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SUMMARY

Caspase-1/11 activation induces macrophage pyroptosis,
but hepatocytes are resistant to pyroptosis, which we show
is mainly due to low levels of caspase-1/11 even after
stimulation. Overexpression of caspase-1/11 p10/p20 can
induce hepatocyte pyroptosis and cell shrinkage, but cell
structure remains relatively intact differently from macro-
phage pyroptosis.

BACKGROUND: Pyroptosis, gasdermin-mediated programmed
cell death, is readily induced in macrophages by activation of
the canonical inflammasome (caspase-1) or by intracellular
lipopolysaccharide (LPS)-mediated non-canonical inflamma-
some (caspase-11) activation. However, whether pyroptosis is
induced similarly in hepatocytes is still largely controversial
but highly relevant to liver pathologies such as alcoholic/
nonalcoholic liver disease, drug-induced liver injury, ischemia-
reperfusion and liver transplant injury, or organ damage sec-
ondary to sepsis.

METHODS AND RESULTS: In this study we found that he-
patocytes activate and cleave gasdermin-D (GSDMD) at low
levels after treatment with LPS. Overexpression of caspase-1
or caspase-11 p10/p20 activated domains was able to induce
typical GSDMD-dependent pyroptosis in hepatocytes both
in vitro and in vivo. However, morphologic features of
pyroptosis in macrophages (eg, pyroptotic bodies, cell flat-
tening, loss of cell structure) did not occur in pyroptotic
hepatocytes, with cell structure remaining relatively intact
despite the cell membrane being breached. Our results sug-
gest that hepatocytes activate pyroptosis pathways and
cleave GSDMD, but this does not result in cell rupture and
confer the same pyroptotic morphologic changes as previ-
ously reported in macrophages. This is true even with
caspase-1 or caspase-11 artificial overexpression way above
levels seen endogenously even after priming or in pathologic
conditions.
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CONCLUSIONS: Our novel findings characterize hepatocyte
morphology in pyroptosis and suggest alternative use for
canonical/non-canonical inflammasome activation/signaling
and subsequent GSDMD cleavage because there is no rapid cell
death as in macrophages. Improved understanding and recog-
nition of the role of these pathways in hepatocytes may result
in novel therapeutics for a range of liver diseases. (Cell Mol
Gastroenterol Hepatol 2022;13:739–757; https://doi.org/
10.1016/j.jcmgh.2021.11.009)

Keywords: Liver Disease; Caspase-1; Caspase-11; Gasdermin-D;
Programmed Cell Death.

he term pyroptosis was originally coined in 2001 to
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Tdefine a regulated cell death (RCD) associated with
activated inflammatory caspase-1.1 Later it was shown that
inflammatory caspase-family members, including caspase-
11 in mouse and caspase-4/5 in humans, also induce
pyroptosis upon activation by intracellular endotoxin
(lipopolysaccharide [LPS]) or Gram-negative bacteria.2,3 In
2015, gasdermin-D (GSDMD) was recognized as the down-
stream executor of pyroptosis.4,5 Activation of caspase-1 or
caspase-11 and cleavage into their active p20 and p10
fragments enabled p20/p10 tetramer formation with the
ability to cleave GSDMD directly.4 The N-terminus fragment
of GSDMD then oligomerizes at membrane targets within
the cell and at the cell membrane to form a pore in the cell
that can lead to rapid proinflammatory cell death and
rupture in macrophages.6 Other gasdermin family members
have recently also been shown to be cleaved by other non-
inflammatory caspases. Gasdermin-E (GSDME) can be acti-
vated by caspase-37 and also by non-caspase enzymes such
as neutrophil elastase8 and granzymes9,10 to induce
pyroptosis.

Different from apoptosis, which is widely considered to
be a non-inflammatory form of cell death, pyroptosis is
considered inflammatory and is associated with release of
inflammatory damage-associated molecular patterns when
the cell ruptures. This inflammatory response to pyroptosis
has been associated with the exacerbation of many diseases,
causing organ failure and increased mortality.11,12 Pyrop-
tosis has been primarily studied in macrophages, where
activation of caspase-1 or -11 is essentially a death sentence.
Other types of cells, including neutrophils8 and endothelial
cells,13 also undergo similar rapid pyroptosis and death.
However, it is less clear whether pyroptosis and cell rupture
occur in hepatocytes and other epithelial cell types. Hepa-
tocyte pyroptosis has been reported in multiple published
studies investigating inflammasome activation across a
range of liver diseases.14–17 However, there are many
similar studies that have refuted the occurrence of
inflammasome-mediated pyroptosis in hepatocytes under
either physiological or pathologic conditions.13,18–21 Most of
these studies occurred before the definition of pyroptosis
established by the Nomenclature Committee on Cell Death
in 2018, where pyroptosis is a form of RCD that critically
depends on the formation of plasma membrane pores by
members of the gasdermin protein family.22 Therefore, the
topic is still controversial, with little work done to define
typical features of hepatocyte pyroptosis either in vitro or
in vivo.

Because of our previous studies,18,19 we hypothesized
that hepatocytes undergo pyroptosis after activation of
inflammasome and GSDMD cleavage, but that they are
resistant to cell rupture and classical morphologic pyrop-
tosis under normal physiological or even pathologic cir-
cumstances. In this study we explored the mechanisms of
pyroptosis using adenoviral overexpression of activated
domains of caspase-1 or caspase-11, or GSDMD. Our results
suggest hepatocyte pyroptosis/GSDMD cleavage can be
measured and occurs at low levels because of low expres-
sion of both caspase-1 and caspase-11. Caspase-1 and -11
expression remains low even after priming or pathologic
stimulation. However, morphologically hepatocytes show
few changes. Hepatocyte cell death can be induced with
overexpression of active fragments of caspase-1 or caspase-
11, and we characterize morphologic changes for the first
time in these cells. Our findings correlate with our previous
findings suggesting alternative functions for canonical and
non-canonical inflammasome pathways, as well as GSDMD,
in hepatocytes. Understanding these pathways more fully
may help us to understand pathologic mechanisms of a wide
range of liver diseases and may allow us to develop novel
therapeutics taking advantage of this novel signaling.
Results
Hepatocytes Are Resistant to Pyroptosis

LPS is a well-known caspase-11 activator and induces
pyroptosis in macrophages.2,3 We treated primary hepato-
cytes from wild-type (WT) (C57BL/6) mice with concen-
trations of LPS up to 10 mg/mL for 16 hours after priming
with 100 ng/mL LPS overnight and measured lactate de-
hydrogenase (LDH) release as a marker of lytic cell death. As
a positive control for LDH release we subjected hepatocytes
to a lethal concentration (5 mmol/L) of hydrogen peroxide
(H2O2). LDH levels did not increase in LPS-treated hepato-
cytes compared with control (phosphate-buffered saline
(PBS)–treated) hepatocytes, despite evidence of low levels
of cleavage/activation of caspase-11 and cleavage of GSDMD
(Figure 1A and B). We repeated the experiment but this time
transfected LPS to ensure LPS entry into the cytosol. As
previously, we did not see increases in LDH release despite
low level cleavage/activation of caspase-11 and GSDMD in
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LPS-treated groups (Figure 1C and D). High concentrations
(10 mmol/L) of nigericin, a potent NLRP3 inflammasome
activator,23 did increase LDH release significantly after 3
hours, but Western blot analysis showed significantly
increased p-RIP1 levels instead of caspase-1 or GSDMD
cleavage, suggesting cell death by necroptosis rather than
pyroptosis or apoptosis (Figure 1C and D). High mobility
group box 1 (HMGB1) can associate with LPS to improve its
entry into cytosol in macrophages and endothelial cells.13

We therefore repeated the experiment this time by treat-
ing hepatocytes or nonparenchymal cells (NPC) of liver with
LPS and HMGB1 together after overnight priming with LPS.
LDH release was not increased in hepatocyte cultures, but
LPS þ HMGB1 did increase LDH release and GSDMD
cleavage in NPC (Figure 1E and F). To assess the impact of
NPC pyroptosis on liver cell death in vivo, assessed by
aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT) levels, we challenged WT mice with intraper-
itoneal LPS or nigericin after priming with intraperitoneal
LPS for 12 hours. As shown in Figure 1G and H, plasma ALT
and AST levels did not increase significantly (although did
trend higher) compared with control (PBS-treated) mice.
H&E staining of liver also did not show obvious cell death or
structural damage in livers from LPS or nigericin-treated
mice, but there were increased deoxyuridine-5’-triphos-
phate biotin nick end labeling–positive immune cells in
liver, suggesting apoptosis or pyroptosis (Figure 2A), as well
as increased plasma levels of interleukin (IL) 1a, IL1b, IL6,
and IL18. As expected, in vitro studies showed very little
cytokine release from hepatocytes but significantly
increased cytokine release from NPCs in response to LPS or
nigericin, which is consistent with activation of these cells
and indicative of pyroptosis (Figure2B and C). Finally, to
determine a potential reason for hepatocyte resistance to
pyroptosis, we assessed side-by-side protein levels of
caspase-1/11, GSDMD/E in primary WT hepatocytes and
NPC, with and without LPS priming for 6 hours. Expression
of both caspase-1 and caspase-11 was not visible in hepa-
tocytes, even after priming, when compared in the same
Western blot with NPCs (Figure 1J). We can see both
caspase-1 and caspase-11 activation with longer exposures
Figure 1. (See previous page). Hepatocytes are resistant to p
with LPS (100 ng/mL) overnight, followed by stimulation with u
pernatant (A) and caspase-11 (C11), cleaved caspase-11 (Cl-C
whole cell lysates by Western blot (B) were measured. LDH pos
for 1 hour; b-actin was used as a loading control. Primary WT hep
stimulated with nigericin (Nig) or LPS (up to 10 mg/mL) with or w
kit that may increase the transfection efficiency). LDH release i
caspase-1 (C1), cleaved caspase-1 (Cl-C1), RIP1, and phospho
were measured. (E) Relative LDH release from isolated prima
overnight and then stimulated by LPS (5 mg/mL) ± HMGB1 (400
GSDMD levels from whole cell lysates of NPC primed by LPS (1
HMGB1 (400 ng/mL) for 16 hours. Plasma ALT (G) and AST (H) l
LPS (400 mg/kg, intraperitoneal) for 6 hours, followed by either LP
kg, intraperitoneal for 2 hours. (I) H&E staining of liver tissue fro
images), �40 for inset (right images). (J) C11, C1, GSDMD, and
from primary isolated hepatocytes or NPC from livers of WT mic
saline control. Data represent mean ± SD. **P < .01, ****P < .0
group; b-actin is loading control. Images are representative ac
ments using cells from different mice.
as shown in our previous studies, as well as the low level of
mRNA of caspase-1 and caspase-11 even after priming in
both in vitro and ex vivo studies (Figure 2D and E), sug-
gesting only low level of expression. However, GSDMD levels
were similar between hepatocytes and NPCs, with notably
increased GSDME levels in NPCs after LPS priming. These
findings, taken together, suggest that it is low expression of
caspase-1/11 that renders hepatocytes resistant to
pyroptosis.
Overexpression of Caspase-11 Active Domains
Can Induce Hepatocyte Cell Death in Vitro

To test our hypothesis that low endogenous expression
of caspase-1/11 in hepatocytes makes them resistant to
lytic cell death after GSDMD cleavage, we overexpressed the
p10 and p20 active domains of caspase-11 in primary iso-
lated mouse hepatocytes using an adenovirus over-
expression system. We initially attempted to prepare full-
length caspase-11 adenovirus but found that significant
autocleavage of caspase-11 occurred, which prevented
production in a plasmid or virus system. We therefore
prepared recombinant adenovirus–caspase-11-p10 and p20
separately and labeled them both with green fluorescent
protein (GFP) (Figure 3A). Supernatant LDH and ALT levels
did not increase significantly in control (empty vector virus)
or with either p10 or p20 overexpression alone even up to
48 hours. However, with overexpression of both p10 and
p20 caspase-11, both LDH and ALT levels increased signif-
icantly after 10 hours and peaked by 24 hours and also
increased with increasing dose of p10/p20 overexpression
(Figure 3B–D). As expected, hepatocytes did not release
IL1b despite significant levels of cell death (Figure 3E);
meanwhile, IL1b mRNA and IL1b protein levels were much
lower in hepatocytes compared with NPCs even after LPS
treatment (Figure 2F and G), further indicating that hepa-
tocytes are not a source of IL1b even after caspase-1/11
activation. Western blot confirmed GFP–caspase-11 over-
expression and associated cleavage of GSDMD, suggesting
pyroptotic cell death (Figure 3F). We repeated the experi-
ment using overexpression of caspase-1 p10 and p20 active
yroptosis. Primary WT hepatocytes were isolated and primed
p to 10,000 ng/mL LPS for 16 hours. LDH release in cell su-
11), GSDMD, and N-terminus GSDMD (N-GSDMD) levels in
itive control (maximum level) was induced by 5 mmol/L H2O2
atocytes were primed by LPS (100 ng/mL) overnight and then
ithout transfection by LipofectamineP3000 (one reagent in the
n cell supernatant (C) and C11, Cl-C11, GSDMD, N-GSDMD,
-RIP1 (P-RIP1) levels in whole cell lysates by Western blot (D)
ry WT hepatocytes and NPC primed by LPS (100 ng/mL)
ng/mL) for up to 24 hours. (F) Western blot of GSDMD and N-
00 ng/mL) overnight and then stimulated by LPS (5 mg/mL) ±
evel from WT mice were treated with PBS (Ctrl) or primed with
S (5 mg/kg, intraperitoneal) for 4 hours or nigericin (Nig; 3mg/
m the same groups of mice. Original magnification, �20 (left
GSDME levels shown by Western blot of whole cell lysates

e 6 hours after priming with LPS (400 mg/kg, intraperitoneal) or
001 vs control groups unless otherwise stated; n ¼ 5 mice/
ross individual mice or across at least 3 independent experi-
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fragments with similar results (Figure 3G and H). Finally, we
isolated hepatocytes from caspase-11-/- mice and repeated
overexpression experiments with caspase-11-p10 and p20
with similar results, suggesting caspase-1/11 expression
level regulates cell death and pyroptosis (Figure 3I and J).

We next wanted to characterize hepatocyte morphology
in response to induced pyroptosis. Hepatocyte nuclei
stained positive for propidium iodide and for TMR by 12
hours after infection with adenovirus caspase-11-p10þp20
(Figure 4A–D). Increased cell death was also shown by
decreased mitochondrial staining with MitoTracker
(Thermo Fisher Scientific, Waltham, MA) and decreased
lysosomal staining with LysoTracker (Thermo Fisher Sci-
entific) by 12 hours after induced overexpression of cas-
pase-11-p10þp20 (Figure 4E). Interestingly, despite this
evidence of increased cell membrane permeability, DNA
cleavage, and cell death, the cell structure of the hepatocytes
remained intact, as shown with phase contrast microscopy
and retention of GFP within the cell (Figure 5A). Western
blot analysis further confirmed cleaved GSDMD, release of
HMGB1, and decreased actin and tubulin levels in pyroptotic
hepatocytes, indicating release of cellular contents, with
retention of lysosomal membrane protein LAMP2 and
mitochondrial outer membrane protein TOM20 (Figure 5B).
To determine morphologic changes over time, we used live-
cell imaging, which shows cell death occurring by about 8
hours, but again cell structure and GFP retention at 24
hours (Figure 5C, Supplementary Video 1). We did observe
ultrastructural changes within hepatocytes when imaged by
electron microscopy, with atrophic mitochondria, dilated
nuclear membrane, and dilated endoplasmic reticulum
(Figure 5D). Taken together these data confirm pyroptotic
cell death without overt cell rupture or effects to cell
membrane structure.
Induced Hepatocyte Pyroptosis Is GSDMD-
Dependent

Cleavage of GSDMD is widely accepted as the main in-
dicator of pyroptosis, and we showed increased GSDMD
cleavage in hepatocytes overexpressing caspase-
11p10þp20. However, other cell death pathways may still
play a role, and eukaryotic cells have repair mechanisms
that allow them to avoid pyroptosis even after cleavage of
GSDMD.24 Therefore, to more fully determine whether
Figure 2. (See previous page). Hepatocytes are resistant to p
Immunofluorescence images of TMR-red staining of liver tissue
mg/kg intravenous) for 6 hours, followed by either LPS (5 mg/k
hours. TMR, red; Hoescht nuclear stain, blue; actin, green. (B) Pla
mice. (C) Supernatant IL1a, IL1b, IL6, and IL18 levels from isol
(100 ng/mL) overnight and then stimulated by LPS (5 mg/mL, 16
same volume of solvent. (D) mRNA level of related proteins fr
priming in vitro by LPS (100 ng/mL) overnight. (E) WT mice treat
for 6 hours. Then mRNA levels of related proteins from isolate
mRNA and protein levels of IL1b from isolated primary WT hep
then stimulated by LPS (1–5 mg/mL) for 16 hours. Data repres
****/####P < .0001 vs respective Ctrl group unless specified; n
mice.
induced hepatocyte cell death is truly GSDMD-dependent
pyroptosis, we overexpressed caspase-11-p10þp20 in WT
and GSDMD-/- hepatocytes. LDH release increased signifi-
cantly in WT cell culture but did not significantly change in
GSDMD-/- cell culture, suggesting GSDMD-/- hepatocytes are
resistant to lytic cell death (Figure 6A). Western blot anal-
ysis of cell lysates confirmed no GSDMD expression in
knockout cells and confirmed overexpression of caspase-
11p10 and p20. There were significantly increased levels
of cleaved caspase-3 in GSDMD-/- hepatocytes at later time
points after caspase-11-p10þp20 overexpression
(Figure 6B). Because caspase-3 can also cleave GSDME to
mediate pyroptosis,7 we measured GSDME expression and
cleavage. We did not observe increased GSDME expression
or increased GSDME cleavage, suggesting any hepatocyte
cell death was more likely apoptosis rather than pyroptosis
(Figure 6B). We confirmed increased apoptotic morphology
(cell shrinkage, nuclear condensation and fragmentation,
propidium iodide positive staining, concentrated exogenous
GFP) in GSDMD-/- hepatocytes at later time points after
overexpression of caspase-11-p10þp20 (Figure 6C,
Supplementary Video 2). To further confirm the dependence
of induced hepatocyte cell death on GSDMD, we overex-
pressed GSDMD in a subset of GSDMD-/- hepatocytes for 24
hours, followed by overexpression of caspase-11-p10þp20.
Expressing GSDMD in GSDMD-/- cells increased LDH release
in cell culture and increased TMR-positive cells (Figure 6D).
Western blot analysis confirmed effective caspase-11 and/
or GSDMD expression and cleavage and normalization of
cleaved caspase-3 levels (Figure 6E). Confocal immunoflu-
orescence imaging also confirmed TMR positivity and cell
death after overexpression of GSDMD in GSDMD-/- hepato-
cytes (Figure 6F).
Caspase-11-P10þP20 Induces Hepatocyte
Pyroptosis in Liver in Vivo and Is Also GSDMD-
Dependent

Having shown that pyroptosis can be induced in hepa-
tocytes in vitro with overexpression of caspase-1/11 active
fragments, we next wanted to determine whether we could
similarly induce these effects in vivo, and whether there
were changes to liver cell morphology. We injected WT and
GSDMD-/- mice with adenoviral caspase-11-p10/p20 via tail
vein and assessed plasma AST and ALT as markers of
yroptosis mainly because of low level of caspase-1/11. (A)
from WT mice treated with PBS (Ctrl) or primed with LPS (400
g intravenous) for 4 hours or Nig (3 mg/kg intravenous) for 2
sma IL1a, IL1b, IL6, and IL18 levels from similar groups of WT
ated primary WT hepatocyte or NPC cultures primed by LPS
hours) or nigericin (10 mmol/L, 3 hours). Ctrl group treated with
om isolated primary WT hepatocyte or NPC with or without
ed with PBS (Ctrl) or primed with LPS (400 mg/kg intravenous)
d primary WT hepatocytes or NPC were detected. (F and G)
atocytes and NPC primed by LPS (100 ng/mL) overnight and
ent mean ± SD. */#P < .05, **/##P < .01, ***/###P < .001,
¼ 5 mice/group. Images are representative across individual
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hepatocyte damage at 8 hours. Hepatocytes possess a high
affinity adenovirus receptor that is not present on NPCs, so
adenovirus is often used to overexpress proteins in hepa-
tocytes.25 Plasma ALT and AST levels increased slightly in
WT mice after adenoviral transfection of caspase-11-p10 or
p20 alone by 8 hours but was dramatically and significantly
increased by 8 hours with both p10 and p20 expression,
with little increase in GSDMD-/- mice at this time (Figure 7A,
left and middle). Nearly all the WT mice died within 24
hours of injection, but all the GSDMD-/- mice survived until
48 hours (Figure 7A, right). We got similar results in WT
mice injected with adenoviral caspase-1-p10þp20
(Figure 7B), with Western blot analysis of whole liver ly-
sates confirming caspase-1 overexpression and also con-
firming increased cleavage of GSDMD (Figure 7B).
Interestingly, liver function deteriorated significantly at 24
hours in GSDMD-/- mice given caspase-11-p10þp20
(Figure 7A, left). Similarly to our in vitro experiments, we
found that GSDMD-/- mice showed a compensatory increase
in hepatocyte apoptosis at 24 hours, as shown by increased
levels of cleaved caspase-3 (Figure 7C). We further
confirmed the role of GSDMD in vivo, as we had previously
in vitro, by treating GSDMD-/- mice with recombinant
adenovirus-GSDMD for 24 hours before administration of
caspase-11-p10þp20. As expected, mice expressing GSDMD
had increased plasma ALT levels at 8 hours and increased
TMR-positive cells (Figure 7D). GSDMD cleavage was
confirmed by Western blot of whole liver cell lysates as
previously (Figure 7D).

H&E staining of liver demonstrated significant areas of
cell death in WT mice injected with caspase-11-p10þp20,
including significant perilobular necrosis (Figure 8A). There
was also significant hepatocyte TMR-positive staining
shown by immunofluorescence (Figure 8A). CD45þ immu-
nohistochemical staining of livers also revealed significantly
increased immune cell infiltration in WT mice given cas-
pase-11-p10þp20 (Figure 8A). No cell death or obvious
immune cell infiltration was observed in livers of GSDMD-/-

mice given caspase-11-p10þp20 for 8 hours. However, the
picture changed by 24 hours in these GSDMD-/- mice, with
large areas of cell death and TMR-positive cells (Figure 8A).
More detailed examination of the H&E staining of these
livers suggested apoptotic cell death morphology at 24
hours in GSDMD-/- mice, with reduced cell volume,
Figure 3. (See previous page). Overexpression of caspase-11
(A) Schematic of vector construction for GFP-labeled p10 and p
expression vector construction. Numbered arrows refer to amino
(B) and supernatant ALT (C) in isolated primary WT hepatocyte
together at a dose of 200 VP/cell for indicated period of time. R
after treatment with Ad-GFP-C11-p10 or p20 alone or together f
groups of WT hepatocytes as indicated. (F) Western blot of who
GSDMD, and N-GSDMD expression. Relative LDH release (G) in
C1-p10 or p20 alone or together at a dose of 50 VP/cell for indic
(H) Western blot of whole cell lysates of similar groups of hepa
Relative LDH release in supernatant (I) or (J) Western blot sho
caspase-11-/- hepatocytes treated by Ad-GFP-C11-p10 or p20
represent mean ± SD. */#P < .05, **P < .01, ***P < .001, ****P
loading control. All data are representative of 3 independent ex
increased eosinophilic plasma, and condensed nuclei. Infil-
trating immune cells were also much fewer than in WT
groups (Figure 8A).

We also investigated ultrastructural changes in liver
using electron microscopy. Images of pyroptotic hepato-
cytes revealed chromatin margination in the nucleus, dilated
nuclear membrane, endoplasmic reticulum dilation and
fragmentation, and increased numbers of ribosome-bearing
vacuoles likely originating from fragmented endoplasmic
reticulum (Figure 8B).

Discussion
Pyroptosis is a recently defined form of RCD where

cleavage of GSDMD is the executor.4,5 Pyroptosis is obvious
in macrophages, with activation of caspase-1 or -11 result-
ing in rapid lytic cell death from GSDMD pores in the cell
membrane. However, whether pyroptosis similarly occurs in
hepatocytes (and other epithelial cells) is still largely
controversial, because these cells do not exhibit the rapid
cell rupture and release of contents seen in macrophages.
Previously published data supported hepatocyte pyroptosis,
as defined by caspase-1/11 activation, positive staining with
propidium iodide, and even release of IL1b in some studies.
However, in these studies cleaved GSDMD was not detected,
or typical morphology of pyroptosis was not show-
n,14–17,26–42 or other forms or RCD, such as apoptosis or
necroptosis, were not excluded.43 Similarly, there are also
extensive data, including from our group, suggesting acti-
vated caspase-1 or -11 does not lead to lytic cell death. We
found that caspase-1 activation is actually hepatoprotective
in a model of oxidative stress through the up-regulation of
beclin1 and mitochondrial autophagy.18,19 We also deter-
mined that caspase-11/GSDMD mediates exosomal HMGB1
release from hepatocytes during sepsis, an active process
rather than passive release via cell death and cell
rupture.13,21 Our current study revealed that activation/
stimulation of endogenous caspase-1 or -11 was unable to
induce lytic cell death, despite inducing low levels of GSDMD
cleavage. This relatively low expression of caspase-1 and-11
in hepatocytes compared with NPCs, and subsequent low
GSDMD cleavage levels, may also explain our previous re-
sults showing a protective effect of caspase-1 activation in
ischemia/hypoxia injury18 and active release of HMGB1 af-
ter LPS stimulation and caspase-11 activation13,21 rather
active domains can induce hepatocyte cell death in vitro.
20 (active) fragments of caspase-11 (C11) and caspase-1 (C1)
acid sequence from full-length proteins. Relative LDH release
culture after treatment with Ad-GFP-C11-p10 or p20 alone or
elative LDH level (D) in supernatant of WT hepatocyte culture
or 16 hours at indicated dose (VP/cell). (E) IL1b levels in similar
le cell lysates of similar groups of hepatocytes showing GFP,
isolated primary WT hepatocyte culture treated by Ad-GFP-

ated period of time or for 16 hours at indicated dose (VP/cell).
tocytes showing GFP, GSDMD, and N-GSDMD expression.
wing GFP, GSDMD, and N-GSDMD of whole cell lysates of
alone or together at a dose of 50 VP/cell for 16 hours. Data
< .0001 vs control groups unless otherwise stated; b-actin is
periments using cells from different mice.



Figure 4. Features of
induced hepatocyte
pyroptosis in vitro. (A–D)
Immunofluorescence (IF)
images of propidium iodide
(PI) and TMR-red staining
of isolated primary WT he-
patocytes treated with Ad-
GFP-C11-p10 or p20 alone
or together at a dose of
100 VP/cell for indicated
period of time (12–16
hours). GFP, green; PI or
TMR, red; Hoescht nuclear
stain, blue; actin, white (E)
IF staining with Lyso-
Tracker or MitoTracker red
in similar groups of cells.
Control: WT hepatocytes
without treatment. Data
represent mean ± SD. ****P
< .0001. All images are
representative of each
experimental group with at
least 3 independent ex-
periments using cells from
different mice. Original
magnification, �20 or �40.
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than lytic cell death in hepatocytes. Contrary to some other
studies, we also do not detect a function for caspase-1 or
caspase-11 in cytokine maturation in hepatocytes, which is
similar to our and others’ previous findings that caspase-1
in particular mediates other functions rather than pyrop-
tosis and cytokine maturation.44

Because of the relative differences in function between
immune cells such as macrophages/monocytes and epithe-
lial cells such as hepatocytes, it is not altogether surprising
that they have different tolerances to induction of cell death.
Macrophage production of potentially harmful inflammatory
cytokines needs to be closely regulated, and so induction of
inflammasome pathways and activation and release of IL1b
in these cells could understandably result in rapid cell
death. However, epithelial cells such as hepatocytes and gut
epithelia are often long-lived with multiple functions
unrelated to inflammation and innate immune responses.
Hepatocytes in particular provide the main structure for the
liver and have a variety of vital functions in metabolism and
production of vital proteins. Therefore, it makes sense that
hepatocytes would be somewhat resistant to cell death
including pyroptosis. Our findings that hepatocyte cell
structure is maintained are interesting and potentially
suggest not only the importance of the structural role for
these cells but also the possibility of involvement in repair
and regeneration of the liver by providing a still intact
scaffold. This is obviously speculation that will need to be
backed up by experimental data, but the findings are
nonetheless thought-provoking. Because robust evidence
showed that nerve injury-induced protein 1 (NINJ1) medi-
ated plasma membrane rupture in lytic cell death including
pyroptosis after gasdermin pore formation in
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macrophages,45 we also explored the role of NINJ1 in he-
patocyte pyroptosis but failed to detect the expression of
NINJ1 in hepatocytes (Figure 8C). Maybe other pathways
other than NINJ1 mediate hepatocyte pyroptosis down-
stream of pore formation. These contrary results between
different cells are worthy of further exploration.

Another interesting concept has emerged recently
wherein hepatocytes and inflammasome signaling in hepa-
tocytes are drivers, potentiators, and possibly regulators of
immune and inflammatory responses. Published data from
our group have already described hepatocyte caspase-
11–mediated release of exosomes containing HMGB1 as
main drivers of macrophage pyroptosis in sepsis.13,21

Similarly, inflammasome activation in hepatocytes can
induce activation of pyroptotic signaling and release of
inflammasome components that can activate hepatic stellate
cells to induce fibrotic reactions17 or to activate NLRP3
inflammasome in Kupffer cells and trigger nonalcoholic
steatohepatitis.42 These findings strongly suggest additional
roles for inflammasome and pyroptosis signaling in hepa-
tocytes and other epithelial cells that are not present in
immune cells.

In summary, our data shown here confirm activation of
canonical and non-canonical inflammasome pathways with
appropriate stimuli and downstream activation of GSDMD.
However, hepatocytes are resistant to pyroptosis primarily
through low expression levels of caspase-1 or -11, which are
insufficient to cleave sufficient GSDMD to cause cell lysis
through membrane pore formation. However, there does
appear to be sufficient activity to have alternative effects in
hepatocytes such as release of HMGB1 or inflammasome
components. Further studies are needed to more fully
elucidate additional pathways involved in alternative
inflammasome functions in hepatocytes and how these
pathways contribute to liver pathology and disease.

Materials and Methods
Animals and Animal Models

GSDMD and caspase-11 knockout (KO; GSDMD-/- and
Casp-11-/-) mice on a C57BL/6 background were bred and
housed under specific pathogen-free conditions in our fa-
cility. C57BL/6 (WT) controls were purchased from The
Jackson Laboratory (Bar Harbor, ME). Littermates were co-
housed for at least 7 days before experimentation. Male
mice aged 8–12 weeks, weighing 25–30 g, were used in
experiments. All experimental protocols were approved by
the Institutional Animal Use and Care Committee of the
Figure 5. (See previous page).Morphologic features of induc
and immunofluorescence of isolated primary WT hepatocytes tr
p20 at a dose of 100 VP/cell for 7 days. (B) Western blot of w
GSDMD, N-GSDMD, LAMP2, Tom20, HMGB1, b-actin, and tub
isolated primary WT hepatocytes treated by GFP-C11-p10 or
Original magnification, �40. (D) Transmission electron microsc
GFP-C11-p10 alone or together with p20 at a dose of 100
membrane, and endoplasmic reticulum were observed during t
nuclear membrane; arrowhead, endoplasmic reticulum. Origin
representative of 3 independent experiments using cells from d
University of Pittsburgh, and all the experiments were
performed in accordance with National Institutes of Health
guidelines for the use of laboratory animals.
Endotoxemia � nigericin. Mice were primed with in-
jection of intraperitoneal low-dose LPS (400 mg/kg) for 6
hours, followed by challenge with high-dose LPS (5 mg/kg)
for 4 hours, or nigericin (3 mg/kg) for 2 hours, or same
volume of respective solvent as control. For ex vivo study,
mice were just primed with same dose of LPS or solvent for
6 hours, followed by primary hepatocyte and NPC cell
isolation and detection.
GSDMD overexpression. Recombinant adenoviral-
GSDMD or empty vector control at a dose of 1*1010 virus
particles (VP)/mouse in 200 mL volume was injected via
caudal vein 24 hours before experimentation.
Caspase-1 or 11 p10 and/or p20 over-
expression. Recombinant adenoviral-caspase-1-p10, cas-
pase-1-p20, caspase-11-p10, or caspase-11-p20 or empty
vector controls at a dose of 1*1010 VP/mouse in 200 mL
volume were injected via caudal vein 24 hours before
experimentation. In some experimental groups caspase-1-
p10 and p20 or caspase-11 p10 and p20 were injected
together at the same doses in a total volume of 200 mL.

Expression Vector Construction
The cDNA vectors of caspase-11 and caspase-1 were

from OriGene (Rockville, MD). GFP open reading frame
without stop codon was inserted into a serotype 5-based
adenoviral shuttle vector.46 The cytomegalovirus major
immediate-early promoter drives caspase-1/11 expression.
Caspase-11-p10 (267-373 amino acid coding region with a
stop codon), p20 (81-285 amino acid coding region with a
stop codon), caspase-1-p10 (315-402 amino acid coding
region with a stop codon), or p20 (123-296 amino acid
region with a stop codon) was amplified from caspase-11 or
caspase-1 cDNA vector by polymerase chain reaction and
inserted at the C terminus of GFP open reading frame to
generate a fusion open reading frame. All inserted genes
were sequencing verified. Adenoviral vectors were gener-
ated and purified as described.46,47

Reagents
Anti-cleaved caspase-3 antibody, anti-caspase-3 anti-

body, anti-b-actin antibody, anti-RIP1 (receptor-interacting
protein 1) antibody, anti-p-RIP1 (phospho-RIP1) antibody,
cell lysis buffer (10�), and protease/phosphatase inhibitor
cocktail were all from Cell Signaling Technology (Danvers,
ed hepatocyte pyroptosis in vitro. (A) Phase contrast images
eated with Ad-GFP-C11-p10 alone as control or together with
hole cell lysates from similar groups of hepatocytes showing
ulin expression. (C) Living cell images taken over 24 hours of
p20 alone or together at a dose of 100 VP/cell. GFP, green.
opy images of isolated primary WT hepatocytes treated with
VP/cell for 6 hours. Atrophic mitochondria, dilated nuclear
he process of HC death. m, mitochondria; n, nucleus; arrow,
al magnification, �5000 (5k) or �20,000 (20k). All data are
ifferent mice.



Figure 6. Induced hepatocyte pyroptosis is GSDMD-dependent. Relative LDH release (A) and (B) Western blot of whole cell
lysates of isolated primary WT and GSDMD-/- hepatocytes treated with Ad-GFP-C11-p10 or p20 alone or together, or control
empty vector adenovirus (Ctrl), at a dose of 100 VP/cell for indicated time points showing expression of GFP, GSDMD, N-
GSDMD, caspase-3 (C3), cleaved caspase-3 (Cl-C3), GSDME, and N-GSDME. (C) Immunofluorescence (IF) images of isolated
primary GSDMD-/- hepatocytes treated with Ad-GFP-C11-p10 and p20 together at a dose of 100 VP/cell for indicated period
of time (Arrowhead ¼ normal hepatocyte nuclei; Arrow ¼ apoptotic nuclei). (D) Relative LDH release and TMR-red positive
staining of isolated primary GSDMD-/- hepatocytes transfected with Ad-GSDMD for 24 hours with/without caspase-11 (C11)-
p10 þ p20 for 16 hours at a dose of 100 VP/cell. (E) Western blot of whole cell lysates of primary hepatocytes from similar
groups showing expression of GFP, GSDMD, N-GSDMD, C3, Cl-C3, GSDME, and N-GSDME levels. (F) IF of isolated primary
GSDMD-/- hepatocytes treated with Ad-GSDMD for 24 hours with/without C11-p10 þ p20 for 16 hours at a dose of 100 VP/
cell. Hoescht nuclear stain, blue; TMR, red; GFP, green; actin, white. Data represent mean ± SD. **P < .01, ***P < .001, ****P <
.0001. Original magnification, �40. All data are representative of 3 independent experiments using cells from different mice.
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MA). Anti-caspase-11 antibody, anti-pro caspase-
1þp10þp12 antibody, anti-GSDMD antibody, anti-GSDME
antibody, and propidium iodide were from Abcam (Cam-
bridge, UK). Anti-GFP antibody, Hoechst 33342, MitoTracker
Deep Red FM, and LysoTracker Deep Red were from Invi-
trogen. Anti-F4/80 antibody was from BD Biosciences
(Franklin Lakes, NJ). TMR red kit was from Roche (Basel,
Switzerland). Lipofectamine 3000 Transfection Reagent was
from Thermo Fisher Scientific.
Primary Hepatocyte and NPC Isolation and
Treatment

Hepatocytes were isolated by a modified in situ colla-
genase (type VI; Sigma-Aldrich, St Louis, MO) perfusion
technique as previously described.48 Hepatocyte purity
exceeded 99% measured by flow cytometry, and viability
is typically over 95% verified by trypan blue. NPCs were
purified by differential centrifugation to remove hepato-
cytes. Hepatocytes (2 � 106 cells/6 cm-plate) were plated
on gelatin-coated plates, and NPCs were plated directly in
Williams-E medium with 10% calf serum, 1 mmol/L
humulin, 15 mmol/L HEPES, 2 mmol/L L-glutamine, 100
U/mL streptomycin, and 100 U/mL penicillin. Cells were
allowed to attach overnight, and then the medium was
changed before treatment. Cells were primed with LPS
(100 ng/mL) overnight and then stimulated by nigericin
(10 mmol/L), LPS (100 ng/mL), or LPS (100 ng/mL) þ
HMGB1 (400 ng/mL), or transfected with LPS by Lip-
ofectamine 3000 according to manufacturer’s protocol.
For adenoviral overexpression, empty vector or adeno-
virus containing recombinant protein was added to the
medium directly, and medium was changed every 2–3
days.
Liver Function and Cytokine Abundance
Assessment

ALT and AST levels were detected by the DRI-CHEM
4000 Chemistry Analyzer System (Heska, Loveland, CO)
according to the manufacturer’s instructions. Cytokine
abundance was measured by enzyme-linked immunosor-
bent assay according to the protocol with Mouse IL1b
DuoSet ELISA, IL1b DuoSet ELISA, IL6 DuoSet ELISA from
Figure 7. (See previous page). Caspase-11-p10Dp20 induces
dependent. (A) Plasma ALT and AST levels in WT and GSDMD-/

at a dose of 1 � 1010 VP/mouse for time points up to 24 hou
Plasma ALT levels and Western blot showing expression of GF
mice treated with Ad-GFP-caspase-1-p10 or p20 alone or toge
blot of whole cell lysates from liver tissue of GSDMD-/- mice trea
dose of 1 � 1010 VP/mouse for indicated period of time showi
cleaved caspase-3 (Cl-C3), GSDME, and N-GSDME levels from
TMR-red positive cells, and Western blot showing expression o
GSDMD-/- mice treated with Ad-GSDMD for 24 hours and then w
of 1 � 1010 VP/mouse. Immunofluorescent images in similar gr
actin, green. Arrow ¼ TMR-positive nuclei. Original magnificatio
****P < .0001 vs respective Ctrl group unless specified; n ¼ 5 m
R&D Systems (Minneapolis, MN). IL18 Mouse ELISA Kit was
from Invitrogen.

H&E, Immunohistochemistry, and
Immunofluorescence Staining

Tissue samples were prepared for H&E and IF staining
by methods as described by our group previously.49

Samples were imaged at the Center for Biologic Imaging
(University of Pittsburgh). Tissue samples were prepared
for immunohistochemistry (IHC) staining by standard
principles and methods of IHC as described.50 Briefly,
after removal of blood by cardiac puncture, mice are
perfused with cold PBS to remove red blood cells left in
tissues and circulation. Next, mice are perfused with 2%
cold paraformaldehyde, followed by harvest of the tissue
and placement in 5 mL 2% cold paraformaldehyde for 2
hours at 4�C. Half of the tissue is then switched over to
70% ethanol (H&E and IHC), with the other half placed in
30% sucrose (immunofluorescence) replaced 3 times
over a 24-hour period. H&E and IHC staining was per-
formed by Pitt Biospecimen Core. For IHC staining, tis-
sues underwent antigen retrieval, blocking, incubation of
primary (Anti-CD45 Rabbit mAb, Cell Signaling Technol-
ogy) and secondary antibodies, addition of chromogenic
agents, dehydration, and sealing with coverslip after
deparaffinizing. For immunofluorescence staining, tissues
are frozen with liquid nitrogen-cooled 2-methylbutane.
Tissues sections (6 mm) were permeabilized with 0.3%
Triton X-100 for 20 minutes and stained for cell death
with In Situ Cell Death Detection TMR Red as described
previously.49 Imaging conditions were maintained at
identical settings for each antibody-labeling experiment.
Large-area images equivalent to 9 unique fields taken by
NikonA1 (Tokyo, Japan) confocal microscope (purchased
with NIH grant 1S10OD019973-01, PI: Dr Simon C.
Watkins). Quantitation was performed using ImageJ
(NIH).

Transmission Electron Microscopy
For electron microscopy experiments, mice were eutha-

nized and then perfused withw20 mL cold PBS to wash out
all the blood, followed by perfusion with 10 mL of 2.5%
glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4), and
hepatocyte pyroptosis in liver in vivo and is also GSDMD-
- mice treated with Ad-GFP-C11-p10 or p20 alone or together
rs and 5-day survival of similarly treated groups of mice. (B)
P, GSDMD, and N-GSDMD in whole cell liver lysates of WT
ther at a dose of 1 � 1010 VP/mouse for 8 hours. (C) Western
ted with Ad-GFP-caspase-1-p10 or p20 alone or together at a
ng expression of GFP, GSDMD, N-GSDMD, caspase-3 (C3),
liver tissue of GSDMD knockout mice. (D) Plasma ALT levels,
f GFP, GSDMD, and N-GSDMD in whole cell liver lysates of
ith/without caspase-11 (C11)-p10 þ p20 for 8 hours at a dose
oups of mice showing TMR, red; Hoescht nuclear stain, blue;
n, �40. Data represent mean ± SD. */#P < .05, **/##P < .01,
ice/group. Images are representative across individual mice.
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tissue samples were stored submerged in glutaraldehyde.
For hepatocyte monolayer transmission electron micro-
scopy, cells were washed twice with PBS, followed by PBS
removal and addition of 1.5 mL 2.5% glutaraldehyde per
well. Samples were stored in glutaraldehyde at 4�C in par-
afilm sealed 6-well plates. Samples were imaged at the CBI
as described previously.51
Living Cell Image With Incucyte Live-Cell Analysis
System

Primary hepatocytes were plated in 12-well plates at a
density of 2*105cells/well. Medium was changed every
other day, and treatments or controls were added as
described in text to appropriate wells. Treated cells were
imaged by IncuCyte Live-Cell Analysis System for 24 hours
with imaging at �20 magnification. All 12 treatments were
imaged in 4 unique fields per treatment every 30 minutes
using a nuclear stain (IncuCyte NucLight Rapid Red; Sarto-
rius, Essen Bioscience, Ann Arbor, MI), caspase-GFP–labeled
constructs, cell death marker Annexin V (Annexin V NIR;
Sartorius), phase contrast, and green (400 ms exposure)
channels in IncuCyteS3 (Sartorius) platform, housed at 37�C
with 5% CO2.
Western Blot
Samples were lysed in lysis buffer with protease in-

hibitors and centrifuged at 16,100g for 10 minutes, and
supernatant was collected. Protein concentration of su-
pernatants was determined by BCA protein assay kit
(Thermo Fisher Scientific). Denatured proteins were
separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and then transferred onto a poly-
vinylidene difluoride membrane at a current of 250 mA for
2 hours. Membrane was blocked in 5% milk for 1 hour at
room temperature and then incubated overnight with
primary antibody in 1% milk at 4�C. Membranes were
washed 3 times � 10 minutes in Tris-buffered saline with
Tween-20 (TBS-T), incubated with horseradish
peroxidase–conjugated secondary antibody for 1 hour at
room temperature, and then washed 3 times � 10 minutes
in TBS-T before being developed for chemiluminescence.
Figure 8. (See previous page). Morphologic features of hepa
immunofluorescent TMR-red staining in liver tissue of WT and G
together with p10 at a dose of 1 � 1010 VP/mouse for ind
magnification, �20) images with higher magnification (original
areas of necrosis. Black arrows in H&E images indicate conde
TMR, red; Hoescht nuclear stain, blue; actin, green. Quantificatio
(B) Transmission electron microscopy images from liver tissue o
with p20 at a dose of 1 � 1010 VP/mouse for 8 hours. m, mi
chromatin; arrow, nuclear membrane; arrowhead, vacuoles from
Original magnification, �5000 (5k) or �20,000 (20k). (C) Bone
C57BL/6 mice legs (tibia and femur) and cultured for 7 days at 3
were plated in 6-well culture plate at 1 � 106 cells/mL and incub
(HCs) were treated with 1000 ng/mL and 100 ng/mL LPS for 2
immunoblot analysis using 30 mg of cell lysate (upper). In each g
examined. Data represent mean ± SD. ****P < .0001; n ¼ 5 mi
Western images were quantified by densitometry using
ImageJ software.
Real-Time Polymerase Chain Reaction
Total RNA was extracted using RNeasy Mini Kit (Qiagen,

Hilden, Germany) according to manufacturer’s instructions.
From 1 mg of RNA together with Reverse Transcription
Supermix (Bio-Rad Laboratories, Hercules, CA), cDNA was
generated and applied for real-time polymerase chain re-
action (RT-PCR) analysis. Universal SYBR Green Supermix
(Bio-Rad) and primer pairs specific for caspase-1 (forward:
5’-CCTCAAGTTTTGCCCTTTA-3’; reverse: 5’-
CCTTCTTAATGCCATCATCTT-3’), caspase-11 (forward: 5’-
CCT GAA GAG TTC ACA AGG CTT-3’; reverse: 5’-CCT TTC
GTG TAG GGC CAT TG-3’), GSDMD (forward: 5’-
CATGGCCTCAATGTGCTTGC-3’; reverse: 5’-GGTGGGCAGG-
GACACAGAAC-3’), GSDME (forward: 5’-ACAGGATGAGGT-
CAGCAACC-3’; reverse: 5’-CAATCGCTGCACGATGCCAA-3’),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(forward: 5’-TGCACCACCAACTGCTTAGC-3’; reverse: 5’-
GGCATGGACTGTGGTCATGAG-3’) were used to prepare the
RT-PCR mixes. All samples were assayed in duplicate, and
results were normalized by GAPDH abundance.
LDH Assay
Lytic cell death after treatment was measured by LDH

released into the medium. Fifty mL of supernatant was
transferred to a 96-well plate, and LDH reaction was per-
formed using Pierce LDH Cytotoxicity Assay Kit (Thermo
Fisher Scientific) according to manufacturer’s instructions
and analyzed by spectrophotometer (Biotech).
Statistics
Results are shown as mean ± standard deviation (SD) for

all the data with Gaussian distribution from at least 3 in-
dependent experiments. Data were analyzed by GraphPad
Prism 8.0.1 software (San Diego, CA). Comparison between
2 experimental groups was performed by two-tailed
unpaired t test. P <.05 was considered significantly
different.
tocyte pyroptosis in liver tissue. (A) H&E, IHC for CD45, and
SDMD-/- mice treated with Ad-GFP-caspase-11-p20 alone or
icated time periods. Left image: low magnification (original
magnification, �60) insets. Dotted lines in liver H&E indicate
nsed nucleus. Arrows in IHC sections indicate CD45þ cells;
n of CD45þ cells and TMR-red positive cells in graphs below.
f WT mice treated by GFP-caspase-11-p10 alone or together
tochondria; n, nucleus; ER, rough endoplasmic reticulum; c,
fragmented endoplasmic reticulum beaded with ribosomes.
marrow-derived macrophages (BMDM) were isolated from
7�C in a humidified 5% CO2 incubator. After 7 days, BMDMs
ated overnight. Then BMDM and primary mouse hepatocytes
4 hours, respectively. Expression of NINJ1 was detected by
roup, at least 3 independent samples from different mice were
ce/group. Images are representative across individual mice.
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