
Role of pyroptotic cell death in the pathogenesis of NASH 

Yuguo YI; Jiamin ZHENG; Yang ZHOU; Zhiqin LIU; Dan WENG*

Center for Molecular Metabolism, Nanjing University of Science & Technology, Nanjing, 210094, China

Key words:  Gasdermin-D, Non-alcoholic fatty liver disease, Pyroptosis, Steatohepatitis

Abstract: Nonalcoholic fatty liver disease (NAFLD) represents a huge threat to public health of the whole world. 
Around 25% of NAFLD patients will progress to nonalcoholic steatohepatitis (NASH), which has been predicted to be 
the main reason for liver transplantation in the United States in 2020. Extensive effort has been devoted to investigating 
the underlying molecular mechanisms of NASH pathogenesis and developing new promising treatments. Recent 
studies have demonstrated that pyroptosis, an inflammatory programmed cell death mediated by inflammasome and 
gasdermin-D (GSDMD), is involved in the development and progression of NASH. This review aims to summarize the 
recent findings regarding the role of pyroptosis and related molecules in the pathogenesis of NASH.
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Introduction

Due to the change of lifestyle, the incidence of non-alcoholic 
fatty liver disease (NAFLD) has increased rapidly in recent 
decades worldwide. According to the statistics by the 
World Health Organization, there are around 25-30 % of 
population suffering from NAFLD in western countries, and 
this number is also rising in Asian countries in recent years 
(Estes et al., 2018; Fan et al., 2017; Sheth, 1997; Younossi 
et al., 2016). NAFLD is usually asymptomatic, but occurs 
with other metabolic syndromes frequently, such as obesity, 
insulin resistance, hyperlipidemia, high blood pressure, 
and sometimes with complications such as cardiovascular 
diseases (Di Bonito et al., 2019; Rinella, 2015; Shi et al., 2019). 
The pathological progression spectrum of NAFLD is simple 
steatosis, nonalcoholic steatohepatitis (NASH), cirrhosis, and 
hepatocellular cancer (HCC) (Anstee et al., 2019; Calzadilla 
Bertot and Adams, 2016; Pierantonelli and Svegliati-
Baroni, 2019). Approximately 10-20 % of NAFLD patients 
will progress to NASH, a more severe subtype of chronic 
liver disease and the aggressive form of NAFLD (Rinella, 
2015; Younossi et al., 2016). It is unclear why some NAFLD 
patients progress to NASH, while the majority of them can 
remain in the benign stage of simple steatosis. It is predicted 
that the prevalence of NASH will become the leading cause 
of hepatocellular carcinoma or liver transplantation in the 
USA by 2020 (Goldberg et al., 2017). However, the diagnostic 
testing methods and clinical treatment for NASH are 
currently very limited, and so far, there is still no approved 
pharmacotherapy for NASH (Sumida and Yoneda, 2018).
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The mechanisms underlying the pathogenesis of NASH 
have received extensive studies, and a “two-hit” theory has 
been broadly accepted for many years (Day and James, 
1998; Fang et al., 2018). According to this traditional ‘two-
hit’ theory, the development of NASH is caused by two hits 
as hepatic fat accumulation (hepatic steatosis) acts as the 
first hit to sensitize the hepatocytes, for later attack by the 
second hit to cause the progression into steatohepatitis. The 
second hit originates from various factors including oxidative 
stress, intestinal microbiota, mitochondrial dysfunction, 
inflammatory cytokines, and/or endoplasmic reticulum 
(ER) stress, (Day and James, 1998). However, recently 
growing evidence suggests that hepatic steatosis may not be 
limited to the ‘first hit’ and itself without another hit may 
also cause the liver injury, and this evidence has challenged 
the ‘two-hit’ theory. Then a modified ‘multiple hits’ model 
has been proposed suggesting that multiple pathogenic 
factors act in parallel to drive the development of NASH and 
the pathogenic drivers in different NASH patients may be 
heterogeneous and different (Fang et al., 2018; Takaki et al., 
2013; Tilg and Moschen, 2010).

In  def ining the  pathogenic  dr ivers  for  NASH 
development, it is now accepted that NASH is caused by 
liver lipotoxicity (Noureddin and Sanyal, 2018; Svegliati-
Baroni et al., 2019). Excessive accumulation of lipid 
molecules including free fatty acids, free cholesterol, and 
diacylglycerols, etc., in liver results in lipotoxic burden 
on hepatocytes and leads to the occurrence of (ER) stress, 
mitochondrial dysfunction, oxidative stress, and finally cell 
death in hepatocytes (Marra and Svegliati-Baroni, 2018; 
Noureddin and Sanyal, 2018; Ogawa et al., 2018). Injured 
hepatocytes then recruit and activate immune cells, resulting 
in chronic inflammation in the liver. One of the key questions 
that remain to be clarified is how toxic lipid molecules induce 
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cell death in hepatocytes and which cell death model(s) is 
(are) involved. Previous studies suggest that lipotoxicity 
kills hepatocytes by apoptosis, which is a programmed and 
noninflammatory mode of cell death (Kanda et al., 2018). 
In the recent decade, knowledge regarding different forms 
of cell death, like necroptosis, pyroptosis and autophagy, 
and the molecular mechanisms regulating these modes of 
cell death have grown very fast. Accumulating evidence 
suggests that the mode of cell death in hepatocytes during 
NASH pathogenesis is not limited to apoptosis, but also 
includes necroptosis as well as pyroptosis, two forms of 
proinflammatory cell death (Beier and Banales, 2018; Dara 
et al., 2016; Schwabe and Luedde, 2018). In this review, we 
will focus on pyroptosis and summarize the recent advances 
about the involvement of pyroptosis in NASH pathogenesis.

Pyroptosis

Pyroptosis was originally identified as an inflammatory cell 
death involved in the innate immune response against pathogen 
infection (Cookson and Brennan, 2001). It has been regarded 
as caspase-1-mediated lytic cell death induced by different 
inflammasome complexes for a long time. Inflammasomes are 
multimeric protein complexes that typically comprise a sensor 
protein, an adaptor protein and the zymogen procaspase-1 (Lu 
and Wu, 2015; Martinon et al., 2002; Sharma and Kanneganti, 
2016; Vanaja et al., 2015). Various pathogen-associated or 
danger-associated molecular patterns (PAMPs or DAMPs) 
are recognized by specific inflammasome sensors, leading to 
the oligolization of corresponding inflammasomes (Malik 
and Kanneganti, 2017; Vanaja et al., 2015). Then procaspase-1 
is cleaved and activated through proximity-induced self-
cleavage, and the active caspase-1 next cleave pro-interleukins 
1β and 18 (pro-IL-1β and pro-IL-18) into mature cytokines 
(Malik and Kanneganti, 2017; Vanaja et al., 2015). IL-1β is a 
potent inducer of inflammation, vasodilation and immune 
cell extravasation, and also has roles in shaping adaptive 
immune responses (Bent et al., 2018; Joosten et al., 2013). IL-
18 promotes the production of interferon (IFN)-γ by TH1 cells, 
NK cells, and cytotoxic T cells, enhances the development 
of TH2 cells, and promotes local inflammation (Bent et al., 
2018; Dinarello et al., 2013; Van De Veerdonk et al., 2011). In 
addition to the maturation of pro-inflammatory cytokines IL-
1β and IL-18, inflammasome-induced caspase-1 activation also 
results in pro-inflammatory cell death, with the features of cell 
membrane lysis and release of intracellular contents, which are 
distinguished from canonical apoptosis. This form of cell death 
was referred to as ‘pyroptosis’ by Cookson et al. (2001).

Although the form of pyroptotic cell death has been 
recognized for a long time, its regulation and relevant 
mechanisms have been clarified until recent years. First, apart 
from caspase-1, another caspase, caspase-11 in mice and 
caspase-4/5 in humans have also been found to mediate the 
occurrence of pyroptosis induced by cytosolic LPS or Gram-
negative bacterial infections (Ng and Monack, 2013; Yang et 
al., 2015), suggesting that pyroptosis may not be limited to 
macrophages and play more prevalent roles. Subsequently, 
two independent studies identified the key executioner 
molecule of pyroptosis, gasdermin D (GSDMD), which is 
the substrate of inflammatory caspase-1 and caspase-11/4/5 

(Kayagaki et al., 2015; Shi et al., 2015). GSDMD contains 
two conserved domains, the N-terminal gasdermin-N 
domain, and the C-terminal gasdermin-C domain, which 
are bound by a middle linker region. GSDMD is kept in an 
autoinhibitory state by its gasdermin-C domain binding to 
its gasdermin-N domain (Shi et al., 2017). Active caspase-1 
and caspase-11/4/5 cleave GSDMD at D276 in the linker 
region and gasdermin-N domain is thereby released and 
oligomerized to bind to phosphoinositide or cardiolipin in 
cell membrane, leading to the formation of membrane pores 
with an inner diameter of 10–15 nm (Huang et al., 2015; 
Kayagaki et al., 2015; Shi et al., 2015). The formation of 
membrane pores by the oligomerized gasdermin-N terminal 
disrupts the cellular osmotic potential and causes the swelling 
and lysis of the cells, leading to the release of the pro-
inflammatory cytokines such as IL-1β and IL-18 and other 
cell content. The discovery of GSDMD and the establishment 
of GSDMD knockout animals marked the milestone of 
pyroptosis research and incited the enthusiasm of studying 
pyroptosis in different physiological and pathological 
processes, including cardiovascular diseases, cancer, and liver 
diseases like NASH.

Pyroptosis in NASH

Regarding the pathogenesis of NASH, it was first found 
that pyroptosis inducer, NOD-like receptor protein 3 
(NLRP3) inflammasome, was involved in the development 
of NAFLD and NASH. NLRP3 inflammasome, as the 
most extensively studied inflammasome, consists of the 
cytoplasmic inflammasome sensor NLRP3, adaptor protein 
apoptosis-associated speck-like protein containing a caspase 
recruitment domain (ASC) and the effector procaspase-1. 
NLRP3 inflammasome can be activated by diverse stimuli, 
including different pathogen-associated molecular patterns 
(PAMPs) like bacterial toxins and viruses, and danger-
associated molecular patterns (DAMPs) like uric acid, 
fatty acid and ATP (Swanson et al., 2019), etc. NLRP3 
inflammasome activation results in the cleavage and 
activation of caspase-1, which further cleaves pro-IL-1β, 
pro-IL-18 as well as GSDMD, leading to the occurrence of 
pyroptosis and the release of the mature cytokines IL-1β and 
IL-18. Growing evidence suggests that NLRP3 inflammasome 
plays important roles in different inflammation-relevant 
diseases as microbial infection, atherosclerosis, Alzheimer’s 
disease, Type 2 diabetes, as well as NASH (Swanson et al., 
2019). Several studies reported that the expression of NLRP3 
and other relevant molecules are all significantly increased 
in both NASH mouse models and NASH patients (Csak et 
al., 2011; Matsuzaka et al., 2012; Wree et al., 2014). Wree et 
al. (2014) found that NLRP3 overexpression aggravated the 
hepatic inflammation and fibrosis in the choline-deficient 
amino acid-defined (CDAA)-induced NAFLD model, 
whereas NLRP3 genetic deficiency significantly attenuated 
the symptoms of hepatomegaly, liver injury and fibrosis in the 
same mouse model (Wree et al., 2014). Mridha et al. (2017) 
obtained similar results using NLRP3 selective inhibitor 
MCC950, which reduced liver fibrosis in MCD (methionine 
and choline-deficient) diet-fed mice. These studies suggested 
that NLRP3 inflammasome plays an important role in the 
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Conclusions

As outlined in this review, the members that participate 
in regulating pyroptosis, including NLRP3, caspase-1, IL-
1β as well as GSDMD, have been shown to contribute to 
the pathogenesis of NAFLD and NASH. Hence, pyroptosis 
might play a significant role in steatohepatitis, and pyroptosis 
signaling molecules may be potential pharmaceutical targets 
for the treatment of NASH (Wree et al., 2016). However, 
despite these exciting findings about the role of pyroptosis 
in NASH pathogenesis, many aspects during the process still 
remain elusive and require further research, such as which 
factors induce the activation of inflammasome and lead to the 
occurrence of pyroptosis during the progression of steatosis, 
how GSDMD causes liver damage and fibrosis and what the 
underlying mechanism is, whether there is negative regulator 
of pyroptosis, etc. Future efforts should be devoted to 
answering these questions, so as to provide a better theoretical 
basis for clinical treatment development for NASH.

Acknowledgement

This  work was supported by the National  Natural 
Science Foundation of China under Grant 31970897, 
Outstanding Youth Foundation of Jiangsu Province 
(BK20190069), Qing Lan Project of Jiangsu Province, and 
the Fundamental Research Funds for the Central Universities 
No. 30919011102.

Conflicts of Interest

The authors declare that there is no conflicts of interest 
regarding the publication of this article.

Rererences

Anstee QM, Reeves HL, Kotsiliti E, Govaere O, Heikenwalder M 
(2019). From NASH to HCC: current concepts and future 
challenges. Nature Reviews-Gastroenterology & Hepatology 
16: 411-428.

Beier JI, Banales JM (2018). Pyroptosis: an inflammatory link 
between NAFLD and NASH with potential therapeutic 
implications. Journal of Hepatology 68: 643-645.

Bent R, Moll L, Grabbe S, Bros M (2018). Interleukin-1 beta–
A friend or foe in malignancies? International Journal of 
Molecular Sciences 19: 2155.

Calzadilla Bertot L, Adams LA (2016). The natural course of 
non-alcoholic fatty liver disease. International Journal of 
Molecular Sciences 17: 774.

Cookson BT, Brennan MA (2001). Pro-inflammatory programmed 
cell death. Trends in Microbiology 9: 113-114.

Csak T, Ganz M, Pespisa J, Kodys K, Dolganiuc A, Szabo G (2011). 
Fatty acid and endotoxin activate inflammasomes in mouse 
hepatocytes that release danger signals to stimulate immune 
cells. Hepatology 54: 133-144.

Dara L, Liu ZX, Kaplowitz N (2016). Questions and controversies: 
the role of necroptosis in liver disease. Cell Death Discovery 
2: 16089.

Day CP, James OF (1998). Steatohepatitis: a tale of two “hits”? 

pathogenesis of NAFLD, and might serve as a potential target 
for the treatment of NAFLD and NASH. In addition to the 
role of inflammasome sensor NLRP3, the inflammasome 
effector, caspase-1, has also been found to contribute to the 
inflammation and fibrogenesis in MCD-induced NASH 
model (Dixon et al., 2012). Dixon et al. (2013) reported that 
a high-fat diet (HFD) significantly increased the expression 
of pre-caspase-1, IL-1β and genes involved in lipogenesis in 
the liver of NASH model mice. Moreover, lack of caspase-1 
reduced the levels of triglyceride (TG), plasma cholesterol 
and free fatty acids in mouse plasma, and alleviated the 
liver inflammation (Dixon et al., 2013). Regarding the 
inflammasome activation product, IL-1β, its role in the 
pathogenesis of NAFLD and NASH is consistent with NLRP3 
and caspase-1. Overexpression of IL-1β induced hepatocyte 
inflammation and restricted the expansion of fat cells, 
thereby resulted in a large amount of adipose tissue ectopic 
and interfered with liver fat metabolism (Nov et al., 2013). 
Kamari et al. (2011) found that both the protein level and 
the mRNA level of IL-1β were elevated in various dietary-
induced NASH models. Similarly, IL-1β-deficient mice had 
significantly decreased liver inflammation and liver fibrosis 
than wild type mice.

With the above findings that the components of the 
inflammasome pathway, including NLRP3, caspase-1, 
and IL-1β, all play roles in the pathogenesis of NAFLD 
or NASH, it is reasonable to speculate that pyroptosis, as 
another important outcome induced by inflammasome 
activation, may also contribute to the progression of NASH. 
The identification of GSDMD as the critical executor of 
pyroptosis and the establishment of GSDMD knockout mice 
enable the assessment of pyroptosis in the pathogenesis of 
NASH. Xu et al. (2018) recently published in the Journal of 
Hepatology and reported that GSDMD plays a crucial role 
in the development and progression of steatohepatitis. Their 
results demonstrated that Gsdmd-/- mice exhibited attenuated 
liver injury, hepatic lipid accumulation, necroinflammation as 
well as hepatic fibrosis in MCD diet-induced steatohepatitis 
compared to wild type mice. In addition, Gsdmd-/- mice also 
developed less steatosis in the HFD-induced NAFLD model, 
indicating a pivotal role of GSDMD in different murine 
models of NAFLD and NASH. Moreover, overexpression of 
the gasdermin-N domain (GSDMD-N), which bears intrinsic 
pyroptosis-inducing activity by injecting AAV9-FLEX-
GSDMD-N in Alb-Cre mice not only increased the severity 
of MCD-induced steatohepatitis but also spontaneously 
caused liver injury even in control diet-fed mice, suggesting 
that GSDMD-N-induced pyroptosis is a crucial contributor 
for the pathogenesis of steatohepatitis. Importantly, Xu et al. 
(2018) also showed that the protein expression of GSDMD 
and its pyroptosis-inducing fragment GSDMD-N are both 
upregulated in liver tissues of NAFLD/NASH patients. 
Furthermore, the level of GSDMD-N is positively correlated 
with the NAFLD activity score (NAS) and fibrosis in patients 
with NASH, suggesting that GSDMD is also involved 
in human steatohepatitis and GSDMD-N might act as a 
potential biomarker for NASH diagnosis (Xu et al., 2018).



10                                                                                                                                                                                             YUGUO YI et al.  

Gastroenterology 114: 842-845.
Di Bonito P, Valerio G, Licenziati MR, Miraglia Del Giudice E, 

Baroni MG, Morandi A, Maffeis C, Campana G, Spreghini 
MR, Di Sessa A, Morino G, Crino A, Chiesa C, Pacifico 
L, Manco M (2019). High uric acid, reduced glomerular 
filtration rate and non-alcoholic fatty liver in young people 
with obesity. Journal of Endocrinological Investigation.

Dinarello CA, Novick D, Kim S, Kaplanski G (2013). Interleukin-18 
and IL-18 binding protein. Frontiers in Immunology 4: 289.

Dixon LJ, Berk M, Thapaliya S, Papouchado BG, Feldstein AE 
(2012). Caspase-1-mediated regulation of fibrogenesis in 
diet-induced steatohepatitis. Laboratory Investigation 92: 
713-723.

Dixon LJ, Flask CA, Papouchado BG, Feldstein AE, Nagy LE (2013). 
Caspase-1 as a central regulator of high fat diet-induced 
non-alcoholic steatohepatitis. PLoS One 8: e56100.

Estes C, Anstee QM, Arias-Loste MT, Bantel H, Bellentani S, 
Caballeria J, Colombo M, Craxi A, Crespo J, Day CP, Eguchi 
Y, Geier A, Kondili LA, Kroy DC, Lazarus JV, Loomba R, 
Manns MP, Marchesini G, Nakajima A, Negro F, Petta S, 
Ratziu V, Romero-Gomez M, Sanyal A, Schattenberg JM, 
Tacke F, Tanaka J, Trautwein C, Wei L, Zeuzem S, Razavi H 
(2018). Modeling NAFLD disease burden in China, France, 
Germany, Italy, Japan, Spain, United Kingdom, and United 
States for the period 2016-2030. Journal of Hepatology 69: 
896-904.

Fan JG, Kim SU, Wong VW (2017). New trends on obesity and 
NAFLD in Asia. Journal of Hepatology 67: 862-873.

Fang YL, Chen H, Wang CL, Liang L (2018). Pathogenesis of non-
alcoholic fatty liver disease in children and adolescence: 
From “two hit theory” to “multiple hit model”. World Journal 
of Gastroenterology 24: 2974-2983.

Goldberg D, Ditah IC, Saeian K, Lalehzari M, Aronsohn A, Gorospe 
EC, Charlton M (2017). Changes in the prevalence of 
hepatitis C virus infection, nonalcoholic steatohepatitis, 
and alcoholic liver disease among patients with cirrhosis 
or liver failure on the waitlist for liver transplantation. 
Gastroenterology 152: 1090-1099 e1091.

Huang Z, Wu SQ, Liang Y, Zhou X, Chen W, Li L, Wu J, Zhuang 
Q, Chen C, Li J, Zhong CQ, Xia W, Zhou R, Zheng C, 
Han J (2015). RIP1/RIP3 binding to HSV-1 ICP6 initiates 
necroptosis to restrict virus propagation in mice. Cell Host 
& Microbe 17: 229-242.

Joosten LA, Netea MG, Dinarello CA (2013). Interleukin-1beta in 
innate inflammation, autophagy and immunity. Seminars in 
Immunology 25: 416-424.

Kamari Y, Shaish A, Vax E, Shemesh S, Kandel-Kfir M, Arbel Y, 
Olteanu S, Barshack I, Dotan S, Voronov E, Dinarello CA, 
Apte RN, Harats D (2011). Lack of interleukin-1alpha or 
interleukin-1beta inhibits transformation of steatosis to 
steatohepatitis and liver fibrosis in hypercholesterolemic 
mice. Journal of Hepatology 55: 1086-1094.

Kanda T, Matsuoka S, Yamazaki M, Shibata T, Nirei K, Takahashi H, 
Kaneko T, Fujisawa M, Higuchi T, Nakamura H, Matsumoto 
N, Yamagami H, Ogawa M, Imazu H, Kuroda K, Moriyama 
M (2018). Apoptosis and non-alcoholic fatty liver diseases. 
World Journal of Gastroenterology 24: 2661-2672.

Kayagaki N, Stowe IB, Lee BL, O’rourke K, Anderson K, Warming 
S, Cuellar T, Haley B, Roose-Girma M, Phung QT, Liu PS, 
Lill JR, Li H, Wu J, Kummerfeld S, Zhang J, Lee WP, Snipas 

SJ, Salvesen GS, Morris LX, Fitzgerald L, Zhang Y, Bertram 
EM, Goodnow CC, Dixit VM (2015). Caspase-11 cleaves 
gasdermin D for non-canonical inflammasome signalling. 
Nature 526: 666-671.

Lu A, Wu H (2015). Structural mechanisms of inflammasome 
assembly. The FEBS Journal 282: 435-444.

Malik A, Kanneganti TD (2017). Inflammasome activation and 
assembly at a glance. Journal of Cell Science 130: 3955-3963.

Marra F, Svegliati-Baroni G (2018). Lipotoxicity and the gut-liver axis 
in NASH pathogenesis. Journal of Hepatology 68: 280-295.

Martinon F, Burns K, Tschopp J (2002). The inflammasome: a 
molecular platform triggering activation of inflammatory 
caspases and processing of proIL-beta. Molecular Cell 10: 
417-426.

Matsuzaka T, Atsumi A, Matsumori R, Nie T, Shinozaki H, Suzuki-
Kemuriyama N, Kuba M, Nakagawa Y, Ishii K, Shimada 
M, Kobayashi K, Yatoh S, Takahashi A, Takekoshi K, Sone 
H, Yahagi N, Suzuki H, Murata S, Nakamuta M, Yamada 
N, Shimano H (2012). Elovl6 promotes nonalcoholic 
steatohepatitis. Hepatology 56: 2199-2208.

Mridha AR, Wree A, Robertson AaB, Yeh MM, Johnson CD, Van 
Rooyen DM, Haczeyni F, Teoh NC, Savard C, Ioannou GN, 
Masters SL, Schroder K, Cooper MA, Feldstein AE, Farrell 
GC (2017). NLRP3 inflammasome blockade reduces liver 
inflammation and fibrosis in experimental NASH in mice. 
Journal of Hepatology 66: 1037-1046.

Ng TM, Monack DM (2013). Revisiting caspase-11 function in host 
defense. Cell Host & Microbe 14: 9-14.

Noureddin M, Sanyal AJ (2018). Pathogenesis of NASH: The impact of 
multiple pathways. Current Hepatology Reports 17: 350-360.

Nov O, Shapiro H, Ovadia H, Tarnovscki T, Dvir I, Shemesh E, 
Kovsan J, Shelef I, Carmi Y, Voronov E, Apte RN, Lewis E, 
Haim Y, Konrad D, Bashan N, Rudich A (2013). Interleukin-
1beta regulates fat-liver crosstalk in obesity by auto-
paracrine modulation of adipose tissue inflammation and 
expandability. PLoS One 8: e53626.

Ogawa Y, Imajo K, Honda Y, Kessoku T, Tomeno W, Kato S, Fujita 
K, Yoneda M, Saito S, Saigusa Y, Hyogo H, Sumida Y, Itoh 
Y, Eguchi K, Yamanaka T, Wada K, Nakajima A (2018). 
Palmitate-induced lipotoxicity is crucial for the pathogenesis 
of nonalcoholic fatty liver disease in cooperation with gut-
derived endotoxin. Scientific Reports 8: 11365.

Pierantonelli I, Svegliati-Baroni G (2019). Nonalcoholic fatty liver 
disease: basic pathogenetic mechanisms in the progression 
from NAFLD to NASH. Transplantation 103: e1-e13.

Rinella ME (2015). Nonalcoholic fatty liver disease: a systematic 
review. JAMA 313: 2263-2273.

Schwabe RF, Luedde T (2018). Apoptosis and necroptosis in 
the liver: a matter of life and death. Nature Reviews 
Gastroenterology Hepatology 15: 738-752.

Sharma D,  Kannegant i  TD (2016) .  The  ce l l  biolog y  of 
inflammasomes: mechanisms of inflammasome activation 
and regulation. Journal of Cell Biology 213: 617-629.

Sheth SG, Chopra S (1997). Nonalcoholic steatohepatitis. Ann Intern 
Med 126: 137-121.

Shi J, Gao W, Shao F (2017). Pyroptosis: gasdermin-mediated 
programmed necrotic cell death. Trends in Biochemical 
Sciences 42: 245-254.

Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, Zhuang Y, 
Cai T, Wang F, Shao F (2015). Cleavage of GSDMD by 



 PYROPTOSIS AND STEATOHEPATITIS                                                                                                                                                 11   

inflammatory caspases determines pyroptotic cell death. 
Nature 526: 660-665.

Shi Y, Wang Q, Sun Y, Zhao X, Kong Y, Ou X, Jia J, Wu S, You H 
(2019). The prevalence of lean/nonobese nonalcoholic fatty 
liver disease: a systematic review and meta-analysis. Journal 
of Clinical Gastroenterology.

Sumida Y, Yoneda M (2018). Current and future pharmacological 
therapies for NAFLD/NASH. Journal of Gastroenterology 53: 
362-376.

Svegliati-Baroni G, Pierantonelli I, Torquato P, Marinelli R, Ferreri 
C, Chatgilialoglu C, Bartolini D, Galli F (2019). Lipidomic 
biomarkers and mechanisms of lipotoxicity in non-alcoholic 
fatty liver disease. Free Radical Biology and Medicine 144: 
293-309. 

Swanson KV, Deng M, Ting JP (2019). The NLRP3 inflammasome: 
molecular activation and regulation to therapeutics. Nature 
Reviews Immunology 19: 477-489.

Takaki A, Kawai D, Yamamoto K (2013). Multiple hits, including 
oxidative stress, as pathogenesis and treatment target in 
non-alcoholic steatohepatitis (NASH). International Journal 
of Molecular Sciences 14: 20704-20728.

Tilg H, Moschen AR (2010). Evolution of inflammation in 
nonalcoholic fatty liver disease: the multiple parallel hits 
hypothesis. Hepatology 52: 1836-1846.

Van De Veerdonk FL, Netea MG, Dinarello CA, Joosten LA (2011). 
Inflammasome activation and IL-1beta and IL-18 processing 
during infection. Trends in Immunology 32: 110-116.

Vanaja SK, Rathinam VA, Fitzgerald KA (2015). Mechanisms 
of inflammasome activation: recent advances and novel 
insights. Trends in Cell Biology 25: 308-315.

Wree A, Mcgeough MD, Pena CA, Schlattjan M, Li H, Inzaugarat 
ME, Messer K, Canbay A, Hoffman HM, Feldstein AE 
(2014). NLRP3 inflammasome activation is required for 
fibrosis development in NAFLD. Journal of Molecular 
Medicine 92: 1069-1082.

Wree A, Mehal WZ, Feldstein AE (2016). Targeting cell death and 
sterile inflammation loop for the treatment of nonalcoholic 
steatohepatitis. Seminars in Liver Disease 36: 27-36.

Xu B, Jiang M, Chu Y, Wang W, Chen D, Li X, Zhang Z, Zhang D, 
Fan D, Nie Y, Shao F, Wu K, Liang J (2018). Gasdermin D 
plays a key role as a pyroptosis executor of non-alcoholic 
steatohepatitis in humans and mice. Journal of Hepatology 
68: 773-782.

Yang J, Zhao Y, Shao F (2015). Non-canonical activation of 
inflammatory caspases by cytosolic LPS in innate immunity. 
Current Opinion in Immunology 32: 78-83.

Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer 
M (2016). Global epidemiology of nonalcoholic fatty liver 
disease—Meta-analytic assessment of prevalence, incidence, 
and outcomes. Hepatology 64: 73-84.


