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ABSTRACT
Objective Lipotoxic hepatocyte injury is a primary
event in non-alcoholic steatohepatitis (NASH), but
the mechanisms of lipotoxicity are not fully defined.
Sphingolipids and free cholesterol (FC) mediate
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Hepatic expression of Sms1 but not Sms2 was
higher in mouse models and patients with NASH.
FC in hepatocytes induced Sms1 expression, and
Sms1 knockdown prevented HFHCD-induced NASH.
DAG produced by SMS1 activated PKCδ and NLRC4
inflammasome to induce hepatocyte pyroptosis.
Depletion of Nlrc4 prevented hepatocyte pyroptosis and
the development of NASH. Conditioned media from
pyroptotic hepatocytes activated the NOD-like receptor
family pyrin domain containing 3 inflammasome (NLRP3)
in Kupffer cells, but Nlrp3 knockout mice were not
protected against HFHCD-induced hepatocyte pyroptosis.
Conclusion SMS1 mediates hepatocyte pyroptosis
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INTRODUCTION

Non-
alcoholic
steatohepatitis
(NASH),
an
advanced stage of non-alcoholic fatty liver disease,
is an important cause of morbidity and mortality

Significance of this study
What is already known on this subject?

►► Lipotoxic injury of hepatocytes may be a

primary lesion that triggers the development of
non-alcoholic steatohepatitis (NASH).
►► Gasdermin D-driven pyroptosis is found in
mouse models of NASH and patients with
NASH.
What are the new findings?

►► Expression of sphingomyelin synthase 1 (SMS1),

an enzyme that generates sphingomyelin
(SM) and diacylglycerol (DAG) from de novo-
synthesised ceramide, was increased in the
liver of multiple murine models of NASH and
patients with NASH.
►► Free cholesterol induced SMS1 expression in
hepatocytes. DAG produced by SMS1 activated
protein kinase Cδ (PKCδ) and NLR family
CARD domain-containing protein 4 (NLRC4)
inflammasome to induce hepatocyte pyroptosis.
How might it impact on clinical practice in the
foreseeable future?
►► Our findings underscore a novel SMS1-DAG-
PKCδ-NLRC4 axis that may be of potential
relevance for the treatment of NASH.

worldwide and a leading cause of end-stage liver
disease.1 Despite recent progress, the mechanisms
involved in the transition from hepatic steatosis
to NASH remain elusive.2 3 Lipotoxic injury of
hepatocytes may be a primary event in the development of NASH and can contribute to inflammation,
leading to hepatic fibrosis.4 However, the nature
and mechanisms of lipotoxicity in NASH are not
fully understood.
Apoptosis is a non-lytic form of death mediated
by caspases and confers minimal effects on nearby
cells. In contrast, programmed necrotic cell death (ie,
necroptosis and pyroptosis) releases immunostimulatory intracellular components due to the rupture
of cell membranes and induce inflammation.5
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Sphingomyelin synthase 1 mediates hepatocyte
pyroptosis to trigger non-alcoholic steatohepatitis

Hepatology

EXPERIMENTAL PROCEDURES

The detailed methods are provided in online supplemental data.

RESULTS
SMS1 expression is increased in the livers of HFHCD-fed mice

Cholesterol has emerged as the key player in NASH development through multiple pathological mechanisms, including the
trafficking of free cholesterol (FC) to mitochondria.21 Moreover,
hepatic FC has been shown to accumulate in obese diabetic mice22
2

and patients with NASH,23 24 and pharmacological lowering of
cholesterol reversed NASH in obese, diabetic mice with metabolic syndrome.25 However, the link between cholesterol and
sphingolipid metabolism in NASH has not been explored. Thus,
we tested this possibility using a dietary cholesterol-
driven
murine model of NASH.
Feeding male C57BL/6J mice with high fat, high cholesterol
(2.5%) diet (HFHCD) for 12 weeks induced NASH, whereas
mice fed a high fat diet (HFD) developed simple steatosis
without significant inflammation and fibrosis (figure 1A).26
Terminal deoxynucleotidyl transferase-mediated dUTP nick‐end
labelling (TUNEL) staining showed that apoptosis is evident in
HFHCD-fed mice but not in HFD-fed mice (figure 1B). HFHCD
significantly increased the expression of serine palmitoyltransferase subunit 2 (Spt2), a key player in sphingolipid biosynthesis
(figure 1C).20 HFHCD feeding significantly increased the levels
of ceramide, SM and DAG and decreased the level of phosphatidylcholine (PC) (figure 1D and online supplemental figure S1).
As SMSs use ceramide and PC as substrates to produce SM
and DAG (figure 1E), we hypothesised that increased SM and
DAG levels with a concomitant decrease in PC may reflect
an increased expression in the SMSs. Feeding mice HFHCD
significantly increased the hepatic expression of SMS1 but
not Sms2 (figure 1F and online supplemental figure S2A). In
contrast, HFD feeding increased the hepatic expression of
Sms2, but had no effect on the expression of Spt2 and SMS1
(figure 1G,H and online supplemental figure S2B). Collectively, these findings show that HFHCD feeding upregulates
the expression of SMS1.

FC induces SMS1 expression

We next examined the expression of hepatic SMSs in other
models of NASH induced by the methionine and choline-
deficient diet (MCDD) and Western diet (enriched with
fat, cholesterol and fructose).27 TUNEL staining showed
increased hepatocellular apoptosis in MCDD and Western
diet-fed mice (figure 2A).
Administration of MCDD and Western diet significantly
increased the expression of SMS1, similar to HFHCD
feeding (figure 2B,C and online supplemental figure S2C,D),
suggesting that SMS1 induction is a characteristic feature of
NASH independent of obesity. Intriguingly, Western diet also
increased the expression of Sms2 (figure 2C). In addition,
samples from patients with NASH/cirrhosis undergoing liver
transplantation exhibited a higher expression of SMS1 but
not of SMS2 (figure 2D), and this result was also reflected at
the protein level (online supplemental figure S2E). There was
a trend for a relationship between SMS1 expression and the
hepatic FC levels in the NASH/cirrhosis group, with a weaker
correlation with body mass index (data not shown). Moreover, the expression of SMS1 did not change in liver specimens from subjects with steatosis (figure 2D). Thus, these
findings suggest that higher hepatic SMS1 expression may be a
common feature of NASH. Although previous studies28 29 and
our findings in mice fed HFD (figure 1H) showed that Sms2
is associated with hepatic steatosis, SMS2 expression did not
significantly change in the subjects with steatosis (figure 2D).
Its relevance in human steatosis should be confirmed by using
a larger cohort of subjects.
Cholesterol and SM are coenriched in the same membrane
domains, and their molar ratio is tightly regulated to maintain
membrane properties and signalling pathways.30 31 We thus
examined whether increased FC levels induce the expression
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Necroptosis is activated by the necrosome, which consists of
the kinases receptor-interacting serine/threonine-protein kinase
(RIPK) 1 and RIPK3 and the pseudokinase mixed linkage
kinase domain-like protein (MLKL), and is known to occur in
human and experimental NASH.6 Pyroptosis occurs predominantly in professional phagocytes—macrophages, monocytes
and dendritic cells—and plays a major role in the clearance of
bacteria from these cells. Moreover, pyroptosis has also been
described in hepatocytes.7 Gasdermin-
D and its N-
terminal
fragment (GSDMD-N) is a key player in pyroptotic cell death,
whose levels increase in human and experimental NASH.8 Pyroptosis is initiated by either caspase-1 or caspase-11.9 Caspase-1
is activated by several inflammasomes, including the NOD-like
receptor family pyrin domain containing 3 (NLRP3) inflammasome, which results in pyroptosis and the maturation and
secretion of proinflammatory cytokines such as interleukin-1β
(IL-1β) and IL-18.10 In the liver, NLRP3 inflammasome is prominently expressed in hepatic macrophages (Kupffer cells) with
moderate expression in hepatic stellate cells (HSCs), and IL-1β
produced by NLRP3 inflammasome promotes the proliferation
and transdifferentiation of HSCs to induce liver fibrosis.11 Interestingly, knock-in mice with global or myeloid-specific Nlrp3
dependent hepatocyte
overexpression underwent caspase-1-
pyroptosis, liver inflammation and fibrosis.7 However, the role of
NLRP3 inflammasome activation in hepatocyte pyroptosis is yet
to be elucidated. NLR family CARD domain-containing protein
4 (NLRC4) inflammasome, which senses bacterial flagellin and
the components of bacterial secretion, has been shown to cause
macrophage pyroptosis and is activated by protein kinase C
(PKC) δ.12 13 Moreover, NLRC4 inflammasome activation has
also been described in obesity-associated breast cancer progression and diabetic nephropathy.14 15 Yet, the specific role of
NLRC4 inflammasome in NASH remains largely unknown.
Sphingolipids are ubiquitous building blocks of eukaryotic
cell membranes that regulate a wide range of cellular processes
including immunity, inflammation and metabolic diseases.16 In
the liver, increased intracellular ceramide, the prototype sphingolipid and the precursor of complex sphingolipids, induces
lipotoxic hepatocellular cell death by multiple mechanisms.17 18
Although ceramide can be generated by de novo synthesis in the
endoplasmic reticulum from palmitoyl-CoA and serine or sphingomyelin (SM) hydrolysis by sphingomyelinases (SMases), ceramide can also be converted to SM and diacylglycerol (DAG) by
sphingomyelin synthases (SMSs). DAG produced by SMSs can
activate PKC,19 which in turn phosphorylates and activates a
wide range of targets.
In this study, we investigated the role of SMS1, an enzyme
that links de novo-synthesised ceramide to SM synthesis and
DAG generation,20 in hepatocyte pyroptosis and the pathogenesis of NASH. Our study identifies SMS1 as a novel player in the
hepatocyte pyroptosis in NASH via the DAG-PKCδ-NLRC4 axis
and delineates a previously unrecognised role of NLRC4 inflammasome in metabolic liver disease.

Hepatology

of SMS1. As seen, the levels of hepatic FC were increased in
mice fed HFHCD, MCDD or Western diet, but not in those
fed HFD (figure 2E). To further test the direct link between
hepatic FC and SMS1 expression, we used two different
approaches. First, we fed mice a cholesterol-enriched diet
(CED) supplemented with sodium cholate to sustain hepatic
FC,32 which increased hepatic Sms1 expression but not Sms2
(figure 2F). In addition, treatment of AML12 hepatocytes with
water-soluble cholesterol and Avasimibe, an acyl-CoA cholesterol acyltransferase inhibitor that maintains cholesterol in its
unesterified form,33 significantly increased Sms1 expression
Koh EH, et al. Gut 2020;0:1–11. doi:10.1136/gutjnl-2020-322509

(figure 2G). Moreover, Sms1 promoter activity significantly
increased by cholesterol and Avasimibe, suggesting that FC
induces the upregulation of Sms1 at the transcriptional level
(figure 2H). Taken together, these results suggest that the
accumulation of FC stimulates the transcriptional expression
of Sms1 in NASH.

SMS1 knockdown prevents NASH development
To further elucidate the role of SMS1 in NASH, we examined the effect of shRNA-mediated knockdown of Sms1 in
3
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Figure 1 Hepatic Sms1 expression in murine NASH models. Liver tissues from mice fed control diet (ND), HFHCD or HFD for 12 weeks showing
representative H&E, Sirius Red and MT staining. Scale bar, 50 µM. Arrowhead indicates inflammatory foci (A) and TUNEL staining. TUNEL staining
positivity was observed in hepatocytes (arrowhead). Scale bar, 20 µm. The graph represents the percentage of TUNEL-positive cells in each group (B).
(C) Relative mRNA expression of Spt2 in ND-fed or HFHCD-fed mice. (D) Levels of hepatic ceramide, SM, DAG and PC. (E) Schematic figure depicting
the action of the SMSs. (F) Relative mRNA expression of Sms1 and Sms2. (G, H) Relative mRNA expression of Spt2, Sms1 and Sms2 in mice fed ND or
HFD. Data are presented as mean±SEM (n=6). *p<0.05, **p<0.01 and ***p<0.001 vs control mice. DAG, diacylglycerol; HFD, high fat diet; HFHCD,
high fat, high cholesterol diet; ns, not significant; PC, phosphatidylcholine; SM, sphingomyelin; TUNEL, terminal deoxynucleotidyl transferase-mediated
dUTP nick‐end labelling.
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Figure 2 FC induces Sms1 expression in hepatocytes. (A) TUNEL staining in the liver sections following MCDD (8 weeks) or Western diet (16 weeks).
Arrowheads show TUNEL positive hepatocytes, which are quantitated in the graph. Scale bar, 20 µm. (B,C) mRNA expression of Sms1 and Sms2 in
the livers of mice fed MCDD (B) or Western diet (C) (n=7). (D) Hepatic mRNA expression of SMS1 and SMS2 in liver samples of patients with NASH/
cirrhosis and subjects with steatosis (n=12). Surgical specimens of donor livers were used as controls (n=11). (E) Hepatic FC levels of mice fed ND,
HFHCD, MCDD, Western diet or HFD (n=5). (F) mRNA expression of Sms1 and Sms2 in the livers of mice fed ND or CED for 2 days (n=7). (G) AML12
cells were treated with cholesterol with Avasimibe for 2 hours at the indicated dose to determine Sms1 mRNA expression (n=4). (H) AML12 cells were
transfected with mouse Sms1 promoter-Luc to determine Sms1 transcriptional activity. After 48 hours of transfection, cells were treated with vehicle
or cholesterol with Avasimibe for 3 hours (n=6). Data are presented as mean±SEM *p< 0.05, **p<0.01 and ***p<0.001 vs control. CED, cholesterol-
enriched diet; FC, free cholesterol; HFD, high fat diet; HFHCD, high fat, high cholesterol diet; MCDD, methionine and choline-deficient diet; ns, not
significant; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick‐end labelling.

Hepatology

HFHCD-fed mice. Sms1 knockdown ameliorated HFHCD-
induced liver inflammation and fibrosis (figure 3A,B),
lowered expression of monocyte chemoattractant protein-1
(Mcp-1), tumour necrosis factor-α (Tnf-α), transforming
growth factor-β1 (Tgf-β1), α-
smooth muscle actin (α-Sma)
and collagen type III α1 (Col3a1) (figure 3C and online
supplemental figure S3A). Furthermore, HFHCD-
induced
Koh EH, et al. Gut 2020;0:1–11. doi:10.1136/gutjnl-2020-322509

increase in α-SMA immunoreactivity was decreased following
Sms1 knockdown (online supplemental figure S3A), with
similar findings observed for F4/80 immunohistochemistry
(figure 3D). Knockdown of Sms1 also decreased the level
of serum alanine aminotransferase (ALT) (figure 3E), but
did not significantly change the hepatic triglyceride levels
in HFHCD-
fed mice (figure 3F). Hence, SMS1 mediates
5
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Figure 3 Depletion of SMS1 prevents NASH development. Mice were injected with AAV carrying control shRNA (shCon) or Sms1-specific shRNA
(shSms1) and then fed ND or HFHCD for 12 weeks. (A) Representative H&E, Sirius Red and MT liver staining. Scale bar, 50 µM. Arrowhead indicates
inflammatory foci. (B) Relative mRNA expression, and Western blot of SMS1. (C) mRNA expression of Mcp-1, Tnf-α, Tgf-β1, α-Sma and Col3a1.
(D) Immunohistochemical staining and quantitative analysis of F4/80-positive area in the liver. (E) Plasma ALT level. (F) Liver TG contents. Data are
presented as mean±SEM of mice (n=5). *p<0.05 and ***p<0.001 vs control mice. #p<0.05, ##p<0.01, ###p<0.001 vs shCon-HFHCD mice.HFHCD, high
fat, high cholesterol diet; ns, not significant; SMS, sphingomyelin synthase; TG, triglyceride.
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Figure 4 SMS1 causes hepatocyte pyroptosis. (A) Cell death measured by LDH level in the media of primary hepatocytes isolated from mice
fed HFHCD (4 weeks). (B) Representative Western blots of SMS1, GSDMD-FL, GSDMD-N and MLKL. (C–E) Mice were infected with AAV carrying
control shRNA (shCon) or Sms1-specific shRNA (shSms1) and then fed with ND or HFHCD (4 weeks) to determine mRNA expression of Sms1 in the
hepatocyte (C), cell death by LDH release (D) and Western blots of SMS1, GSDMD-FL and -N (E). (F–H) DAMPs released from pyroptotic hepatocytes
activate NLRP3 inflammasome in Kupffer cells. (F) Levels of ATP, HMGB1 and mtDNA in the supernatant. (G,H) Primary hepatocyte-conditioned
media was transferred to primary Kupffer cells primed with 10 ng/ml of LPS for 4 hours (G) to determine IL-1β in the culture supernatants of primary
hepatocytes (H). Data are presented as mean±SEM (n=5). **p< 0.01 and ***p<0.001 vs control mice. #p<0.05, ##p<0.01 and ###p<0.001 vs shCon-
HFHCD mice. DAMPs, damage-associated molecular pattern molecules; GSDMD-FL, full-length gasdermin D; GSDMD-N, N-terminal fragment of
gasdermin-D; HFHCD, high fat, high cholesterol diet; HMGB1, high mobility group protein box 1; LDH, lactate dehydrogenase; LPS, lipopolysaccharides;
MLKL, mixed linkage kinase domain-like protein; NLRC4, NLR family CARD domain-containing protein 4; NLRP3, NOD-like receptor family pyrin
domain containing 3; SMS, sphingomyelin synthase.
diet-induced liver injury, inflammation and fibrosis, but not
steatosis.

SMS1 mediates diet-induced hepatocyte pyroptosis
We next examined whether SMS1 mediates hepatocyte pyroptosis. Hepatocytes isolated from HFHCD-fed mice (HFHCD
hepatocytes) exhibited increased SMS1 protein levels and
6

enhanced release of lactate dehydrogenase (LDH) in the supernatant (figure 4A,B). Moreover, HFHCD hepatocytes had
increased levels of GSDMD-N, a key player in pyroptotic cell
death in NASH;34 however, the level of phosphorylation of
MLKL, a marker of necroptosis,5 did not change (figure 4B).
These data collectively indicate that pyroptosis specifically
occurs in HFHCD hepatocytes. Importantly, knockdown of
Koh EH, et al. Gut 2020;0:1–11. doi:10.1136/gutjnl-2020-322509
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(figure 5G). Furthermore, knockdown of Pkcδ in HFHCD-fed
mice by shRNA prevented NASH (online supplemental figure
S3C) and significantly decreased the phosphorylation of NLRC4
(figure 5H, I). These findings underscore a causal link between
SMS1 and NLRC4 in inducing hepatocyte pyroptosis through
PKCδ activation.

DAMPs released from pyroptotic hepatocytes activate NLRP3
inflammasome in Kupffer cells in a SMS1-dependent manner

SMS1 overexpression induces hepatocyte pyroptosis

As damage-associated molecular pattern molecules (DAMPs) activate NLRP3 inflammasome,35 we examined the levels of DAMPs
in HFHCD hepatocytes. The levels of ATP, high mobility group
protein box 1 (HMGB1), and mitochondrial DNA (mtDNA) in
the supernatants of pyroptotic HFHCD hepatocytes were significantly higher than those of control hepatocytes, and this effect
was decreased on Sms1 knockdown (figure 4F). We then examined whether the DAMPs released from pyroptotic HFHCD
hepatocytes activated NLRP3 inflammasome in Kupffer cells
isolated from control mice pretreated with lipopolysaccharides
(LPS) (figure 4G). As seen, the conditioned media from pyroptotic hepatocytes activated NLRP3 inflammasome in LPS-
primed Kupffer cells, as evidenced by the increase in IL-1β levels
(figure 4H) and this effect was suppressed on hepatic Sms1
depletion by shRNA treatment (figure 4H).
Plasma from mice and patients with NASH has been reported
to contain high levels of extracellular vesicles (EVs) containing
mtDNA and damaged organelles (ie, mitochondria) released
from hepatocytes.36 37 Thus, we examined the presence of EVs
from hepatocytes of HFHCD fed mice. As seen, the amount of
mtDNA in the EVs was significantly increased in the supernatants of HFHCD hepatocytes and was significantly decreased by
Sms1 depletion (online supplemental figure S4). These findings
suggest that SMS1 plays a key role in the release of DAMPs that
include mtDNA in the EVs from dying hepatocytes.

NLRC4-dependent pyroptosis in hepatocytes from NASH
animals

The basal expression level of NLCR4 in hepatocytes is negligible
compared with those in non-parenchymal cells and is minimally
induced in cholestatic liver disease;38 therefore, we first examined the expression of NLRC4 in hepatocytes from HFHCD-fed
mice. As seen, the mRNA levels of NLRC4 were significantly
higher in both isolated hepatocytes and liver extracts from
HFHCD-fed mice, with similar findings observed for NLRP3
(online supplemental figure S5). The increased expression of
both NLRP3 and NLRC4 in HFHCD-
hepatocytes was also
reflected at the protein level and in the phosphorylation of
NLRC4 (figure 5A). Interestingly, Sms1 knockdown did not
affect NLRP3 expression but abrogated the HFHCD-mediated
NLRC4 phosphorylation (figure 5A). Moreover, knockdown of
Nlrc4 did not significantly affect hepatic steatosis but prevented
NASH (figure 5B,C and online supplemental figures S3B and
S6) and significantly decreased gasdermin-D activation reflected
by the lower level of the GSDMD-N fragment and hepatocyte
death (figure 5D,E). Furthermore, supernatant from hepatocytes of HFHCD-fed mice following Nlrc4 knockdown induced
pretreated
significantly lower production of IL-1β from LPS-
Kupffer cells compared with hepatocytes from HFHCD-
fed
mice treated with control shRNA (figure 5F). As DAG is generated from SMS and is known to activate PKCδ, we explored
the putative link between SMS1 and PKCδ activation. PKCδ
phosphorylation was higher in hepatocytes from HFHCD-fed
mice, but not in HFHCD-
fed mice with Sms1 knockdown
Koh EH, et al. Gut 2020;0:1–11. doi:10.1136/gutjnl-2020-322509

To further demonstrate that SMS1 contributes to NLRC4-
mediated hepatocyte pyroptosis, we explored the role of SMS1
overexpression in hepatocyte pyroptosis. SMS1 overexpression
into AML12 hepatocytes using lentiviral vectors induced phosphorylation of NLRC4 and activation of gasdermin-D (online
supplemental figure S7).

Caspase-1 but not Nlrp3 knockout mice are protected against
hepatocyte pyroptosis

Considering the link between NLRP3 inflammasome and
caspase-1 in liver inflammation and fibrosis,7 we investigated
the role of the NLRP3-
caspase-1 axis in HFHCD-
induced
NASH and hepatocyte pyroptosis by examining the susceptibility of Caspase-1 K/O or Nlrp3 K/O male mice (generated
by the TALEN method in C57BL/6N mice).39 In line with
previous findings,40 41 both Caspase-1 and Nlrp3 K/O mice
were protected from HFHCD-
induced hepatic inflammation
and fibrosis (figure 6A,B). Moreover, hepatocytes obtained
from HFHCD-fed Caspase-1 K/O mice were protected from
pyroptosis (figure 6C,D). Interestingly, however, hepatocytes
from HFHCD-fed Nlrp3 K/O mice showed an increased level
of GSDMD activation (GSDMD-N fragment) and increased cell
death, indicating that NLRP3 does not directly mediate hepatocyte pyroptosis (figure 6E,F). In line with these findings, conditioned media of hepatocytes from HFHCD-fed Caspase-1 K/O
mice failed to induce IL-1β production in LPS-primed Kupffer
cells from control mice (figure 6G). In contrast, conditioned
media of hepatocytes from HFHCD-fed Nlrp3 K/O mice induced
significant IL-1β production in LPS-primed Kupffer cells from
control mice (figure 6H). These results suggest that caspase-1,
but not NLRP3, is necessary for hepatocyte pyroptosis induced
by HFHCD feeding.

Caspase-11 deletion fails to protect against hepatocyte
pyroptosis or NASH development

In addition to caspase-1, caspase-11 can also induce pyroptosis
by sensing cytoplasmic LPS.42 In contrast to Caspase-1 K/O
mice, however, Caspase-11 K/O mice were not protected from
HFHCD-
induced NASH and hepatocyte pyroptosis (online
supplemental figure S8), indicating that caspase-11 does not play
a significant role in diet-induced NASH and hepatocyte pyroptosis. This outcome is in contrast with a recent finding that
caspase-11 activated gasdermin-D in alcoholic hepatitis,43 but is
consistent with the notion that caspase-1 but not caspase-11 is
required for NLRC4-mediated pyroptosis in macrophages.44

DISCUSSION

Whereas apoptosis is a non-lytic form of cell death that confers
minimal effects on nearby cells, it is recognised to play a role in
the NASH. It was suggested that apoptotic cells can nonetheless
release selective and low levels of DAMPs, thereby triggering
inflammation in specific settings.45 Accordingly, we found that
apoptosis was prominent in different models of diet-induced
NASH but not in mice fed HFD, which induces steatosis but
not NASH. In addition, we uncover a previously unrecognised
7
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Sms1 significantly decreased cell death as reflected by lower
LDH release in the supernatant (figure 4C,D) and the generation
of GSDMD-N in HFHCD hepatocytes (figure 4E). These findings support a causal link between SMS1 and HFHCD-induced
hepatocyte pyroptosis.
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Figure 5 NLRC4-dependent pyroptosis in hepatocytes from HFHCD-fed mice through PKCδ. (A–F) Hepatocytes from mice infected with AAV carrying
control shRNA (shCon), Sms1-specific shRNA (shSms1) (A) or Nlrc4-specific shRNA (shNlrc4) (B–F) and fed ND or HFHCD for 12 weeks (B,C) or 4
weeks (A,D–G) to determine Western blots for NLRC4 and NLRP3 (A). (B) Representative H&E and MT staining. Scale bar, 50 µM. Arrowhead indicates
inflammatory foci. (C) Liver TG. (D) Representative Western blots of GSDMD-FL and GSDMD-N. (E) Cell death by LDH level. (F) IL-1β from hepatocyte-
conditioned media transferred to Kupffer cells primed with 10 ng/ml of LPS for 4 hours. (G,H) Representative Western blots of PKCδ (G) and NLRC4
(H) of hepatocytes from mice infected with AAV carrying control shRNA (shCon), Sms1-specific shRNA (shSms1) (G) or Pkcδ-specific shRNA (shPkcδ)
(H). (I) mRNA expression and protein levels of PKCδ. Data are presented as mean±SEM (n=5). *p<0.05, **p<0.01 and ***p<0.001 vs control mice.
#
p<0.05, ##p<0.01 vs shCon-HFHCD mice. GSDMD-FL, full-length gasdermin D; GSDMD-N, N-terminal fragment of gasdermin-D; HFHCD, high fat, high
cholesterol diet; LDH, lactate dehydrogenase; NLRC4, NLR family CARD domain-containing protein 4; NLRP3, NOD-like receptor family pyrin domain
containing 3; ns, not significant; PKC, protein kinase C; TG, triglyceride.
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Figure 6 Genetic ablation of caspase-1 but not NLRP3 protects against hepatocyte pyroptosis. Caspase-1 K/O mice and Nlrp3 K/O mice were fed
HFHCD for 12 weeks (A,B) or 4 weeks (C–H) to determine (A) H&E and MT staining. Scale bar, 50 µm. Arrowhead indicates inflammatory foci. (B)
mRNA expression of Mcp-1, Tnf-α and Tgf-β1. Representative Western blots of GSDMD (C) and cell death (D) of hepatocytes from WT and Caspase-1
K/O mice. Representative Western blots of GSDMD-FL and GSDMD-N (E) and cell death (F) in hepatocytes of WT and Nlrp3 K/O mice. IL-1β from
Caspase-1 K/O (G) or Nlrp3 K/O (H) hepatocyte-conditioned media transferred to primary Kupffer cells primed with 10 ng/ml of LPS for 4 hours. (I)
Conceptual model depicting the role of SMS1, PKCδ and NLRC4 inflammasome in causing hepatocyte pyroptosis and NLRP3 inflammasome activation
in Kupffer cells in the pathogenesis of NASH. Data are presented as mean±SEM (n=4-5). *p<0.05, **p<0.01 and ***p<0.001 vs WT-HFHCD mice.
GSDMD-FL, full-length gasdermin D; GSDMD-N, N-terminal fragment of gasdermin-D; HFHCD, high fat, high cholesterol diet; LPS, lipopolysaccharides;
NLRC4, NLR family CARD domain-containing protein 4; NLRP3, NOD-like receptor family pyrin domain containing 3; ns, not significant; SMSs,
sphingomyelin synthases; WT, wild type.
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DAG-PKCδ-NLRC4 axis in NASH, which is initiated by the
induction of SMS1, in both experimental and human NASH and
causes hepatocyte pyroptosis.
Our study shows for the first time that NLRC4 inflammasome
is activated in NASH independently of bacterial components,
and that this phenomenon is downstream of PKCδ activation through SMS1 induction in hepatocytes. Previous studies
showed that PKCδ was activated in the liver of MCDD-
fed
mice,46 but the responsible mechanism remained unknown. Our
results suggest that DAG produced by SMS1 is responsible for
the activation of PKCδ, as treatment with shRNA against Sms1
in HFHCD-fed mice significantly decreased the phosphorylation
of PKCδ. In addition, treatment with shRNA against Pkcδ and
Nlrc4 decreased the phosphorylation of NLRC4 and hepatocyte
pyroptosis, respectively, indicating that the SMS1-PKCδ-NLRC4
axis is pivotal in hepatocyte pyroptosis during NASH. Importantly, Nlrp3 K/O mice were protected from NASH development, but hepatocytes from Nlrp3 K/O mice were still sensitive
to diet-induced pyroptosis. These results show that NLRP3 does
not have a significant role in hepatocyte pyroptosis, even though
NLRP3 in Kupffer cells plays a crucial role in the progression of
hepatic inflammation and fibrosis (figure 6I).41
It should be noted that the content of cholesterol in the diet
used to induce NASH in mice is higher than the recommended
dose in humans. Since mice are resistant to maintaining FC levels,
we fed mice with this specific HFHCD for 3 months to keep
cholesterol in the free form. This outcome is similar to recent
findings in mice fed with a lower cholesterol-enriched HFHCD
(0.2%) for 12–14 months.47 Thus, these findings indicate that
feeding mice with a high CED for a short time (present study)
is equivalent to feeding a moderate CED for longer periods,
achieving with either approach a high level of FC in the liver. Of
potential relevance, the increase in SMS1 expression in different
NASH models in mice, including feeding the HFHCD for 12
weeks, was observed in patients with NASH but not steatosis.
We found that SMS1, which is present in the Golgi and is
involved in SM and DAG synthesis from de novo synthesised
ceramide,20 plays an important role in the pathogenesis of
NASH in HFHCD-fed mice. We also show that higher FC in
hepatocytes is responsible for Sms1 induction at the transcriptional level. DAG was shown to induce insulin resistance in
skeletal muscle and liver,48 and hepatic DAG activation of PKCε
was suggested as a key mechanism of hepatic insulin resistance,
NAFLD and type 2 diabetes.49 We show that DAG produced
by SMS1 induces hepatocyte pyroptosis and NASH by sequentially activating the PKCδ-NLRC4 axis. Thus, DAG produced by
different pathways may activate different isoforms of PKC that
can induce either hepatic steatosis/insulin resistance (PKCε) or
hepatocyte pyroptosis/NASH (PKCδ).
Based on the present findings, it could be speculated that inhibition of SMS1 may be of potential relevance to prevent or slow
down NASH progression. Unfortunately, there are not characterised SMS1 inhibitors, whose identification would require
extensive research. Alternatively, rather than inhibiting SMS1,
which would be expected to result in decreased SM levels with
potential adverse effects, it may be less problematic to antagonise SMS1 downstream targets. Further research is warranted in
the future to identify potential targets of this new SMS1-DAG-
PKCδ-NLRC4 axis in NASH.
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