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A B S T R A C T   

The changes of inflammation and metabolism are two features in nonalcoholic steatohepatitis (NASH). However, 
how they interact to regulate NASH progression remains largely unknown. Our works have demonstrated the 
importance of solute carrier family 7 member 11 (SLC7A11) in inflammation and metabolism. Nevertheless, 
whether SLC7A11 regulates NASH progression through mediating inflammation and metabolism is unclear. In 
this study, we found that SLC7A11 expression was increased in liver samples from patients with NASH. Upre
gulated SLC7A11 level was also detected in two murine NASH models. Functional studies showed that SLC7A11 
knockdown or knockout had augmented steatohepatitis with suppression of inflammatory markers in mice. 
However, overexpression of SLC7A11 dramatically alleviated diet-induced NASH pathogenesis. Mechanically, 
SLC7A11 decreased reactive oxygen species (ROS) level and promoted α-ketoglutarate (αKG)/prolyl hydroxylase 
(PHD) activity, which activated AMPK pathway. Furthermore, SLC7A11 impaired expression of NLRP3 inflam
masome components through AMPK-mitophagy axis. IL-1β release through NLRP3 inflammasome recruited 
myeloid cells and promoted hepatic stellate cells (HSCs) activation, which contributed to the progression of liver 
injury and fibrosis. Anti-IL-1β and anakinra might attenuate the hepatic inflammatory response evoked by 
SLC7A11 knockdown. Moreover, the upregulation of SLC7A11 in NASH was contributed by lipid overload- 
induced JNK-c-Jun pathway. In conclusions, SLC7A11 acts as a protective factor in controlling the develop
ment of NASH. Upregulation of SLC7A11 is protective by regulating oxidation, αKG and energy metabolism, 
decreasing inflammation and fibrosis.   

1. Introduction 

Nonalcoholic fatty liver disease (NAFLD) is one of the most prevalent 
chronic liver diseases, affecting approximately one quarter of the global 
population worldwide. Nonalcoholic steatohepatitis (NASH) is a 

progressive type of NAFLD and is associated with inflammation and 
fibrosis, which may progress to cirrhosis and hepatocellular carcinoma 
(HCC) [1–3]. Although our understanding of NAFLD-NASH pathophys
iology continues to advance rapidly, there are currently no approved 
therapies [4,5]. As a metabolic and inflammatory disease, how 
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metabolic disorder transits to uncontrollable inflammation remains 
unclear. 

Lipometabolic disturbance in liver causes lipotoxicity, which leads to 
reactive oxygen species (ROS) accumulation [6,7]. ROS with high con
centrations in cells causes macromolecules damage by oxidative modi
fications in cellular macromolecules and leads to cell damage, 
inflammation and fibrosis [8–10]. In early stages of NAFLD, mitochon
drial respiratory functions are increased to mitigate disease progression. 
Yet in NASH, mitochondrial adaptations are completely lost, and a low 
respiration rate and increased mitochondrial mass were observed [11, 
12]. Therefore, mitochondrial metabolism functions a vital role in NASH 
progression. Even though, the regulation of oxidative and mitochondrial 
metabolism, and their effects in mediating the crosstalk between hepa
tocytes and HSCs during fibrosis development in NASH remains largely 
unknown. 

As a member of the SLC7 family of amino acid transporters, solute 
carrier family 7 member 11 (SLC7A11) is responsible for importing 
cysteine and outputting glutamate, a rate-limiting precursor for syn
thesis of the antioxidant glutathione (GSH) [13,14]. SLC7A11 is vital for 
decreased ROS level and elevated α-ketoglutarate (αKG) content [15]. 
Oxidative metabolism acts as a trigger for immune responses, inflam
mation and progression of NASH [16,17]. Our previous study has also 
demonstrated that SLC7A11-induced decrease of αKG involves in 
inflammation [15]. Therefore, we hypothesized that SLC7A11 could act 
in the progression of NASH. 

In this study, we documented that increased SLC7A11 might serve as 
a protective role with upregulated expression in NASH samples, and 
connected with severity of the disease. SLC7A11 knockdown or 
knockout in mice had advanced lesion in NASH. However, over
expression of SLC7A11 had the protective effect. Mechanically, 
SLC7A11 decreased ROS level and αKG content by exchanging cysteine 
and glutamate, which activated adenosine monophosphate (AMP)– 
activated protein kinase (AMPK) pathway. The AMPK pathway 
decreased expression of NLRP3 inflammasome components by promot
ing mitophagy. IL-1β from NLRP3 inflammasome recruited myeloid cells 
and activated HSCs, which promoted liver fibrosis in SLC7A11 knock
down mice. Finally, we found that lipid-induced JNK pathway contrib
uted to the upregulation of SLC7A11 by c-Jun. These works indicate that 
SLC7A11 is a critical regulator in the development of NASH. 

2. Materials and methods 

2.1. Human liver samples 

Human liver samples were obtained from patients undergoing liver 
biopsy, liver surgery or liver transplantation. The exclusion criteria were 
described as following: individuals with a history of excessive alcohol 
consumption (>140 g for men or >70 g for women, per week), drug or 
toxin use, viral infection or other liver diseases were excluded from the 
study [18,19]. The study was approved by the institutional ethics 
committee of Shandong provincial hospital and adhered to the princi
ples of the Declaration of Helsinki. NAFLD activity score (NAS) was 
following the roles: cases with a NAS ≥3 or 5 were classified as NAFLD 
and NASH respectively. Samples with NAS of 0 were treated as normal 
controls (NC) [20]. 

2.2. Animal studies 

All animal protocols were approved by the Institutional Animal Care 
and Use Committee of Shandong provincial hospital. SLC7A11 knockout 
mice were obtained from Cyagen Biosciences. Hepatic knockdown or 
overexpression of SLC7A11 was applied by adeno-associated virus 
(AAV). All mice (C57BL/6 male) were housed in temperature-controlled 
environment (23 ± 2 ◦C) with a 12 h/12 h light/dark cycle. Mice were 
fed either normal chow (NC) or high-fat/high-cholesterol (HFHC) for 28 
weeks [21] or methionine-choline deficient (MCD) diet for 8 weeks [22], 

which caused NASH. Compound C (25 mg/kg; i.p. daily for one week) 
was used to inhibit AMPK in mice [23]. In the DM-αKG treatment, mice 
also received control vehicle or DM-αKG (0.6 g per kg body weight) 
[24]. Anakinra was administered daily (1 mg/kg i.p.). Neutralizing Abs 
against IL-1β (10 μg per mouse, i.p.) was injected twice a week [25]. At 
the end of the experiment, body and liver weights were determined and 
serum samples were collected. Serum lipid triglycerides (TGs), total 
cholesterol (TC), alanine transaminase (ALT) and aspartate amino
transferase (AST) were measured by using the kits purchased from 
Nanjing Jiancheng Bioengineering institute according to the manufac
turer’s protocols. 

2.3. Histological staining 

The paraffin-embedded liver sections were stained with hematoxylin 
and eosin (H&E) and oil red O staining was used to visualize the pattern 
of lipid accumulation using frozen liver sections. Masson and Sirius Red 
staining were used to detect the fibrosis. Immunohistochemical (IHC) 
staining and immunofluorescence (IF) were described in the supple
mentary materials. Histological images were obtained using a light 
microscope. 

2.4. Detection of ROS in tissues 

The liver tissues staining of ROS was detected by dihydroethidium 
(DHE). Briefly, cryosections were incubated with 10 μM DHE at 37 ◦C for 
30 min. Fluorescence was detected by a fluorescence microscope system. 

2.5. Transmission electron microscope (TEM) 

The liver tissues were prefixed with 3 % glutaraldehyde, and were 
postfixed in 1 % osmium tetroxide, dehydrated in series acetone, infil
trated in Epox 812 for a longer, and embedded. The semithin sections 
were stained with methylene blue and ultrathin sections were cut with 
diamond knife, stained with uranyl acetate and lead citrate. Sections 
were examined with JEM-1400-FLASH Transmission Electron 
Microscope. 

2.6. Measurement of mitochondrial membrane potential (Ψm) 

TMRM (#T668, Life Technologies) was used to measure mitochon
drial membrane potential (Ψm) according to manufacturer’s in
structions. Briefly, transfected cells were primed with PA for 4 h. Cells 
were stained with 200 nM TMRM for 30 min at 37 ◦C and then treated 
with CCCP (5 mM) for 5 min. After washing twice, fluorescence intensity 
was determined using a FilterMax F5 multimode plate reader. 

More details about the methods and materials are available in the 
Supplementary Materials. 

3. Results 

3.1. Hepatic expression of SLC7A11 is upregulated in NASH patients and 
positively correlates with disease severity 

To determine the involvement of SLC7A11 in NAFLD and NASH, we 
first measured SLC7A11 expression in liver samples from patients with 
NAFLD and NASH, as well as control subjects. Both mRNA and protein 
levels of SLC7A11 were significantly upregulated in patients with NASH 
compared to patients with NAFLD and with normal liver tissues (Fig. 1A- 
B). The IHC staining of SLC7A11 also proved these results (Fig. 1C). We 
next documented the clinical importance of SLC7A11 expression. To 
explore the clinical relevance of SLC7A11 expression, we divided NASH 
patients into two groups according to the median value of SLC7A11 
detected by RT-qPCR: SLC7A11 high expression (15/30) and SLC7A11 
low expression (15/30). According to the histological staining, we found 
that the liver tissues with higher SLC7A11 expression had more hepatic 
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Fig. 1. Hepatic expression of SLC7A11 is upregulated in NASH patients and positively correlates with disease severity 
(A) SLC7A11 mRNA levels in liver tissues of human normal controls (n = 10), non-alcoholic fatty liver disease (NAFLD) (n = 30), and NASH (n = 30) as determined 
by RT-qPCR. (B) Western blot was used to show the expression level of SLC7A11 protein in liver extracts from patients with normal controls, NAFLD and NASH. (C) 
Representative hematoxylin and Eosin (HE) and immunohistochemistry (IHC) images of control, NAFLD, and NASH liver sections were shown. Scale bars indicate 50 
μm. (D) HE, SLC7A11 expression by IHC, Masson staining and Sirius Red in liver sections from normal controls, NAFLD and NASH. Scale bars indicate 50 μm. (E) 
Representative IF staining showed CD11b, CD68, α-SMA and myeloperoxidase (MPO). Scale bars indicate 20 μm. (F) The mRNA levels of Cola1, Acta2 and Tgfb in 
liver tissues of human normal controls, non-alcoholic fatty liver disease, and NASH (n = 30) as determined by RT-qPCR. (G) The correlation between SLC7A11 mRNA 
levels and NAS, serum ALT and AST levels in patients with NASH. *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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lipid accumulation, worse fibrosis, more infiltration of inflammatory 
cells, and more serious liver damage (Fig. 1D-G). Overall, these data 
demonstrate the importance of SLC7A11 in human liver during pro
gression from normal to NAFLD and NASH. 

3.2. Upregulated SLC7A11 level is shown in mouse NASH models and 
hepatic SLC7A11 deficiency deteriorates diet-induced NASH 

In order to detect the expression of SLC7A11 in mouse NASH models, 
we first established two NASH mouse models by treating the mice with 

Fig. 2. Upregulated SLC7A11 level is shown in mouse NASH models and hepatic SLC7A11 deficiency deteriorates diet-induced NASH 
(A) Hepatic mRNA level of SLC7A11 in wildtype (WT) mice fed the normal chow, HFHC, or MCD diet. (B) Protein levels in wildtype (WT) mice fed the normal chow, 
HFHC, or MCD diet. (C) IHC showed the SLC7A11 expression in indicated mice groups. (D) HE, Oil Red O, Masson, Sirius Red, and α-SMA staining were shown in WT 
or SLC7A11 knockdown mice fed with HFHC, or MCD diet. (E) Representative IF staining showed Ly6G and F4/80. (F) Graphs showed the serum ALT and AST in 
mice (n = 6/group). Scale bars indicate 50 μm for IHC and 20 μm for IF. Error bars represent mean ± SD. *p < 0.05. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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HFHC for 28 weeks [21] or MCD for 8 weeks [22], and we found that 
hepatic SLC7A11 expression was elevated in NASH mouse models 
induced by HFHC or MCD diets (Fig. 2A-C). The immunofluorescence 
staining of SLC7A11 and Albumin demonstrated that higher SLC7A11 
expression in hepatocytes from NASH mice than control mice (Supple
mentary Fig. 1A). We then knockdown the expression of SLC7A11 by 

AAV (AAV-shSLC7A11) to assess its role in NASH. Firstly, we found that 
AAV-shSLC7A11 could decrease the SLC7A11 expression compared to 
AAV-shcontrol mice group with normal chow (NC). However, liver 
weight, TG and cholesterol levels had no significant effect between 
AAV-shSLC7A11 and AAV-shcontrol group (Supplementary Fig. 1B). 
8-week-old mice were fed a HFHC diet or a MCD diet and then treated 

Fig. 3. Hepatocyte-specific overexpression of SLC7A11 aggravates NASH 
(A-C) Hepatic mRNA (A), protein levels (B) and IHC staining (C) of SLC7A11 in AAV-control or AAV-SLC7A11 mice fed with HFHC, or MCD diet. (D) HE, Oil Red O, 
Masson, Sirius Red, and α-SMA staining were shown in AAV-control or AAV-SLC7A11 mice fed with HFHC, or MCD diet. (E) Representative IF staining showed Ly6G 
and F4/80. (F) Graphs showed the serum ALT and AST in mice (n = 6/group). Scale bars indicate 50 μm for IHC and 20 μm for IF. Error bars represent mean ± SD. *p 
< 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with AAV-shcontrol or AAV-shSLC7A11 to gain the NASH models with 
SLC7A11 knockdown. Hematoxylin and Eosin (HE), Oil Red O, Masson, 
Sirius Red, and IF staining of α-SMA showed that SLC7A11 deficiency 
aggravated hepatic lipid accumulation, inflammation, and fibrosis 
(Fig. 2D). Macrophages and neutrophils are proved to main myeloid 
cells involved in NASH progression [26,27]. Therefore, macrophages 
(F4/80) and neutrophils (Ly6G) were detected to evaluate the function 
of SLC7A11 in NASH progression. We found significantly increased 
numbers of infiltrated inflammatory macrophages and neutrophils in 
SLC7A11 knockdown mice compared to control mice as detected by IF 
(Fig. 2E). Furthermore, SLC7A11 knockdown in consistently augmented 
liver enzymes was shown by ALT and AST (Fig. 2F). Liver weight, TG 
and cholesterol levels were increased in SLC7A11 knockdown NASH 
mice (Supplementary Fig. 1C). Moreover, SLC7A11 knockout mice were 
used to check its influence on NASH progression and we found that 
SLC7A11 knockout contributed to hepatic lipid accumulation, inflam
mation, and fibrosis (Supplementary Figs. 1D–1F). These data illustrate 
that hepatic knockdown or knockout of SLC7A11 deteriorate liver 
inflammation and liver damage in NASH mouse models. 

3.3. Hepatocyte-specific overexpression of SLC7A11 improves NASH 

To further investigate the function of SLC7A11 in NASH in vivo, we 
constructed an overexpression of SLC7A11 mouse model by applying the 
AAV (AAV-SLC7A11). Firstly, we found that AAV-SLC7A11 could in
crease the SLC7A11 expression compared to AAV-control mice group 
with normal chow (NC). However, liver weight, TG and cholesterol 
levels had no significant effect between AAV-SLC7A11 and AAV-control 
group (Supplementary Fig. 2A). The overexpression of SLC7A11 was 
confirmed by RT-qPCR, western blot and IHC in NASH models (Fig. 3A- 
C). Hepatic SLC7A11 overexpression and littermate mice were subjected 
to feed with HFHC or MCD diet. HE, Oil Red O, Masson, Sirius Red, and 
IF staining of α-SMA showed that SLC7A11 overexpression decreased 
hepatic lipid accumulation, inflammation, and fibrosis (Fig. 3D). In 
addition, we also found significantly reduced numbers of infiltrated 
macrophages and neutrophils in AAV-SLC7A11 mice compared to AAV- 
control mice as detected by IF (Fig. 3E). Furthermore, mice with 
SLC7A11 upregulation had ameliorative liver enzymes (Fig. 3F). Liver 
weight, TG and cholesterol levels were largely increased in SLC7A11 
upregulation mice (Supplementary Figs. 2B–2D). These data illustrate 
that the important roles of hepatic SLC7A11 in against liver inflamma
tion and liver damage in NASH mouse models. 

3.4. SLC7A11 promotes the activation of AMPK pathway and impairs 
NASH progression 

In order to detect the mechanism of SLC7A11 in regulating NASH 
progression, we performed RNA sequencing analysis by using the liver 
tissues of HFHC-AAV-control and HFHC-AAV-SLC7A11. The Metascape 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal
ysis identified largely changed pathways between HFHC-AAV-control 
and HFHC-AAV-SLC7A11. The AMPK pathway was the most signifi
cant changed axis in these pathways (Fig. 4A and B). To prove the roles 
of AMPK pathway in SLC7A11-regulated NASH, we firstly examined the 
AMPK Thr172 phosphorylation (pAMPK) which indicated activation of 
AMPK in livers of NASH mice models. The results demonstrated that 
pAMPK expression was decreased in NASH liver tissues (Fig. 4C and 
Supplementary Fig. 3A), and the expression of pAMPK weaken further 
when SLC7A11 was knocked down (Fig. 4D and Supplementary Fig. 3B), 
indicating repression of AMPK activity. However, the upregulation of 
SLC7A11 augmented pAMPK level shown by western blot and IHC 
(Fig. 4E-F and Supplementary Figs. 3C–3D). The in vitro analysis by 
using Hepa1-6 cells also confirmed that SLC7A11 could rescue the 
expression of pAMPK (Supplementary Fig. 3E). In order to further study 
the role of AMPK in SLC7A11-regulated NASH, we treated the AAV- 
SLC7A11 NASH mice with or without AMPK inhibitor compound C 

(CC) [28,29]. HE, Oil Red O, Masson, Sirius Red, and IF staining of 
α-SMA illustrated that AMPK inhibition by CC aggravated hepatic lipid 
accumulation, inflammation, and fibrosis (Fig. 4G). We also found 
significantly increased numbers of infiltrated inflammatory immune 
cells in mice with CC compared to control mice as shown by F4/80 and 
Ly6G (Fig. 4H). ELISA also confirmed that AMPK inhibition could 
aggravate liver damage in AAV-SLC7A11 NASH mice (Supplementary 
Fig. 3F). AMPK is a key metabolic regulator that senses energy status and 
controls energy expenditure and storage, which attenuates NASH pro
gression [30–32]. Therefore, according to the above results, we find that 
SLC7A11 might impair NASH progression by activating AMPK pathway. 

3.5. SLC7A11 activates AMPK pathway by decreasing ROS level and 
promoting αKG/PHD activity 

SLC7A11-mediated cystine uptake promotes GSH synthesis, which is 
indispensable to scavenge excessive ROS [33,34]. ROS signaling de
activates AMPK pathway [35,36]. Therefore, we hypothesized that 
SLC7A11 might activate AMPK through decreasing ROS. The ROS 
staining demonstrated that HFHC diet could increase ROS level and 
SLC7A11 knockdown sharply increased the ROS. However, the reduced 
ROS staining was found when SLC7A11 was upregulated (Fig. 5A). 
These works were confirmed in vitro analysis, which demonstrated that 
SLC7A11 could attenuate ROS level induced by palmitic acid (PA), and 
SLC7A11 knockdown largely augmented ROS level (Fig. 5B). N-ace
tyl-L-cysteine (NAC), a broadly used ROS scavenger [37,38], accelerated 
pAMPK expression in Hepa1-6-shSLC7A11 cells with PA treatment 
(Fig. 5C). These results illustrate that SLC7A11 could regulate AMPK 
activation by decreasing ROS level. 

Our previous study also found that SLC7A11 could decrease αKG 
content [15]. We conjected that SLC7A11 might influence AMPK 
pathway by αKG. In NASH models, SLC7A11 downregulation could in
crease αKG content and upregulated SLC7A11 had the reversed effect 
(Fig. 5D). Similar results were confirmed in vitro experiments (Fig. 5E). 
Further, dimethyl-αKG (DM-αKG), a cell-permeable analog of αKG sup
pressed AMPK Thr172 phosphorylation induced by SLC7A11 in 
PA-treated Hepa1-6 cells (Fig. 5F). Because αKG can interfere with 
cellular function by activating PHD enzymes [39]. We examined 
whether αKG suppressed AMPK pathway activation in a PHD-dependent 
manner. Treatment with dimethyloxalyglycine (DMOG), an inhibitor of 
PHD activity, restored pAPMK expression reduced by DM-αKG in 
PA-treated Hepa1-6-SLC7A11 cells (Fig. 5G). To further assess the roles 
of αKG in SLC7A11-induced protective function in NASH, the DM-αKG 
was applied in NASH mice with AAV-SLC7A11. HE, Oil Red O, Masson, 
Sirius Red, and IF staining of α-SMA demonstrated that the addition of 
DM-αKG blocked the protective role of SLC7A11 and showed by 
aggravated hepatic lipid accumulation, inflammation, and fibrosis 
(Fig. 5H). In addition, we also found significantly increased numbers of 
infiltrated immune cells and aggravated liver damage in DM-αKG-trea
ted mice compared to controls (Fig. 5I, Supplementary Fig. 3G). These 
data suggest that αKG impairs AMPK activation by augmenting PHD 
activity and deteriorates NASH. 

3.6. SLC7A11 impairs the expression of NLRP3 inflammasome 
components by AMPK-induced mitophagy 

The above works in Fig. 4B also found that NOD-like receptor 
signaling pathway was vital in SLC7A11-treated NASH. NOD-, LRR- and 
pyrin domain-containing 3 (NLRP3) is the best characterized cytosolic 
nod-like pattern recognition receptor [40,41], which is activated in 
NASH and promotes liver fibrosis and NASH progression [42,43]. We 
first analyzed the inflammatory cytokines in NASH models and found 
that inflammasomes mediators IL-1β and IL-18 (P < 0.01) were signifi
cantly upregulated when SLC7A11 was knockdown (Fig. 6A). However, 
SLC7A11 upregulation could reverse the mRNA levels of IL-1β and IL-18 
(Supplementary Fig. 4A). Similarly, IL-1β was increased in liver tissues 
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Fig. 4. SLC7A11 promotes the activation of AMPK pathway and impairs NASH progression 
(A-B) The Metascape (A) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (B) identified changed pathways between HFHC-AAV-control and HFHC-AAV- 
SLC7A11. (C) Western blot showed the pAMPK (Thr172) expression in mice with normal chow and HFHC diet. (D) Western blot showed the pAMPK (Thr172) 
expression in HFHC diet mice with shcontrol or shSLC7A11. (E) Western blot showed the pAMPK (Thr172) expression in mice with control or SLC7A11 upregulation 
and treated with HFHC diet. (F) HE and pAMPK staining were exhibited in AAV-control or AAV-SLC7A11 mice fed with HFHC diet. (G) Mice with SLC7A11 
upregulation treated with HFHC diet. Then, mice were given with control or AMPK inhibitor CC. n = 6 per group. HE, Oil Red O, Masson, Sirius Red, and α-SMA 
staining were demonstrated in 2 groups of mice. (H) Representative IF staining showed Ly6G and F4/80 in 2 groups of mice. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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and serum under SLC7A11 knockdown in NASH models (Fig. 6B) and 
increased-SLC7A11 expression could abolish IL-1β upregulation in these 
samples (Supplementary Fig. 4B). Western blot analysis revealed that 
active NLRP3 inflammasome components such as mature IL-1β and 
cleaved caspase-1 was upregulated when SLC7A11 was knocked down. 
However, SLC7A11 upregulation decreased the expression of NLRP3 
inflammasome components (Fig. 6C). These works demonstrated that 
SLC7A11 might inhibit NLRP3 inflammasome expression. 

We next tried to determine how SLC7A11 regulated NLRP3 expres
sion. Because SLC7A11 could activate AMPK, we hypothesized that 
SLC7A11 could regulate NLRP3 expression through AMPK. Knocking 
down AMPKα1, the predominant catalytic subunit, showed enhanced 
NLRP3 expression, caspase-1 cleavage and IL-1β release (Fig. 6D, Sup
plementary Fig. 4C). As expected, inhibition of AMPKα1 enhanced 
caspase-1 activity decreased by SLC7A11 upregulation in PA-treated 
Hepa1-6 cells (Supplementary Fig. 4D). Consistently, AMPK activation 
by the selective AMPK agonist A769662 significantly reduced IL-1β 
production (Supplementary Fig. 4E). IHC staining showed that AMPK 
inhibition by CC significant decreased expression of cleaved caspase-1 
and mature IL-1β (Fig. 6E). Above works illustrate that SLC7A11 im
pairs NLRP3 inflammasome expression by AMPK pathway. 

AMPK activation stimulates autophagy/mitophagy via phosphory
lation of ULK1 and mitochondrial fission factor (MFF), a mitochondrial 
outer-membrane receptor for DRP1 [44,45]. DRP1 binds to fission sites, 
which isolate mitochondria with reduced membrane potential, thereby 
enhancing recruitment of the mitophagy-promoting E3 ubiquitin ligase 
Parkin [46]. Upregulation of SLC7A11 reduced mitochondrial mem
brane potential (Ψm) and knockdown of SLC7A11 had opposite effect at 
least as effectively as the uncoupler carbonyl cyanide m-chlorophenyl 
hydrazone (CCCP) (Fig. 6F). Knocking down AMPKα1 could reverse the 
reduced mitochondrial membrane potential caused by SLC7A11 upre
gulation (Fig. 6G). Transmission electron microscope (TEM) exhibited 
that AMPKα1 knockdown could decrease the mitophagy (Fig. 6H). 
Western blot showed that AMPKα1 knockdown decreased the expression 
of Drp1 and P62, suggesting decreased mitophagy. Mitophagy leads to 
decrease damaged mitochondria producing ROS and oxidized cytosolic 
mitochondrial DNA, which in turn blocks NLRP3 inflammasome over
activation and expression [47,48]. All of these works suggest that 
SLC7A11 inhibits NLRP3 inflammasome by AMPK-induced mitophagy. 

3.7. Inhibition of IL-1β pathway by neutralizing Abs or anakinra 
improves SLC7A11 knockdown-induced liver fibrosis and NASH 
progression 

Inflammation is an important characteristic in NASH and IL-1β could 
induce NASH progression [42,49,50]. IL-1β was used to stimulate pri
mary hepatic stellate cells (HSCs) which is responsible for liver fibrosis 
and found that IL-1β could increase expression of α-SMA and Collagen-1 
in a dose-dependent manner (Fig. 7A). Treating HSCs cells with super
natant of PA-treated Hepa1-6-shSLC7A11 cells and then given with 
control or IL-1β neutralizing Abs (Anti-IL-1β), the western blot found 
that anti-IL-1β could decrease the expression of α-SMA and Collagen-1 
(Fig. 7B). Our above works have demonstrated that SLC7A11 could 
regulate immune cells infiltration and IL-1β could also recruit immune 

cells [15,25]. Therefore, we conjectured that SLC7A11 knockdown 
might recruit immune cells by IL-1β. We first examined the effect of 
IL-1β on the motility of bone-marrow–derived macrophages (BMDMs) 
and found that IL-1β dramatically increased the migrative capacity of 
BMDMs (Fig. 7C). The conditioned medium from PA-stimulated Hep
a1-6-shSLC7A11 cells was used to culture BMDMs and simultaneously 
gave cells anti-IL-1β or IL-1R1 antagonist anakinra. The results showed 
that anti-IL-1β and anakinra could largely decrease the conditioned 
medium-induced BMDMs migration (Fig. 7D). 

We then evaluated the effect of anti-IL-1β and anakinra on SLC7A11 
knockdown-induced NASH in vivo by using two NASH models. HE, Oil 
Red O, Masson, Sirius Red, and IF staining of α-SMA demonstrated that 
anti-IL-1β and anakinra improved hepatic lipid accumulation, inflam
mation, and fibrosis, which were deteriorated by SLC7A11 knockdown 
(Fig. 7E and Supplementary Fig. 5A). In addition, we also found 
significantly decreased numbers of infiltrated immune cells in anti-IL-1β 
or anakinra-treated mice compared to controls (Fig. 7F, Supplementary 
Fig. 5B). Liver enzymes, TG and cholesterol levels were decreased in 
anti-IL-1β or anakinra-treated mice (Fig. 7G, Supplementary 
Figs. 5C–5D). These data demonstrates that inhibition of IL-1β pathway 
could effectively block liver fibrosis and NASH progression caused by 
SLC7A11 knockdown. 

3.8. Lipid-induced JNK-c-Jun pathway contributes to the upregulation of 
SLC7A11 in NASH 

Our above works found that SLC7A11 was upregulated in NASH. 
Therefore, we hypothesized that lipid might be a contributor to 
SLC7A11 upregulation. RT-qPCR and western blot analysis showed that 
PA could upregulate SLC7A11 expression (Fig. 8A-B). Moreover, PA 
treatment increased the promoter activity of SLC7A11 (Fig. 8C). To 
define the roles of the cis-regulatory elements of the SLC7A11 promoter 
in response to PA treatment, a series of truncated mutants of the 
SLC7A11 promoter were generated. A deletion from nt-847 to − 373 
significantly decreased PA-induced SLC7A11 promoter activity, hinting 
that this sequence was vital for the activation of the SLC7A11 promoter 
induced by PA. Three transcription factors binding sites were located in 
this region. Site-directed mutagenesis showed that mutation of c-Jun 
binding site significantly reduced SLC7A11 promoter activity induced 
by PA (Fig. 8D). A ChIP assay confirmed that c-Jun could bind to the 
SLC7A11 promoter (Fig. 8E). 

Luciferase activity and RT-qPCR analysis demonstrated that knock
down of c-Jun impaired the SLC7A11 promoter activity and decreased 
the mRNA level of SLC7A11 regulated by PA (Fig. 8F-G). Western blot 
demonstrated that c-Jun knockdown decreased PA-induced SLC7A11 
expression (Fig. 8H). To characterize which signaling pathway mediated 
PA-dependent SLC7A11 induction, Hepa1-6 cells were simultaneously 
treated with PA and inhibitors of extracellular signal-regulated kinase 
(ERK), p38, JNK, or PI3K pathways. JNK inhibitor largely abolished PA- 
mediated SLC7A11 induction, whereas other kinase inhibitors had little 
effect (Fig. 8I). These studies suggested that lipid upregulated SLC7A11 
expression through JNK-c-Jun pathway. 

Fig. 5. SLC7A11 activates AMPK pathway by decreasing ROS level and promoting αKG/PHD activity 
(A) Representative images of ROS staining in liver tissues in NASH mice with SLC7A11 knockdown or upregulation. (B) Hepa1-6 cells transfected with LV-control, 
LV-SLC7A11, LV-shcontrol, LV-shSLC7A11-1 and LV-shSLC7A11-2 lentivirus and then treated with PA. ROS staining was detected in these groups. (C) Hepa1-6- 
shSLC7A11 cell were treated with control or N-acetyl-L-cysteine (NAC) and followed by PA. Western blot showed the pAMPK (Thr172) expression. (D) αKG content 
was measured in NASH mice with SLC7A11 downregulation or SLC7A11 downregulation. (E) Hepa1-6 cells transfected with LV-control, LV-SLC7A11, LV-shcontrol, 
LV-shSLC7A11-1 and LV-shSLC7A11-2 lentivirus and then treated with PA. αKG content was measured in these groups. (F) Hepa1-6 cells transfected with LV-control 
and LV-SLC7A11 lentivirus and then treated with or without dimethyl-αKG (DM-αKG) followed by PA. Western blot showed the pAMPK (Thr172) and SLC7A11 
expression. (G) Hepa1-6-SLC7A11 cells treated with DM-αKG alone or DM-αKG and dimethyloxalyglycine (DMOG) and followed by PA. Western blot showed the 
pAMPK (Thr172) expression. (H) Mice with or without SLC7A11 upregulation fed with HFHC diet and then treated with control or DM-αKG. n = 6 per group. HE, Oil 
Red O, Masson, Sirius Red, and α-SMA staining were demonstrated in these groups of mice. (I) Representative IF staining showed Ly6G and F4/80 in these groups of 
mice. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. SLC7A11 impairs the expression of NLRP3 inflammasome components by AMPK-induced mitophagy 
(A) mRNA levels in AAV-shcontrol or AAV-shSLC7A11 mice fed with HFHC, or MCD diet. (B) IL-1β expression in hepatic tissues and serum in AAV-shcontrol or AAV- 
shSLC7A11 mice fed with HFHC, or MCD diet. (C) Western blot demonstrated the expression of pro-caspase-1, cleaved-caspase-1 and IL-1β in AAV-shcontrol, AAV- 
shSLC7A11, AAV-control and AAV-SLC7A11 mice fed with HFHC, or MCD diet. (D) Hepa1-6 cells transfected with LV-SLC7A11 or cotransfected with LV-SLC7A11 
and LV-shAMPKα1-1/LV-shAMPKα1-2. Western blot demonstrated the expression of SLC7A11, pAMPK (Thr172), cleaved-caspase-1 and IL-1β. (E) Mice with 
SLC7A11 upregulation were treated with HFHC diet. Then, mice were given with control or AMPK inhibitor CC. n = 6 per group. IHC showed the expression of 
cleaved-caspase-1 and IL-1β. (F) Hepa1-6 cells transfected with LV-control, LV-SLC7A11, LV-shcontrol, LV-shSLC7A11-1 and LV-shSLC7A11-2 lentivirus and then 
treated with PA. Mitochondrial membrane potential was measured in these groups. (G) Hepa1-6-SLC7A11 cells transfected with LV-shcontrol, LV-shAMPKα1-1/LV- 
shAMPKα1-2 and then treated with PA. Mitochondrial membrane potential was measured in these groups. (H) Transmission electron microscope (TEM) exhibited 
mitophagy in these cells. (I) Western blot demonstrated the expression of SLC7A11, pAMPK (Thr172), Drp1 and P62 in indicated groups. 
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Fig. 7. Inhibition of IL-1β pathway by neutralizing Abs or anakinra improves SLC7A11 knockdown-induced liver fibrosis and NASH progression 
(A) Primary hepatic stellate cells (HSCs) were treated with different concentration of IL-1β. Western blot demonstrated the expression of α-SMA and Collagen-1. (B) 
HSCs were given with the supernatant of Hepa1-6-SLC7A11 with the stimulation of PA and then vehicle or anti-IL-1β were added to HSCs. Western blot showed the 
expression of α-SMA and Collagen-1. (C) The migrative ability of BMDMs cells was showed after the stimulation of vehicle or anti-IL-1β. (D) BMDMs cells were given 
with the supernatant of Hepa1-6-SLC7A11 with the stimulation of vehicle, anti-IL-1β, vehicle (PBS) or anakinra. The migrative ability of BMDMs cells was showed. 
(E) HFHC treated-NASH mice with SLC7A11 downregulation were treated with vehicle, anti-IL-1β, vehicle (PBS) or anakinra. HE, Oil Red O, Masson, Sirius Red, and 
α-SMA staining were demonstrated in these groups of mice. (F) Representative IF staining showed Ly6G and F4/80 in these groups of mice. (G) Graphs showed the 
serum ALT and AST in mice (n = 6/group). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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4. Discussion 

NASH is considered the progressive form of NAFLD and is charac
terized by liver steatosis, inflammation, hepatocellular injury and 

different degrees of fibrosis [2]. Almost one-third of patients with NASH 
might progress to advanced fibrosis or cirrhosis, which translates to 
increased liver-related mortality owing to complications of cirrhosis, 
including HCC [2]. Although several mechanisms underlie NASH 

Fig. 8. Lipid-induced JNK-c-Jun pathway contributes to the upregulation of SLC7A11 in NASH 
(A) The mRNA expression of SLC7A11 in the hepatocyte, HepG2 and Hepa1-6 cells with or without PA treatment. (B) The protein level of SLC7A11 in the hepatocyte, 
HepG2 and Hepa1-6 cells with or without PA treatment. (C) Luciferase activity of SLC7A11 mRNA promoter was detected in the Hepa1-6 cells with or without PA 
treatment. (D) Truncated and mutated SLC7A11 promoter sequences were established and transfected in Hepa1-6 cells under PA treatment. Luciferase activity was 
detected. (E) Ch-IP analysis was used to detected the binding of c-Jun and SLC7A11 promoter in the Hepa1-6 cells with or without PA treatment. (F) Luciferase 
activity of SLC7A11 mRNA promoter was detected in the Hepa1-6 cells transfected with control siRNA or c-Jun siRNA under the PA treatment. (G) The mRNA 
expression of SLC7A11 in indicated cells. (H) Western blot demonstrated the expression of p-c-Jun (Ser73) and SLC7A11 in indicated cells. (I) ERK, p38, JNK, or PI3K 
pathway inhibitors were applied in Hepa1-6 cells under PA treatment. Expression of SLC7A11, total and phosphorylated ERK, JNK, p38, and AKT was detected by 
western blot. 
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development and progression, the identification of those factors that 
trigger inflammation, thereby fueling the transition from NAFLD to 
NASH is still urgent. In this study, we found that SLC7A11 was upre
gulated in clinical NASH tissues and NASH mice models. Knockdown or 
knockout of SLC7A11 expression aggravated hepatic lipid accumulation, 
inflammation, fibrosis and recruited macrophages and neutrophils. 
However, the upregulation of SLC7A11 had the reverse effect. These 
results indicated that SLC7A11 played a protective role in NASH. Me
chanically, SLC7A11 decreased ROS level through importing cystine and 
activated AMPK pathway. Ros block by NAC could activate the AMPK 
pathway. Meanwhile, SLC7A11 decreased αKG content and inhibited 
PHD activity, which promoted AMPK activation. DM-αKG suppressed 
AMPK activation induced by SLC7A11 under PA treatment. The AMPK 
inhibitor compound C (CC) or DM-αKG treatment worsen hepatic lipid 
accumulation, inflammation, fibrosis and increased recruitment of 
macrophages and neutrophils in vivo. SLC7A11 also triggered inflam
masomes inactivation by AMPK activation-induced mitophagy. IL-1β 
released from NLRP3 inflammasome promoted liver fibrosis and 
recruited myeloid cells, which contributed to SLC7A11 
knockdown-induced NASH progression. Furthermore, inhibition of 
IL-1β by anti-IL-1β or Anakinra could decrease hepatic inflammation, 
fibrosis and liver injury. Finally, we found that lipid could upregulate 
SLC7A11 expression. Luciferase reporter and Chip assays identified the 
transcription factor c-jun that activated by lipid-induced JNK pathway 
contributed to the upregulation of SLC7A11. These works indicated the 
important role of SLC7A11 in decreasing inflammation and impairing 
NASH progression. 

AMPK is a heterotrimeric protein kinase complex, which senses en
ergy statue and can be activated by low energy status [51,52]. Inacti
vation of AMPK is occurred in during obesity and hyperglycemia [30]. 
Therefore, AMPK activation has become an attractive potential candi
date for the treatment of metabolic diseases including NAFLD [32]. In 
this research, we demonstrated that SLC7A11 could activate AMPK and 
thus decrease NASH progression. SLC7A11 outport cysteine and 
increased GSH level, which decreased ROS level. ROS has been reported 
to activate or inactivate AMPK, which could be a process that is 
context-dependent [53]. The reason for this might be due to different 
cell models, methodological or biological differences, and different 
methodologies in measuring ROS level. In our study, we found that 
SLC7A11-induced decrease of ROS inactivated AMPK at Thr172 phos
phorylation. Meanwhile, we found that SLC7A11 could decrease αKG 
level and weaken PHD activity. PHD has been reported to inhibit NF-kB 
through blocking pIKK activity [24]. However, whether it could regulate 
AMPK activation is unclear. In this study, we also illustrated that 
SLC7A11 activated AMPK by inhibiting αKG/PHD activity. Therefore, 
SLC7A11 upregulation could impair NASH progression by activating 
AMPK. 

Inflammasomes are cytoplasmic multi-protein complexes including 
one of several NLR and PYHIN proteins, including NLRP1, NLRP3, 
NLRC4, and AIM2 [54]. Studies have found the important role of 
inflammasomes in NAFLD and NASH. A research article has found that 
NLRP6 and NLRP3 inflammasomes and the effector protein IL-18 
exacerbated hepatic steatosis and inflammation via modulation of the 
gut microbiota [55]. However, some articles also found that inflam
masomes could induce liver inflammation, liver fibrosis and NASH 
progression [42,43]. Researches have demonstrated that AMPK could 
regulate inflammasomes activation by mitophagy-induced clear of 
damaged mitochondria, which could induce NLRP3 activation [56,57]. 
In this study, we found that SLC7A11 inactivated NLRP3 inflammasome 
through AMPK-induced mitophagy. 

In summary, in this study, we found a new role of SLC7A11 in NASH 
progression by regulating oxidative and mitochondrial metabolism, 
which might be a potential target. 
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