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The transcription factor ATF3 switches cell
death from apoptosis to necroptosis in
hepatic steatosis in male mice

Yuka Inaba 1,2, EmiHashiuchi2, HitoshiWatanabe 1, KumiKimura3, YuOshima3,
KohsukeTsuchiya 4, ShinMurai 5,Chiaki Takahashi 6,MichihiroMatsumoto7,
Shigetaka Kitajima8, Yasuhiko Yamamoto 3, Masao Honda 9,10,
Shun-ichiro Asahara11, Kim Ravnskjaer 12,13, Shin-ichi Horike 14,
Shuichi Kaneko9, Masato Kasuga15, Hiroyasu Nakano 5, Kenichi Harada16 &
Hiroshi Inoue 1,2

Hepatocellular death increases with hepatic steatosis aggravation, although its
regulation remains unclear. Here we show that hepatic steatosis aggravation
shifts the hepatocellular death mode from apoptosis to necroptosis, causing
increased hepatocellular death. Our results reveal that the transcription factor
ATF3 acts as a master regulator in this shift by inducing expression of RIPK3, a
regulator of necroptosis. In severe hepatic steatosis, after partial hepatectomy,
hepatic ATF3-deficient or -overexpressingmice display decreased or increased
RIPK3 expression and necroptosis, respectively. In cultured hepatocytes, ATF3
changes TNFα-dependent cell death mode from apoptosis to necroptosis, as
revealed by live-cell imaging. In non-alcoholic steatohepatitis (NASH) mice,
hepatic ATF3 deficiency suppresses RIPK3 expression and hepatocellular
death. In human NASH, hepatocellular damage is correlated with the fre-
quency of hepatocytes expressing ATF3 or RIPK3, which overlap frequently.
ATF3-dependent RIPK3 induction, causing a modal shift of hepatocellular
death, can be a therapeutic target for steatosis-induced liver damage,
including NASH.

Hepatocellular death contributes to liver homoeostasis by eliminating
and replacing impaired hepatocytes1. While little hepatocellular death
occurs under normal conditions due to low turnover in the healthy
liver, hepatocellular death plays an important role as a trigger of liver
regeneration, as seen after partial hepatectomy or acute liver injury1–3.
However, hepatic steatosis increases hepatocellular death during liver
regeneration, exacerbating both acute and chronic liver damage4–7.
Indeed, in steatotic liver, the elevated hepatocellular death cancels out
the regeneration and causes prolonged liver dysfunction after partial
hepatectomy or acute liver injury8–10. Furthermore, increased hepato-
cellular death and the resulting impaired regeneration are associated
with the progression of non-alcoholic steatohepatitis (NASH), a

chronic liver disease with inflammation triggered by fat accumulation
in hepatocytes11–13.

The severity of the hepatic steatosis alters the role of hepatocel-
lular death under pathological liver damage conditions. In mild stea-
tosis (<30%of hepatocytes affected), the elevatedhepatocellular death
offsets the hepatocyte proliferation during fatty liver regeneration1,3,4.
However, in severe steatosis (<60% of hepatocytes affected), the
hepatocellular death triggers an inflammatory response, which results
in a vicious cycle leading to additional cell death and exacerbation of
liver damage9.

The type of hepatocellular death in hepatic steatosis determines
whether the death offsets proliferation or induces further cell death.
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Apoptosis and non-apoptotic lytic cell death are two types of hepa-
tocellular death, and the latter is induced in severe steatosis and
responsible for the exacerbation of liver damage1,4. Indeed, during liver
regeneration after partial hepatectomy, apoptosis is induced in mild
hepatic steatosis, but lytic cell death is additionally evoked in severe
hepatic steatosis9. Apoptosis is a non-inflammatory cell death that
results in nuclear and cellular shrinkagewhilemaintaining the integrity
of the cell membrane, with minimal effects on the surrounding
tissue4,7. In contrast, lytic cell death is characterised by cell membrane
disruption and cell rupture, which elicits a strong inflammatory
response and induces further cell death4,7,14. However, it remains
unclear how the induction of thesedifferent types of cell death depend
on hepatic steatosis severity.

While uncontrollable passive necrosis has been considered to be
the mode of lytic cell death in severe hepatic steatosis, it has emerged
that multiple modes of hepatocellular death co-exist side by side in
hepatic steatosis1. Among the modes of lytic cell death, necroptosis is
reported to contribute to the hepatocellular death in severe hepatic
steatosis4,7. Necroptosis, which exhibits similarmorphological features
to necrosis, is controlled by receptor interacting protein kinase-3
(RIPK3)7. It is triggeredby the sequential phosphorylationof RIPK3 and
mixed lineage kinase domain-like (MLKL), which disrupts the cell
membrane7. RIPK3 deficiency attenuates acetaminophen-induced
acute hepatic injury15 and NASH induced by methionine/choline-defi-
cient diet (MCD) feeding16,17. However, the role of necroptosis in
hepatic steatosis remains controversial because RIPK3 expression is
too low to induce necroptosis in the healthy or mild steatotic liver.
Ferroptosis, another mode of lytic cell death that is characterised by
iron-dependent and lipid peroxidation-mediated cell death,mayplay a
role in the pathogenesis of NASH4,18,19. Malondialdehyde (MDA), a
biomarker of lipid peroxidation, is increased in murine models of
NASH or patients with NASH19,20. While hepatic glutathione peroxidase
4 (GPX4), a key protector against lipid peroxidation, is increased in
murine NASHmodels, drug-mediated inhibition or activation of GPX4
exacerbates or ameliorates the severity of murine NASH19. However, it
remains unknown what cell death modes are selected in steatotic
hepatocytes and the mechanism involved.

We previously found that the increase in hepatocellular death is
caused by enhanced eukaryotic initiation factor 2α (eIF2α) signalling
during regeneration after partial hepatectomy8. eIF2α signalling
comprises a stress response pathway induced by various intracellular
stresses that is enhanced in hepatic steatosis21,22. Phosphorylation of
eIF2α in response to intracellular stress induces the gene expression of
transcription factors such as C/EBP homologous protein (CHOP) and
activating transcription factor 3 (ATF3), leading to a stress response23.
In the present study, we investigated themode of hepatocellular death
and its regulatory mechanism during liver regeneration after liver
damage by use of hepatectomised hepatic steatosis mice asmodels of
acute liver damage and by use of MCD-induced NASH mice as models
of chronic liver damage. We found that the mode of hepatocellular
death switches via ATF3-dependent RIPK3 induction fromapoptosis to
necroptosis with exacerbation of steatosis in obesemice fed a high-fat
diet (HFD) after partial fatty liver resection. We also revealed that this
ATF3-dependent RIPK3 induction plays an important role in the
pathogenesis not only of post-hepatectomy acute liver damage in
hepatic steatosis but also of chronic liver damage in MCD-fed NASH
mice and in patients with NASH.

Results
Hepatocellular death is increased in severe steatosis after
hepatectomy
We first examined the modal change of hepatocellular death during
fatty liver regeneration after acute liver damage. Specifically, in 2-week
or 16-week HFD-fed obese mice, we performed 70% partial hepa-
tectomy, which is considered a ‘clean’ model of acute liver

regeneration5. The liver histology exhibitedmoderate hepatic steatosis
(30%–60%of hepatocytes affected) after 2weeks of feeding and severe
hepatic steatosis after 16 weeks of feeding, as the hepatic triglyceride
levels increased over the course of the feeding (Supplementary Fig. 1a,
b). In severe steatosis, but not in moderate steatosis, numerous broad
foci of hepatocellular death appeared in the liver tissue 48h after the
partial hepatectomy (Fig. 1a). Plasma aminotransferase levels were
higher with severe hepatic steatosis than with moderate steatosis
(Fig. 1b, Supplementary Fig. 1c). Terminal deoxynucleotidyl transferase
dUTP nick-end labelling (TUNEL) staining, which detects all types of
cell death in liver tissue sections7,24, showed amarked increase in dead
cells in severely steatotic livers (Fig. 1c, d). In moderately steatotic
livers, dead hepatocytes were observed solitarily and scattered within
the lobules (Fig. 1c, d), described hereafter as ‘solitary dead hepato-
cytes’. In contrast, in severely steatotic livers, dead hepatocytes were
observed localised around the broad cell death foci, called ‘perifocal
dead hepatocytes’ hereafter, in addition to the solitary cell death
(Fig. 1c, d). The number of solitary dead hepatocytes in the lobules was
significantly higher in severely steatotic livers than in moderately
steatotic livers (Fig. 1d).

Non-apoptotic cell death is increased in severe steatosis after
hepatectomy
We then examined the type of cell death occurring during the post-
hepatectomy regeneration process of steatotic livers. To determine
the type of cell death, we performed double fluorescence staining of
cleaved-caspase 3 (Cl-CASP3), which detects apoptosis, and TUNEL.
We examined solitary dead hepatocytes rather than perifocal dead
hepatocytes to eliminate the secondary effects of localised inflam-
mation caused by broad hepatocellular death. Solitary dead hepato-
cytes in the lobules were mostly apoptotic with TUNEL/Cl-CASP3
double positivity in moderately steatotic livers, whereas Cl-CASP3-
negative (Cl-CASP3−) non-apoptotic hepatocytes predominated in
severely steatotic livers (Fig. 1e). The expression levels of Cl-CASP3 and
cleaved-caspase 8 (Cl-CASP8) during the regeneration process were
comparable between moderately and severely steatotic livers, indi-
cating that apoptosis induction remained unchanged between the two
(Fig. 1f). However, the expressions of RIPK3 and phosphorylation of
RIPK3 and MLKL were increased in severely steatotic livers (Fig. 1f). In
the analysis of the gene expression of necroptosis-related molecules,
the expression of theRipk3 and tumour necrosis factor (Tnf) geneswas
significantly increased during the regeneration process of severely
steatotic livers (Fig. 1g), whereas that of Mlkl and Ripk1 showed no
significant changes between moderately and severely steatotic livers
(Supplementary Fig. 1d). We also measured the mRNA expression of
ferroptosis-related genes in the liver with and without steatosis after
partial hepatectomy and found that hepatic expression of Gpx4 was
not different between these two conditions and that that of Slc7a11,
another anti-ferroptotic gene, showed an insignificant increasing ten-
dency in severe hepatic steatosis (Fig. 1g). Furthermore, hepatic levels
of MDA, a biomarker of lipid peroxidation, which increased in hepatic
steatosis after hepatectomy, were not different between moderately
and severely steatotic livers (Fig. 1h). These results reveal that hepa-
tocellular death shifts apoptosis to non-apoptotic cell death alongwith
exacerbation of hepatic steatosis after hepatectomy and that this non-
apoptotic hepatocellular death may be necroptosis.

RIPK3 knockdowndiminishes non-apoptotic cell death in severe
steatosis after hepatectomy
To determine whether necroptosis is the dominant mode of cell death
during the regeneration of severely steatotic livers, we used hepato-
cyte Ripk3 knockdown (R-KD) with hepatectomy. For hepatic knock-
down, we used intravenous injection of short interfering RNA (siRNA)
with a cationic lipid reagent. First, to examine the hepatic cellular
specificity of the knockdown, we intravenously administered siGapdh.

Article https://doi.org/10.1038/s41467-023-35804-w

Nature Communications |          (2023) 14:167 2



GapdhmRNA was decreased in hepatocytes expressing Alb but not in
hepatic non-parenchymal cells expressing Adgre1, Cadh5 or Des, indi-
cating that this knockdown displayed moderate specificity for hepa-
tocytes in the liver (Supplementary Fig. 2a–e).

R-KD livers showed no broad hepatocellular death foci, although
theywere evident 48 h after hepatectomy in control livers (Fig. 2a), and
lower blood aminotransferase levels compared with the control
(Fig. 2b, Supplementary Fig. 2f). Moreover, there were lower levels of
not only perifocal dead hepatocytes, but also solitary dead

hepatocytes scattered in the lobules (Fig. 2c, d). InR-KD livers, the ratio
of Cl-CASP3− dead cells to the total number of solitary dead hepato-
cytes was drastically reduced and only Cl-CASP3-positive (Cl-CASP3+)
apoptotic hepatocytes remained (Fig. 2e). The lower liver expression
of RIPK3 did not affect the hepatic expression of Cl-CASP3 and Cl-
CASP8 (Fig. 2f). However, R-KD decreased MLKL phosphorylation and
Tnf gene expression (Fig. 2f, Supplementary Fig. 2g). These findings
suggest that necroptosis is thedominantmodeof hepatocellulardeath
occurring during regeneration in severe hepatic steatosis.
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Fig. 1 | Non-apoptotic cell death is increased in severe steatosis after hepa-
tectomy.Mice fed normal chow (NC) or a HFD for 2 or 16 weeks underwent partial
hepatectomy. a Haematoxylin-eosin staining. Scale bars, 50 μm (left) and 200 μm
(right). Asterisks indicate hepatocellular death foci.b PlasmaALT levels. * indicates
p-values for HFD16w versus NC; † indicates p-values for HFD16w versus HFD2w.
cTUNELstaining. Scale bar, 50μm.Arrowheads indicate solitary deadhepatocytes.
Asterisks indicate hepatocellular death foci. Arrows indicate perifocal dead hepa-
tocytes.dNumber of TUNEL+ hepatocytes defined asdescribed. eTUNEL/Cl-CASP3

double staining (left). Cl-CASP3+ or Cl-CASP3− hepatocytes as a percentage of
TUNEL+ hepatocytes (right). f Immunoblot analysis. g Quantitative PCR analysis.
hHepaticMDA levels. Data are presented as themean values ± SEM. [(b, f–h) n = 5/
group; (a and c–e) n = 4/group, biologically independent samples]. Statistics: one-
way repeated-measures ANOVA followed by Bonferroni’s multiple comparisons
test (b), one-way ANOVA followed by Tukey’s multiple comparisons test (d, g, h),
two-tailed Student’s t test (e). CTRL, control; T, time effect; D, diet effect; T×D, time
and diet interaction. Source data are provided as a Source Data file.
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ATF3 deficiency prevents steatosis-induced necroptosis after
hepatectomy
Hepatic steatosis activated eIF2α signalling even before hepatectomy
(Supplementary Fig. 3a), which is triggered by intrinsic or extrinsic
stresses (e.g., endoplasmic reticulum stress or hypoxia) and induces
hepatocellular death during fatty liver regeneration8. After hepa-
tectomy, while eIF2α phosphorylation increased CHOP expression in
moderately steatotic livers, ATF3 expression was additionally elevated
in severely steatotic livers (Fig. 3a, b). Accordingly, we investigated the
role of ATF3 in the induction of necroptosis in severely steatotic livers
after hepatectomy using hepatocyte-specific Atf3 knockout (A-KO)
mice. A-KO mice showed no obvious differences in blood glucose/
insulin levels, hepatic triglyceride levels or hepatic steatosis severity
versus control mice, under the pre-hepatectomy condition of 16-week
HFD feeding (Supplementary Fig. 3b–e). After hepatectomy in severe
hepatic steatosis, many foci of broad cell death occurred in the liver
tissue of control mice, whereas no such foci were observed in A-KO
mice (Fig. 3c). Moreover, A-KO mice exhibited lower blood amino-
transferase levels and a marked decrease in the number of dead
hepatocytes compared with control mice (Fig. 3d–f, Supplementary
Fig. 3f). TUNEL/Cl-CASP3 double fluorescence staining showed that, in
A-KO mice, similar to R-KD mice, Cl-CASP3− dead hepatocytes drasti-
cally decreased, and only Cl-CASP3+ apoptotic hepatocytes remained
(Fig. 3g). In A-KO mice, Ripk3 gene expression was significantly
decreased, along with a decreasing trend in Tnf expression (Fig. 3h).
Atf3 deficiency in hepatocytes did not alter eIF2α phosphorylation or
CHOP/Cl-CASP3/Cl-CASP8 expressionbut drastically decreasedRIPK3/

phosphorylated RIPK3 expression (Fig. 3i). A-KO showed unchanged
expression of anti-ferroptotic gene expression and hepaticMDA levels
(Fig. 3h, j).

ATF3 overexpression increases necroptosis in un-
hepatectomised severe steatosis
Next, we induced hepatocellular ATF3 overexpression in mice with
severe hepatic steatosis without hepatectomy to examine the role of
ATF3 in RIPK3 expression and necroptosis. We performed hepatic
overexpression using intravenous injection of adenoviral vector. To
examine intrahepatic cellular specificity, we used adenoviral vector
encoding mCherry and found that intravenous injection of this vector
enabled hepatocyte-dominant gene transfection (Supplementary
Fig. 4a–e). We determined that each lobe of the liver expressed
mCherry at the same level and throughout the hepatic lobe (Supple-
mentary Fig. 4f, g).

Adenoviral vector-mediated ATF3 overexpression resulted in no
difference in hepatic fat accumulation compared with the control
(Supplementary Fig. 4h) but was associated with increased blood
aminotransferase levels (Fig. 4a, Supplementary Fig. 4i). In severely
steatotic livers, only a few dead cells could be seen in liver tissue
sections unless regeneration-inducing procedures were performed,
such as hepatectomy (Fig. 4b–d). Nevertheless, hepatocellular ATF3
overexpression without hepatectomy induced not only solitary hepa-
tocyte death in the lobules, but also focal cell death, although these
foci were small (Fig. 4b–d). TUNEL/Cl-CASP3 double fluorescence
staining showed that most of the dead hepatocytes related to ATF3
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overexpression were negative for Cl-CASP3 (Fig. 4e). ATF3 over-
expression resulted in increased expression of Ripk3, Mlkl, Tnf and
Chop genes (Fig. 4f, Supplementary Fig. 4j), as well as RIPK3, MLKL, Cl-
CASP3 and Cl-CASP8 protein (Fig. 4g). The hepatic ATF3 increase
resulted in an insignificant tendency for an increase in Gpx4 and a
marked increase in Slc7a11 (Fig. 4h). Despite the increase in these anti-
ferroptotic genes, the hepatic ATF3 increase produced no change in
the hepatic levels of MDA (Fig. 4i).

Dephosphorylation of eIF2α decreases ATF3/RIPK3 induction
after hepatectomy
To elucidate the mechanism of ATF3 induction after hepatectomy in
severe hepatic steatosis, we performed hepatic overexpression of
mouse GADD34, a phosphatase of eIF2α. Because we adopted gene
transfection with less liver damage for the sake of hepatectomy rather
than adenovirus vector-mediated transfection, we performed hepatic
overexpression via intravenous injection of a chimeric adeno-

associated viral vector (AAV), AAV-DJ, which enables gene transfec-
tion in the liver8. To examine intrahepatic cellular specificity, we used
AAV encoding green fluorescent protein (GFP) and found that intra-
venous injection of this vector induced ubiquitous hepatocyte-
dominant gene transfection throughout the liver (Supplementary
Fig. 5a–g).

We performed partial hepatectomy on AAV-mediated GADD34
overexpression in mice with severe hepatic steatosis due to 16-week
HFD feeding (Fig. 5a). Although GADD34 overexpression was not
associated with obvious changes in blood aminotransferase levels and
hepatic triglyceride levels before hepatectomy (Supplementary
Fig. 5h, i), GADD34 overexpression decreased blood aminotransferase
levels and broad hepatocellular death foci in the liver tissue after
hepatectomy (Fig. 5b, c, Supplementary Fig. 5j). GADD34 over-
expression decreased the levels of Atf3 and Ripk3 genes (Fig. 5d),
as well as phosphorylated eIF2α, ATF3 and RIPK3 (Fig. 5a), but had no
effects onMLKL protein ormRNA (Fig. 5a, d). GADD34 overexpression
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resulted in no changes in anti-ferroptotic genes and the hepatic levels
of MDA (Supplementary Fig. 5k, l). These results indicated that eIF2α
signalling regulatesATF3-dependent RIPK3 induction in severehepatic
steatosis.

TNFα neutralisation prevents RIPK3 phosphorylation after
hepatectomy
We also examined the role of TNFα in ATF3 induction and necroptosis
during severe hepatic regeneration. In particular, we intraperitoneally
administered TNFα-neutralising antibody to 16-week HFD-fed mice
after partial hepatectomy. TNFα neutralisation resulted in a marked
decrease in the phosphorylation of RIPK3,MLKL and c-Jun (Figs. 5e, 5f)
and diminished hepatic broad cell death foci after hepatectomy, along
with a decrease in blood aminotransferase levels (Fig. 5g, h, Supple-
mentary Fig. 5m). However, although TNFα neutralisation tended to
slightly decrease RIPK3, it did not affect ATF3 and MLKL expression
(Figs. 5e, 5f). TNFα neutralisation led to a decreased but insignificant
tendency in anti-ferroptotic gene expression, but it did not affect
hepaticMDA levels (Supplementary Fig. 5n, o). These results indicated
that TNFα is the agent that activates RIPK3, which is induced by ATF3,
after hepatectomy in severe hepatic steatosis.

ATF3 upregulates RIPK3 transcription in hepatocytes
In isolated hepatocytes, as inmouse livers, adenoviral vector-mediated
ATF3 overexpression dose-dependently increased the expressions of
the Ripk3 and Mlkl genes and their respective proteins (Fig. 6a, b). In
isolated steatotic hepatocytes from obese/steatotic ob/ob mice, the
expressions of the Atf3, Ripk3 and Mlkl genes and their respective
proteins were increased (Fig. 6c, d). Atf3 knockdown significantly
reduced the expression of the Ripk3 gene and its protein in isolated
steatotic hepatocytes (Fig. 6c, d) but did not alter the expression of the
Mlkl gene and its protein (Fig. 6c, d). Phosphorylation of MLKL and
RIPK3 was not detected in these isolated hepatocytes from both lean
and obese mice (Fig. 6d).

ATF3 dose-dependently increased the activity of themurine Ripk3
promoter, which comprises the nucleotide sequence from −504 to
+210 (Fig. 6e). ATF3-dependent promoter activation was induced in
the sequence from −60 to +210, but not in that from −12 to +210
(Fig. 6f). The murine Ripk3 promoter contains an Sp1 binding motif in
the region from −27 to −17, to which ATF3 can bind25 (Supplementary
Fig. 6a). In mutants with one or two base substitutions of this Sp1
binding motif in the Ripk3 promoter region from −504 to +210, ATF3-
dependent promoter activation was significantly reduced (Fig. 6f,
Supplementary Fig. 6a, b). Indeed, ATF3bound to the region from−139
to −9 of the Ripk3 promoter in a chromatin immunoprecipitation assay
(ChIP) (Fig. 6g).

ATF3 switches apoptosis to necroptosis in hepatocytes
We examined the effects of ATF3 on Ripk3 expression using H4IIE rat
hepatoma cells. In cancer cell lines,methylation of the Ripk3 promoter
region inhibits the induction of Ripk3 gene expression, which is
restored by the demethylating agent 5-aza-2′-deoxycytidine (5-AD)26.
H4IIE cells also showed hypermethylation in the CpG sequence near
the transcription start site, which was similarly reduced by 5-AD
(Supplementary Fig. 7a). In H4IIE cells, the addition of 5-AD alone or
ATF3 overexpression alone did not increase Ripk3 gene expression,
whereas ATF3 overexpression in the presence of 5-AD dose-depen-
dently induced Ripk3 gene expression (Fig. 7a). In contrast, Mlkl
expression was increased by ATF3 overexpression even in the absence
of 5-AD, and ATF3-dependent induction of Mlkl expression was
enhanced by the addition of 5-AD (Supplementary Fig. 7b).

We then used live-cell imaging of H4IIE cells to examine whether
ATF3-induced RIPK3 expression actually induces necroptosis.We used
a biosensor termed SMART (a sensor for MLKL activation by RIPK3
based on fluorescence resonance energy transfer [FRET]) as a probe

for detecting necroptosis and SYTOX as a probe for detecting cell
death27. SMART can specifically detect necroptosis as a fluorescent
colour shift, while SYTOX, which is a nucleic acid stain that only passes
through disrupted cell membranes, can detect cell death as fluores-
cence. In H4IIE cells stably expressing SMART, similar to ATF3-
dependent induction of RIPK3 expression (Fig. 7a), the addition of
5-AD alone or ATF3 overexpression alone did not result in SYTOX
positivity, whereas ATF3 overexpression in the presence of 5-AD
resulted in SYTOX positivity and cell death induction (Fig. 7b). ATF3
overexpression in the presence of 5-AD resulted in FRET-induced col-
our change and cell expansion, followed by SYTOX positivity (Fig. 7c,
d, Supplementary Fig. 7c, SupplementaryMovie 1).WhileTNFα evoked
cell death in H4IIE cells in the presence of 5-AD, ATF3 overexpression
induced cell death from earlier time points (Fig. 7e). TNFα stimulation
induced FRET− cell death in H4IIE cells with cell shrinkage, a char-
acteristic of apoptosis (Fig. 7f–h, Supplementary Fig. 7d, Supplemen-
tary Movie 2). In contrast, under ATF3 overexpression, TNFα
stimulation resulted in increased cell death, particularly FRET+ cell
death with cell expansion (Fig. 7f, i, j, Supplementary Fig. 7d, Supple-
mentary Movie 2). With the addition of the RIPK3 inhibitor GSK872,
which decreased RIPK3 and MLKL phosphorylation and increased Cl-
CASP8 levels (Supplementary Fig. 7e), TNFα stimulation didnot induce
FRET+ cell death, evenwith ATF3 overexpression, but did induce FRET−

cell death with cell shrinkage (Fig. 7f, k, l, Supplementary Fig. 7d,
Supplementary Movie 2). These findings indicate that the presence of
ATF3 switches the mode of hepatocyte death from apoptosis to
necroptosis.

RIPK3 knockdown ameliorates NASH induced by MCD feeding
Next, we examined the role of ATF3-dependent RIPK3 induction in a
model of chronic steatotic liver damage and regeneration, namely, a
not hepatectomised, but diet-induced NASH model13. We compared
eIF2α signalling activity between NASH models of chronic liver
damage and hepatectomised hepatic steatosis models of acute liver
damage. While both high-fat high-cholesterol diet (HFHC) feeding for
28 weeks and MCD feeding for 6 weeks result in NASH with hepatic
inflammation and fibrosis28, MCD feeding evoked a sufficiently potent
activation of eIF2α signalling to induce the protein and mRNA
expression of ATF3 and RIPK3, as in hepatectomised HFD-induced
hepatic steatosis, but not with HFHC feeding (Fig. 8a, b). RIPK3 and
MLKL phosphorylation was also increased by MCD feeding (Fig. 8a).
Therefore, we investigated the involvement of ATF3 and RIPK3 in an
MCD-induced NASH model, which had fatty liver, elevated blood
aminotransferase levels, hepatocellular death, fibrosis-related gene
expression and fibrosis (Supplementary Fig. 8a–f). In situ hybridisation
(ISH) in serial sections of liver tissue detected Ripk3 in 55.5% of Atf3-
expressing cells and Atf3 in 73.5% of Ripk3+ cells (Fig. 8c, d), indicating
that RIPK3 induction is also closely related to ATF3 expression in the
MCD-NASH model.

To examine the role of RIPK3 and necroptosis in chronic liver
damage, we performed hepatocyte R-KD in MCD-fed mice. R-KD
reduced blood aminotransferase levels and the number of dead
hepatocytes (Fig. 8e, f, Supplementary Fig. 8g). Mice with R-KD
exhibited milder fibrosis with lower expression of fibrosis-related
genes, including Tgfb1, Acta2 and Col1a1 (Fig. 8g, h). While eIF2α sig-
nalling activation, including CHOP and ATF3 expression, remained
unaltered by R-KD, the expression of Tnf fell in R-KD liver (Fig. 8i, j). As
reported previously regarding systemic RIPK3 deficiency16, hepatocyte
R-KD revealed that RIPK3 and necroptosis play important roles in the
chronic liver damage induced by MCD feeding.

ATF3 knockout prevents MCD-induced NASH
To examine whether ATF3-induced RIPK3 expression is involved in
chronic liver damage, we investigated the effects of MCD feeding in
A-KO. A-KO mice showed no significant differences in body weight,
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blood glucose/insulin levels or hepatic triglyceride levels compared
with control mice after MCD feeding (Supplementary Fig. 9a–d).
Nevertheless, A-KO mice exhibited reduced hepatic fibrosis, as asses-
sed by collagen staining, reduced cell death, as assessed by TUNEL-
stained liver histology, and lower blood aminotransferase levels
(Fig. 9a–c, Supplementary Fig. 9e). In A-KO mice, in addition to
decreased expression of liver fibrosis-related genes, the Ripk3 and Tnf

genes, as well as RIPK3 protein expression and RIPK3 and MLKL
phosphorylation, were decreased compared with control mice
(Fig. 9d–f, Supplementary Fig. 9f). While MCD feeding increased both
anti-ferroptotic gene expression and hepatic MDA levels, as reported
previously19 (Supplementary Fig. 9g, h), these remained unchanged by
hepatic ATF3 deficiency (Fig. 9g, h). Considering the effects of A-KO,
along with those of R-KD, ATF3-dependent induction of RIPK3 is
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closely associated with the pathogenesis of chronic liver damage
induced by MCD feeding.

Hepatic ATF3 and RIPK3 expression in patients with NASH
Finally, we explored the potential relationship of ATF3 with RIPK3
expression in the hepatocytes of human NASH by immunostaining
serial sections of liver biopsy samples. The frequency of ATF3+ hepa-
tocytes was correlated with that of RIPK3+ or phosphorylated RIPK3+

hepatocytes (Fig. 10a). Furthermore, we identified the co-expression of
ATF3 and RIPK3 in NASH in the same hepatocytes in serial sections of
liver tissue with severe fibrosis (stage 3–4). Indeed, 74.1% of RIPK3+

hepatocytes expressed ATF3 and 63.7% of ATF3+ hepatocytes expres-
sed RIPK3 (Fig. 10b, c). The frequency of phosphorylated RIPK3+

hepatocyteswas correlatedwith theplasma levels ofAST, but not those
of ATF3+ or RIPK3+ hepatocytes (Fig. 10d, Supplementary Fig. 10a, b).
The frequencies of ATF3+, RIPK3+ and phosphorylated RIPK3+ hepato-
cytes were not related to NASH activity, which was determined using a
non-alcoholic fatty liver disease (NAFLD) activity score (NAS) ≥ 529

(Fig. 10e). NAS comprises the histological features of steatosis, hepa-
tocellular damage in the form of swelling (ballooning) and lobular
inflammation30. The frequency of either ATF3+ or RIPK3+ hepatocytes
increased in accordance with an increase in the scores of ballooning,
but not that of steatosis (Fig. 10f, g). ATF3+ or RIPK3+ hepatocytes
tended to increase in accordance with an increase in the inflammation
score, although the insignificance of this association was probably due
to the low number of patients with high inflammation (Fig. 10h). The
frequencies of ATF3+, RIPK3+ and phosphorylated RIPK3+ hepatocytes
also increased according to fibrosis stage (Fig. 10i). These results
indicated that ATF3-dependent RIPK3 induction would play an
important role in the hepatocellular damage in patients with NASH.

Discussion
In hepatic steatosis, apoptosis and non-apoptotic lytic cell death,
which includes necroptosis and ferroptosis, often occur side by side1.
Because different modes of cell death have differing effects on the
surrounding tissue (e.g., inflammatory responses), the predominant
mode of hepatocellular death determines the condition of liver
diseases4,7,14. In particular, lytic cell death, which promotes inflamma-
tion, acts as a trigger of acute and chronic liver damage in hepatic
steatosis4,7. In acute liver damage, patients with apoptosis dominance
have a lower mortality than patients with non-apoptosis dominance31.
In NAFLD, the severity of the overall cell death, including lytic cell
death, more closely reflects the disease condition than apoptosis
alone32. Despite the importanceof the lytic cell death of hepatocytes, it
remained unclear what kind of lytic cell death is selected, and how, in
steatotic hepatocytes after acute or chronic liver damage. In this study,
we investigated the modes of hepatocellular death in hepatectomised
mice with HFD-induced hepatic steatosis as models of acute liver
damage and in MCD-induced NASH mice as models of chronic liver
damage. We found that the mode of hepatocellular death shifts from
apoptosis to necroptosis as the hepatic steatosis is exacerbated and
that the eIF2α signalling-inducing transcription factor ATF3 deter-
mines this modal shift through RIPK3 induction. We also determined
that ATF3-dependent RIPK3 induction plays important roles both in
acute injury of steatotic liver and NASH.

The present study demonstrated that necroptosis plays a major
role as the mode of hepatocellular death in severe hepatic steatosis. In
necroptosis, cell death is executed by membrane disruption followed
by MLKL phosphorylation, which is caused by RIPK3 phosphorylation.
We identified the importanceof necroptosis in severehepatic steatosis
through loss-of-function of hepatocellular RIPK3. Indeed, R-KD
decreased MLKL phosphorylation and TUNEL+ hepatocellular death
in severe steatotic liver with acute liver damage after hepatectomy and
in severe steatotic liver with chronic liver damage from MCD feeding.
These finding are consistent with the phenotype of systemic RIPK3
knockout, which is reported to prevent liver damage induced by
acetaminophen, alcohol and MCD feeding15,16,33. Although the rate of
TUNEL+ hepatocellulardeathwas too low tobe evaluatedbyTUNEL/Cl-
CASP3 double fluorescence staining in MCD-induced NASH mice,
RIPK3 knockdown markedly decreased TUNEL+/Cl-CASP3− non-
apoptotic hepatocytes after hepatectomy. These results suggest that
necroptosis is the predominantmode of non-apoptotic hepatocellular
death during the regeneration of severe fatty liver after acute and
chronic damage.

The importance of necroptosis as a cause of liver damage has not
been established, despite the phenotypes of systemic RIPK3 knockout
described above15,16,33. The unestablished role of necroptosis in the liver
is attributed to the unknown mechanism underlying the induction of
RIPK3 expression, which is too low in healthy liver to trigger
necroptosis4,34. In this study, we elucidated that ATF3 is the inducer of
RIPK3, but not the activator, and the determinant of the modal shift
from apoptosis to necroptosis in severe hepatic steatosis. Expression
analyses of serial liver sections revealed that ATF3 and RIPK3 tended to
be expressed in the same hepatocytes inMCD-induced NASHmice and
human patients with NASH. In vivo experiments revealed that gain- and
loss-of-function of hepatic ATF3 respectively increased and decreased
RIPK3 expression in mice. Furthermore, in in vitro analyses of cultured
hepatocytes, ChIP demonstrated that ATF3 directly bound to the RIPK3
gene promoter region, luciferase assay analysis of RIPK3 promoter
activity revealed that ATF3 regulated RIPK3 gene expression and
hepatocyte live-cell imaging showed that ATF3 switched the cell death
mode fromapoptosis to necroptosis. Indeed, ATF3 is increased in acute
liver damage induced by acetaminophen or alcohol35,36, as is RIPK315,33.
Here, ATF3 overexpression increased MLKL expression, but ATF3
deficiency failed to suppress its expression, both in vivo and in vitro.
ATF3 may have a limited role in the regulation of MLKL expression.

Both ATF3 and RIPK3 expression are low before hepatectomy in
HFD-fed mice, even with severe hepatic steatosis induced by 16 weeks
of feeding. Furthermore, 28-week HFHC feeding, which is used to
create a NASH model28, was associated with low expression of ATF3
and RIPK3. Under these conditions, the hepatocellular stress may be
too weak to induce ATF3 and RIPK3. In this study, we found that
hepatic ATF3 induction depends on eIF2α signalling, which is a stress
response pathway induced by various intracellular stresses. Indeed,
inhibition of the eIF2α signalling pathway by overexpression of
GADD34, a phosphatase of eIF2α, decreased the expression of ATF3
and RIPK3 after resection of severe hepatic steatosis. In addition to
eIF2α signalling, JNK-c-Jun signalling also induces ATF3 expression37,38.
TNFα neutralisation decreased c-Jun phosphorylation, but not ATF3
expression, after hepatectomy in HFD-induced severe hepatic

Fig. 6 | ATF3 upregulates RIPK3 transcription in hepatocytes. a, b Halo-Atf3 or
halo was overexpressed by adenovirus in primary hepatocytes derived from lean
mice. a Quantitative PCR analysis. b Immunoblot analysis. c, d Atf3 and/or Ripk3
were knocked down in primary hepatocytes derived from lean and obese (ob/ob)
mice. c Quantitative PCR analysis. d Immunoblot analysis. e Analysis of the Ripk3
promoter activity inH4IIE cells by the co-transfection of luciferase reporterplasmid
and three doses of halo-Atf3 or halo expression plasmid. f Analysis of the Ripk3
promoter activitywith the indicated promoter region or Sp1 binding site-mutant by

halo-Atf3 in rat H4IIE cells. g ChIP assay using primary hepatocytes overexpressing
halo-Atf3 or halo by adenovirus. Data are presented as the mean values ± SEM.
[n = 3/group, biologically independent samples]. Statistics: two-way ANOVA fol-
lowedby Bonferroni’smultiple comparisons test (a, c, e), one-wayANOVA followed
by Dunnett’s test (f), two-tailed Student’s t test (g). CTRL, control; G, group effect;
C, concentration effect; G × C, group and concentration interaction. H, hepatocyte
groupeffect; S, siRNAeffect;H× S,hepatocyte group and siRNA interaction. Source
data are provided as a Source Data file.
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steatosis, indicating that JNK-c-Jun signalling may have an insignificant
effect on ATF3 induction in this model. Previous work indicated that
hepatic ATF3 knockdown decreased the levels of hepatic lipogenic
genes and triglycerides in cultured hepatocytes treated with palmitate
and in the liver of Zucker diabetic fatty (ZDF) rat39,40. Here, ATF3
deficiency produced no change in hepatic triglyceride levels in pre-
hepatectomised HFD-fed mice, probably due to their milder

phenotype of obesity and hyperglycaemia compared with ZDF rat.
However, given that ATF3 increases hepatic lipogenesis and lipid
accumulation39,40, ATF3 may exacerbate NASH through a synergistic
effect on lipogenesis and hepatocellular death in the presence of
severe obesity and hyperglycaemia.

Ferroptosis, an iron-dependent type of lytic cell death, is mediated
by lipid peroxidation, and glutathione andGPX4 reduce lipid peroxides
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and inhibit ferroptosis4. ATF3 is reported to promote ferroptosis by
decreasing the expression of Slc7a11, which encodes a cystine trans-
porter and which is essential for glutathione synthesis, in a human
sarcomacell line41. In this study,we found that hepatectomyof steatotic
liver orMCD feeding increased ferroptosis, as indicated by the elevated
MDA levels and as reported previously19. While ferroptosis contributes
somewhat to the cell death, the reduction in cell death with R-KD
revealed that the dominant cell death was necroptosis under these
conditions of acute and chronic hepatic steatosis damage. Further-
more, neither knockout nor overexpression of ATF3 produced any
change in hepatic MDA levels in vivo, indicating that ATF3 plays only a
limited role in the induction of ferroptosis in the liver of the models
used in this study. A relatively short period of feeding with an MCD or
choline-deficient, ethionine-supplemented diet induces ferroptosis19,42,
indicating that ferroptosismayplay an important role in the early phase
of NASH. In our results, ATF3 overexpression increased the expression
of Gpx4 and Slc7a11 in addition to Tnf, while TNFα neutralisation
decreased their expression. TNFα may induce the expression of these
anti-ferroptotic genes in hepatocytes, in linewith a previous report that
TNFα protects against ferroptosis by inducing anti-ferroptotic genes in
fibroblasts43.

While ATF3 is the inducer of RIPK3, TNFα is a vital activator of
RIPK3 in hepatic steatosis. Indeed, neutralisation of TNFα diminished
the phosphorylation of RIPK3 but did not affect ATF3 expression.
Furthermore, in isolated hepatocytes, ATF3 expression induced RIPK3
expression, but did not always induce phosphorylation of RIPK3 and
MLKL. These results indicate that RIPK3 induction by ATF3 and its
activation by TNFα are produced independently in hepatic steatosis.
RIPK3 was phosphorylated only by ATF3 overexpression in isolated
hepatocytes and H4IIE cells, possibly due to an unknown mechanism
related to adenovirus vector-mediated transfection.

Given that TNFα leads to RIPK3 activation and necroptosis induc-
tion, which increases inflammation and TNFα levels4,9, ATF3-dependent
induction of RIPK3 in severe hepatic steatosis can cause a vicious cycle
of necroptosis and inflammation. Indeed, hepatocellular deficiency of
RIPK3 or ATF3 decreased hepatic TNFα expression and ATF3 over-
expression increased its expression. This vicious cycle can play an
important role in the pathogenesis of the exacerbation of liver damage.
In conclusion, we have elucidated that ATF3-dependent induction of
RIPK3 causes a modal shift of hepatocellular death from apoptosis to
necroptosis and plays an important role in the regulation of hepato-
cellular death in acute fatty liver injury and NASH. This mechanism of
RIPK3 induction and activation may be a novel therapeutic target for
acute and chronic liver damage in severe hepatic steatosis.

Methods
Mouse experiments
All experiments involvingmicewere conducted in accordancewith the
Guide for the Care and Use of Laboratory Animals, eighth edition, and
were approved by the Committee for Ethical Use of Experimental
Animals of Kanazawa University, Kanazawa, Japan (approval no. AP-
194033). Seven-week-old male C57BL/6J and C57BL/6JHamSlc-ob/ob

mice were obtained from Japan SLC (Shizuoka, Japan). Atf3flox/flox mice
were generated previously44 and were crossed with albumin-Cre mice
expressing Cre recombinase in hepatocytes45 to generate liver-specific
A-KO mice. Littermates were used as controls. Mice were housed with
littermates in groups of two to five until the end of the experiments.
The mice were maintained in a temperature- and humidity-controlled
environment (22 °C± 3 °C and 35% ± 5%, respectively) with a 12-h light/
dark cycle (lights on at 8:45 and off at 20:45) with free access to food
and water. The housing conditions were closely monitored and
controlled.

For partial hepatectomy experiments, 8-week-old male C57BL/6J
were fed normal chow (NC) (13.6% fat; CRF-1, Oriental Yeast Co., Ltd.,
Kyoto, Japan) or a HFD (60% fat; D12492, Research Diets, Inc., New
Brunswick, NJ) for 2 or 16 weeks and underwent 70% partial hepa-
tectomyat 10or 24weeks of age. A-KOmice aged 7–9weekswere fed a
HFD for 16 weeks and underwent 70% partial hepatectomy at
23–25 weeks of age. Plasma samples were collected every 12 h from 0
to 48 h after hepatectomy. The mice were euthanized by cervical dis-
location 48h after hepatectomy and the liver was collected and then
immediately frozen in liquid nitrogen or fixed in 4% paraformalde-
hyde/phosphate-buffered saline (PFA) (Fujifilm Wako Pure Chemical
Corp., Osaka, Japan).

For NASHmodel experiments, C57BL/6J or A-KOmicewere fed an
MCD (A02082002BR, Research Diets) for 6 weeks46, after which the
livers were collected and immediately frozen in liquid nitrogen.

Analysis of plasma and hepatic parameters
Plasma alanine aminotransferase (ALT) levels weremeasured using the
Transaminase CII-Test-Wako kit (Fujifilm Wako Pure Chemical Corp.).
Hepatic triglyceride contents were measured using the triglyceride E-
Test-Wako kit (Fujifilm Wako Pure Chemical Corp.)47. Hepatic MDA
levels were measured using the Lipid Peroxidation (MDA) Assay Kit
(Colorimetric/Fluorometric) (ab118970, Abcam, Cambridge, UK).

Histological analysis
Mouse liver tissue was fixed in 4% PFA, and sections were stained with
haematoxylin-eosin or Sirius red48. TUNEL staining was performed
using the ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Mil-
lipore, Billerica, MA). The average number of TUNEL+ cells was mea-
sured in ten separate fields under ×20magnification. TUNEL/Cl-CASP3
double staining was performed using a TUNEL staining kit (Click-iT
Plus TUNEL Assay for In Situ Apoptosis Detection; C10617, Thermo
Fisher Scientific, Waltham, MA) and Cl-CASP3 antibody (Supplemen-
tary Table 1). Cell borders were drawn by increasing the brightness of
DAPI staining to the maximum.

Immunoblotting and quantitative PCR
Total protein extraction, total RNA extraction and cDNA synthesis
were performed using the following method49. Liver tissues and cul-
tured cells were homogenised in ice-cold CelLytic MT Cell Lysis
Reagent (Merck KGaA, Darmstadt, Germany) with protease inhibitors.
Immunoblotting was performed using the antibodies listed in

Fig. 7 | ATF3 switches apoptosis to necroptosis in hepatocytes. a Halo-Atf3 or
halo was overexpressed by adenovirus in H4IIE cells treated with/without 5-AD.
Expression levels ofAtf3 andRipk3mRNA.b–dHalo-Atf3 or halowasoverexpressed
by adenovirus in H4IIE-SMART cells treated with/without 5-AD. Cell death and
necroptosis were monitored by SYTOX and FRET/CFP, respectively. b Percentage
of cell viability. c Time-lapse images of the ratio of a single cell. Scale bar, 5 μm.
d FRET/CFP ratio (top) and SYTOX levels (bottom) of H4IIE-SMART cells. e–l Halo-
Atf3 or halo was overexpressed by adenovirus in H4IIE-SMART cells treated with
5-AD. H4IIE-SMART cells were stimulated with TNFα for 7 h and GSK872 for 24 h.
Cell death and necroptosis weremonitored by SYTOX and FRET/CFP, respectively.
e Percentage of cell viability. *p <0.05, for Halo-Atf3 versus Halo-Atf3 + TNFα.

f Percentage of FRET+ cells in CFP+ dead cells. g–l Time-lapse images of a single cell
(g, i and k) and the FRET/CFP ratio (left of h, j and l) and SYTOX levels (right of
h, j and l) ofH4IIE-SMARTcells. Data arepresented as themeanvalues ±SEM. [n = 3/
group, biologically independent samples]. Statistics: two-way ANOVA followed by
Tukey’s multiple comparisons test (a), two-way repeated-measures ANOVA fol-
lowed by Bonferroni’s multiple comparisons test (b), one-way repeated-measures
ANOVA followed by Tukey’s multiple comparisons test (d, e), one-way ANOVA
followed by Tukey’s multiple comparisons test (f). BF, bright-field; C, chemical
effect; A, adenovirus effect; C × A, chemical and adenovirus interaction; T, time
effect; A × T, adenovirus and time interaction. Source data are provided as a Source
Data file.
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Supplementary Table 1. Protein bands were visualised using the Che-
miDoc Touch Imaging System with Bio-Rad CFX Manager V1.5 (Bio-
Rad, Hercules, CA). Total RNA was extracted from frozen tissue or cell
samples using the SV Total RNA Isolation System (Promega, Madison,
WI). cDNA was synthesised from total RNA with the PrimeScript RT
reagent kit (Takara Bio, Shiga, Japan). Quantitative polymerase chain
reaction (PCR) was performed using the SYBR Premix ExTaq2 kit

(Takara Bio) with Rplp0 as the control gene. The primer sets are listed
in Supplementary Table 2.

Gene knockdown with siRNA
For animal experiments, Ambion pre-designed Ripk3 siRNA or control
siRNA (Thermo Fisher Scientific) was injected into the tail vein at a
dose of 1μg/g body weight using the Invivofectamine 3.0 Reagent
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(Thermo Fisher Scientific) 24 h before hepatectomy. For cell experi-
ments, Ambion pre-designed siRNA (Atf3, Ripk3 or control) (Thermo
Fisher Scientific) was transfected into mouse primary hepatocytes
using Lipofectamine RNAiMAX (Thermo Fisher Scientific).

Adenovirus vectors
Adenovirus vectors (halo-tagged Atf3, halo-tag) were constructed by
an Adenovirus Dual Expression Kit (Takara Bio)50. The cells and mice
were used for each experiment 48–72 h and 4–5 days after adenovirus

infection, respectively. Mice fed a HFD for 16 weeks received adeno-
viruses (2.0 or 6.0 × 108 plaque forming units) into the tail vein.

Gene transfer with AAV vector
AAV vectors were produced using the AAV Helper-Free System (Cell
Biolabs, SanDiego, CA) and 293AAV cells (Agilent, Santa Clara, CA) and
purified/concentrated using the ViraBind AAV Purification Kit (Cell
Biolabs).MaleC57BL/6Jmice fed aHFD for 14weekswere infectedwith
AAVencodingGadd34orGFP as control at a dose of 2 × 107 PFU/gbody

Fig. 8 | RIPK3knockdownameliorates NASH induced byMCD feeding. a,bWild-
type mice were treated as indicated. a Immunoblot analysis. b Quantitative PCR
analysis. c,d ISH forAtf3 andRipk3. c ISH images of serial sections. Scale bar, 50μm.
Arrows indicate both Atf3+ and Ripk3+ hepatocytes. Arrowheads indicate Atf3+ or
Ripk3+ hepatocytes. Asterisks indicate hemosiderin pigmentation. d Percentage of
Ripk3+ or Ripk3− hepatocytes inAtf3+ hepatocytes (left). Percentage ofAtf3+ or Atf3−

hepatocytes in Ripk3+ hepatocytes (right). e–j Ripk3 siRNA was injected into the
mice at 2 and 4 weeks after MCD feeding. e Plasma ALT levels. f TUNEL staining
(left). Scale bar, 50μm.Numberof TUNEL+ hepatocytes (right).g Sirius red staining.

Scale bar, 50 μm. h Quantitative PCR analysis of genes related to fibrosis.
i Immunoblot analysis. j Quantitative PCR analysis of Ripk3, Atf3 and Tnf. Data are
presented as the mean values ± SEM. [(a–d) n = 6/group; (e–j) n = 5/group, biolo-
gically independent samples]. Statistics: one-way ANOVA followed by Tukey’s
multiple comparisons test (b), two-tailed Student’s t test (d, f, h, j), one-way repe-
ated-measuresANOVA followedbyBonferroni’smultiple comparisons test (e). PHx,
post-hepatectomy; R-KD, Ripk3 knockdown; D, diet effect; G, group effect; T, time
effect. Source data are provided as a Source Data file.
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Fig. 9 | ATF3 knockout prevents MCD-induced NASH. A-KOmice and littermates
(CTRL) were fed an MCD for 6 weeks. a Sirius red staining. Scale bar, 50 μm.
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weight through the tail vein and underwent 70% partial hepatectomy
2 weeks after AAV injection.

TNFα-neutralising antibody
TNFα-neutralising antibody (R&D Systems, Minneapolis, MN) was
administered intraperitoneally at a dose of 7.0 µg/g mouse 12 h after
hepatectomy, followed by liver sampling 48h after hepatectomy.

Cell culture
Primary hepatocytes were isolated from 8–12-week-old male
C57BL/6J or C57BL/6JHamSlc-ob/ob mice and cultured using the
following method51. The liver of anaesthetised mice was perfused
at a rate of 4.5 mL/min for the first 3 min with Hank’s balanced salt
solution (HBSS) (Fujifilm Wako Pure Chemical Corp.) containing
10mM HEPES-NaOH (pH 7.4) and then for 15 min with HBSS
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containing collagenase type I (0.3 mg/mL) (Worthington, Lake-
wood, NY) and Protease Inhibitor Cocktail Complete-EDTA free
(one tablet per 50mL) (Roche, Basel, Switzerland). Hepatocytes
from C57BL/6J were purified by density gradient centrifugation
with Percoll (Merck KGaA). Isolated hepatocytes were seeded at 5.0
× 104 cells/cm2 and incubated in DMEM (Fujifilm Wako Pure Che-
mical Corp.) supplemented with 10% foetal bovine serum (FBS)
(Thermo Fisher Scientifics). Hepatocytes were either infected with
adenovirus or transfected with siRNA. H4IIE cells (rat hepatoma
cells; ATCC, Manassas, VA) were cultured in DMEM with 10% FBS
with/without 3 μM 5-Aza-2′-deoxycitydine (5-AD) (A3656, Merck
KGaA) and infected with adenovirus. H4IIE cells were stimulated
with 25 ng/mL TNFα (315-01 A, PeproTech, Cranbury, NJ) for 7 h and
5 μM GSK872 (S8465, Selleck, Houston, TX) for 24 h. H4IIE-SMART
cells were generated using the followingmethod27. H4IIE cells were
transfected with pT2KXIG-mSMART (encoding mSMART) and
pCAGGS-T2TP (encoding transposase) by Lipofectamine 3000
(Thermo Fisher Scientific). After transfection, ECFP+ cells were
sorted by a FACSAria™ Fusion Cell Sorter (BD Biosciences, Franklin
Lakes, NJ).

Plasmids and site-directed mutagenesis
The cDNA for halo-tagged Atf3 was cloned by PCR and inserted into
pHTN Halotag CMV-neo Vector (Promega). Reporter plasmids of
various lengths and containingRipk3 promoterwere generated using
the primer sets listed in Supplementary Table 3 and inserted into
pGL4.27 Vector (Promega). The point mutation in the Ripk3 pro-
moter was introduced into the pGL4.27-Ripk3 promoter (−504/+210).
Mutant constructs were generated using the QuickChange Site-
Directed Mutagenesis kit (Agilent) with the primer sets listed in
Supplementary Table 3. Construct sequences were confirmed by
DNA sequencing.

Luciferase assay
H4IIE cells were transfected with the reporter plasmid, the expression
plasmid (halo-tagged Atf3 or halo-tag) and the Renilla luciferase
expression plasmid (pRL-SV40, Promega) as internal control using
Lipofectamine 3000 (Thermo Fisher Scientific). Twenty-four hours
after transfection, the cells were harvested and luciferase activity was
measured using the Dual-Luciferase® Reporter Assay System
(Promega)52.

Chromatin immunoprecipitation
ChIP assays were performed using the following method53. Cells were
crosslinked in Dulbecco’s modified Eagle medium containing 1% for-
maldehyde (Thermo Fisher Scientific) for 10min at 37 °C. Then, the
cells were lysed after cross-linking by Dounce homogenisation (Nip-
pon Gene, Tokyo, Japan). Nuclei were then isolated and sonicated to
create chromatin fragments of approximately 200–600bp using the
Bioruptor UCD-250 (BM Bio, Tokyo, Japan). The chromatin was next
incubatedwithHaloLink Resin (Promega) for 4 h at room temperature.
To test for enrichment of Halo-ATF3-bound sites, PCR amplification of
the Ripk3 promoter was performed on a ChIP sample with/without
HaloCHIP Blocking Ligand (Promega).

Time-lapse imaging
Time-lapse imaging was performed with a fluorescence microscope
(BZ-x710, Keyence, Osaka, Japan) and a time lapse module (BZ-H3XT,
Keyence), using the following method54. Cells were treated with 1μM
SYTOXOrange Nucleic Acid Stain (S11368, Thermo Fisher Scientific) at
37 °C in a humidified atmosphere of 5% CO2 in air. SYTOX, CFP and
CFP-YFP FRET images were captured through a TxRed filter set (Key-
ence, OP-87765), a CFP filter set (49001-UF1-BLA, MSQUARE, Fukuoka,
Japan) and a CFP-YFP FRET filter set (49052-UF1-BLA, MSQUARE),
respectively.

In situ hybridisation
After perfusion,mouse liver was dissected, fixedwith G-Fix (Genostaff,
Tokyo, Japan), embedded in paraffin and sectioned at 6 μm. ISH was
performed on serial sections with an ISH Reagent Kit (Genostaff)
according to the manufacturer’s instructions and as previously
reported55. Hybridisation was performed with probes (250ng/mL) for
Ripk3 and Atf3 in G-Hybo-L (Genostaff) for 16 h at 60 °C, and the
colocalisation of Atf3 and Ripk3 was determined in serial sections as
Ripk3+/− cells as a percentage of Atf3+ cells and Atf3+/− cells as a per-
centage of Ripk3+ cells. The sequences of the probes used are listed in
Supplementary Table 4.

Human patients
Liver tissue samples were obtained from 43 patients (21 male and 22
female) diagnosed with NAFLD through ultrasound-guided percuta-
neous liver biopsy. All tissue specimens were collected from the
hepatobiliary file of the Department of Human Pathology, Graduate
School of Medical Sciences, Kanazawa University. Baseline char-
acteristics are presented in Supplementary Table 5. Three evaluation
items—steatosis (0–3), lobular inflammation (0–3) and hepatocel-
lular ballooning (0–2)—were scored to determine the NAS by the
NASH Clinical Research Network scoring system29,30, along with
fibrosis scored by the Brunt classification56. All patients gave written
informed consent to participate in the study in accordance with the
Helsinki Declaration. This study was approved by the regional ethics
committee (Medical Ethics Committee of Kanazawa University, No.
2016-072(305)).

Semiquantitative immunohistochemistry
Human liver biopsy specimens were fixed, embedded, sectioned and
stained as described below57. Serial sections were immunostained
with ATF3, RIPK3 or phosphorylated RIPK3 antibodies (Supplemen-
tary Table 1). The Envision-HRP system (Dako Japan Co., Tokyo,
Japan) was used for ATF3 and RIPK3, whereas the Novolink Polymer
Detection system (Leica Biosystems, Tokyo, Japan) was used for
phosphorylated RIPK3.

The expression levels of ATF3, RIPK3 and phosphorylated RIPK3
were semiquantitatively scored twice in immunostained liver sections:
0, no positive cells; 1, minimal, with a few positive cells in several
regions; 2, several positive cells in several regions; and 3, considerable
amount of positive cells in more than half of the regions. The ATF3,
RIPK3 and phosphorylated RIPK3 grade was evaluated as the score of
each component of NAS and the stage. The colocalisation of ATF3 and

Fig. 10 | Hepatic ATF3 and RIPK3 expression in patients with NASH. Serial
sections of liver specimens in NAFLD patients were stained for ATF3, RIPK3 or
phosphorylated RIPK3 (p-RIPK3). a Correlation (r) between the ATF3 and RIPK3
grades, between the RIPK3 and p-RIPK3 grades, and between the ATF3 and p-RIPK3
grades, calculated using Spearman’s rank correlation test. b Images of serial sec-
tions from human NASH (stages 3 and 4). Arrowheads indicate both ATF3+ and
RIPK3+ hepatocytes. Arrows indicateATF3+ or RIPK3+ hepatocytes. Scalebar, 50μm.
c Percentage of RIPK3+ or RIPK3− hepatocytes in ATF3+ hepatocytes (left).

Percentage of ATF3+ or ATF3− hepatocytes in RIPK3+ hepatocytes (right).
d Correlation (r) between the p-RIPK3 grade and AST level, calculated using
Spearman’s rank correlation test. e–i Semiquantitative evaluation of ATF3, RIPK3
and p-RIPK3 by NAS (e), steatosis (f), ballooning (g), inflammation (h) and fibrosis
stage (i). Group comparisons were tested by the Kruskal–Wallis test. Data are
presented as themeanvalues ± SEM. [(a,d–i) Sample size is indicated in eachfigure.
b, c n = 6/group, biologically independent samples]. The liver biopsy samples are
biologically independent samples. Source data are provided as a Source Data file.
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RIPK3 was determined in serial sections as RIPK3+/− cells as a percen-
tage of ATF3+ cells and ATF3+/− cells as a percentage of RIPK3+ cells.

Statistics and reproducibility
Data are presented as the mean values ± SEM. Statistical analysis
was performed using IBM SPSS Statistics 24 (IBM Japan, Tokyo,
Japan). Group comparisons in time-course data were examined
using one-way repeated-measures analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparisons test. Group com-
parisons were tested by one-way and two-way ANOVA followed by
Bonferroni’s multiple comparisons test, Tukey–Kramer’s honestly
significant difference test or Dunnett’s test. Student’s t test was
performed to determine the significance between two indepen-
dent groups. For semiquantitative immunohistochemical evalua-
tions, group comparisons were tested by the Kruskal–Wallis test.
Correlation coefficients were evaluated using Spearman’s rank
correlation test. Differences were considered statistically sig-
nificant at p < 0.05. Animal experiments were repeated at least
twice. In vitro experiments were performed in triplicate and
repeated at least three times. In all experiments, attempts to
replicate the experiments were successful.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available within the
article and supplementary information. Source data are provided with
this paper.
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