with a transmission electron
microscope (Hitachi H-7500, Tokyo, Japan).

Genotyping Experiments

The genotyping method was performed according to the
standard PCR protocols posted on Jackson Laboratory’s offi-
cial website for JAX mice and Shanghai model organisms. The
gene identification results of B6.129-Alpt™1 (CreERT2)Sremo
TGFAr17o%/M°% and Nrf2”/" mice were validated and presented
in Figure 14.

AAV Vector Generation and Delivery
AAV9-Nfe212-RNAi (105063-1) was designed, produced,

and constructed by Shanghai Gene. The viral particle sus-

pension was thawed, diluted with saline, and administered

Liver TGFGr1 Deficiency Ameliorates ALF 1669

via tail vein injection at a dose of 2 x 10! vg per mouse. In
the Nrf2-RNAi group, TGFAr12"P-CK0 mice were injected
with AAV9-Nfe2l12-RNAi. The NC group with the same
number of TGFr14MP-¢%% mice was injected with the AAV9
negative virus. The next experiment was performed 3 weeks
after the virus injection.

Statistical Analysis

The numeric results are shown as the means + SEM. All
statistical analyses were performed with GraphPad Prism
version 9.0 software (San Diego, CA) and SPSS 20.0. (Chi-
cago, IL) One-way analysis of variance or an unpaired ¢ test
was used for statistical analysis, and the Dunnett T3 mul-
tiple comparisons test was used for the pairwise compari-
son of 3 or more samples. P values less than 0.05 were
considered statistically significant.

Ethics Statement

This study did not include any human experiments. We
certified that the use of all mice involved in this project,
including the number of animals, species used, or pro-
cedures performed, were performed according to the
provisions of the Animal Welfare Act, Public Health Ser-
vice (PHS) Animal Welfare Policy, the principles of the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and approved by the National Insti-
tutional Animal Care and Ethical Committee of Southern
Medical University.
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