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Nonalcoholic fatty liver disease (NAFLD) is a chronic inflammatory disease in which nucleotide-binding domain of leucine-rich
repeat protein 3 (NLRP3) inflammasome plays an important role. The present research was aimed to explore the protective function
of ADAR1, an RNA editing enzyme, against inflammatory damages in high-fat diet (HFD)-induced NAFLD through inhibiting NLRP3
inflammasome and subsequent inflammation. A total of 30 patients with NAFLD were investigated, and ADART mRNA expression in
peripheral blood monocytes surveyed. The in vivo study used lentivirus to explore the function of ADAR1 overexpression in the
HFD-induced mouse model of NAFLD. The in vitro study used lentivirus and siRNA to explore the function of ADAR1 on the NLRP3
inflammasome activation in THP-1 cells. Results shown that the ADAR1 expression was upregulated in NAFLD patients in
comparison to healthy controls. In vivo, the upregulation of ADAR1 impaired NLRP3 inflammasome activation and alleviated liver
disease in HFD mice in comparison to the control group. Moreover, ADAR1 overexpression attenuated NLRP3 inflammasome in
lipopolysaccharide (LPS)+ palmitic acid (PA)-induced THP-1 cells, while ADAR1 knockdown increased the NLRP3 inflammasome
activation. Furthermore, we speculated that c-Jun may participate in ADAR1’s inhibition of NLRP3 inflammasome. Our results

suggested that ADAR1 is a potential treatment target for NAFLD via regulating the activation of NLRP3 inflammasome.

Laboratory Investigation (2022) 102:1088-1100; https://doi.org/10.1038/s41374-022-00805-8

INTRODUCTION

Non-alcoholic fatty liver (NAFLD) is one of the most frequent liver
diseases worldwide and is clinical characterized by abnormal lipid
accumulation in liver'. The clinical spectrum of NAFLD represents
from simple steatosis and non-alcoholic steatohepatitis (NASH) to
cirrhosis and hepatocellular carcinoma®. Despite some progress
has been achieved, no evidence-based pharmacological strategy
is available for the clinical treatment of NAFLD*. Thus, the
identification of new target for the molecular therapy of NAFLD
is an urgent requirement.

Recent research has confirmed that sterile inflammation plays a
pivotal driver in triggering the transition from NAFL to NASH® and
amplifies liver damage by activation of inflammasomes, following
with the secretion of the pro-inflammatory cytokines. The pro-
inflammatory cytokines, including interleukin (IL)-18 and IL-1B,
play an important part in the liver damage®. The nucleotide-
binding domain of leucine-rich repeat protein 3 (NLRP3)
inflammasome is an intracellular multiprotein complex partici-
pated in the production of mature IL-1B and IL-18 and then
induces metabolic inflammation. Reportedly, NLRP3 inflamma-
some is essential for the development of sterile liver inflammation
in NAFLD”#. In addition, compelling evidence suggests that the
abnormal activation of NLRP3 inflammasome causes the

deterioration of NAFLD. The expression levels of NLRP3 inflamma-
some components were rose markedly in both murine models
and humans with NASH®. Gain-of-function variants of NLRP3
inflammasome leads to more severe steatohepatitis in HFD-fed
mice'®. In addition, mice carried the NLRP3 inflammasome loss-of-
function variants is mild in diet-induced NAFLD®. These findings,
therefore, suggest that NLRP3 inflammasome can be regarded as
a new target for therapy of NAFLD.

Adenosine deaminase acting on RNA-1 (ADAR1) is a double-
stranded (ds) RNA-binding and editing protein that catalyzes the
C-6 deamination of adenosine (A) to generate inosine (I) in dsRNA
substrates''. ADAR1 plays a key role in both embryonic and adult
livers'2. Despite the research of ADAR1 focused on its RNA editing
activities, editing-independent activities of the protein have also
been reported’>'*. Recent advances confirm the role of ADAR1 in
preventing self RNAs from triggering immune responses'>.
Additionally, the level of ADAR1 is increased in response to
various stresses then regulates inflammatory responses'®. In
endotoxin-stimulated mice, the up-regulation of ADAR1 was
determined in peripheral lymphocytes as well as thymus and
spleen. In vitro, inflammatory mediators could directly induce the
expression increase of ADAR1 in macrophages'’. Furthermore,
ADAR1 suppresses type | interferons (IFN) production in
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hepatocytes and protects liver from inflammatory damage'?. Thus,
these studies proposed a critical role of ADAR1 in balancing
immune activation. However, the mechanism underlying ADAR1-
mediated hepatic homeostasis by modulating inflammation
remains an enigma'®,

In this study, we presented preliminary evidence on the
expression pattern of ADAR1 in NAFLD patients and reported
that the upregulated level of ADAR1 in HFD mouse models
ameliorates the NAFLD/NASH phenotype. Focusing on the effect
of ADAR1 on inflammation improvement, especially the IL-13 and
IL-18, we hypothesized that ADART may modulate inflammation
by inhibiting the activation of NLRP3 inflammasome. This
hypothesis was tested through genetic manipulation of ADART
gene expression in lipopolysaccharide (LPS)+ palmitic acid (PA)-
induced THP-1 cells and further explored its possible mechanism.

MATERIALS AND METHODS

Materials

LPS and PA were obtained from Sigma (Sigma, Darmstadt, Germany). RPMI
1640 medium, FBS, and antibiotics (penicillin/streptomycin) were acquired
from Gibco-BRL (Rockville, MD, USA). Anti-NLRP3 (D4D8T) and anti-B-actin
(8H10D10) antibodies were acquired from Cell Signaling Technology
(Beverly, MA, USA). Anti-ASC (NBP1-78977) was obtained from NovusBio
(Littleton, USA). Anti-caspase-1 (EPR16883) antibodies was obtained from
Abcam (Cambridge, UK). Anti-ADAR1 (sc-73408) antibody was acquired
from Santa Cruz Biotechnology Inc. (CA, USA). Anti-c-Jun (24909-1-AP)
antibody was acquired from Proteintech (Chicago, IL, USA).

Blood sampling

There are altogether 30 NAFLD patients (15 men and 15 women) within 5
years of diagnosis were recruited from the Diabetes Clinic in the Third
Xiangya Hospital of Central South University. The NAFLD was diagnosed by
sonography according to the standard criteria in previous studies'®?°. A
total of 20 healthy subjects (10 men and 10 women) were age- and sex-
matched with the NAFLD group. None of the subjects presented evidence
of infection, allergic, or other autoimmune diseases recently, and did not
use immunomodulatory drugs in the 6 months before sampling. The
research was approved by the Ethics Committee of the Third Xiangya
Hospital of Central South University. Written informed consent was
obtained from all study participants.

Venous blood was collected from fasting subjects between 6.00 and
8.00 a.m. to minimize the possible circadian variations. Peripheral blood
monocytes (PBMCs) were isolated using lymphocyte-H cell separation
media (VH Bio, Gateshead UK), followed by isolation of monocytes by
Percoll (Sigma, Darmstadt, Germany) density gradient centrifugation”. The
serum was separated by centrifugation and stored at -80 °C until further
analysis.

Animals

C57BL/6 male mice, aged 6-8 weeks (bodyweight = 23-25 g) (Slaccas Inc.,
Shanghai, China) were housed in a specific pathogen-free (SPF) environ-
ment with access to food and water ad libitum at the Animal Experimental
Centre of Central South University. All animal protocols were approved by
the Animal Care and Use Committee of the Third Xiangya Hospital of
Central South University.

The mice were randomly divided into four groups: mice in the control
group (n =5) were fed normal chow for 12 weeks; 15 mice were fed HFD
(60 kcal% fat, TROPHIC Animal Feed High-Tech Co. Ltd, China) for 12 weeks
to induce NAFLD and then assigned into three groups: HFD group (n =5),
HFD + vector group (n=15) injected with the LV-GFP, and HFD + ADAR1
group (n = 5) injected with LV-ADAR1-GFP. The recombinant lentivirus for
LV-ADAR1-GFP and LV-GFP were acquired from GeneChem (Shanghai,
China). C57BL/6 mice were infected with lentiviruses (1 x 10® infection
units per mouse) by injection through the tail vein. All mice were weighed
weekly. After infection, mice were weighed twice weekly. Mouse food
intake was measured on a weekly basis. The total weekly food intake of a
mouse was calculated by measuring the food added subtracted by the
food left in the cage divided by the number of mice in the cage. Mouse
daily food intake was calculated by total weekly food intake divided by 7.
Two weeks after the injection, the animals were anesthetized and
sacrificed. Subsequently, the blood samples isolated for further study
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and the liver was collected; a part of liver was fixed with formalin, and the
remaining was frozen in liquid nitrogen and stored at —80 °C.

Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)
The GTT and ITT were performed as previous published work from our
laboratory?. Glucose levels were measured using an automatic glucometer
(Roche Diagnostics, Rotkreuz, Switzerland).

Cell culture

Monocytic THP-1 cells, obtained from ATCC, were cultured in RPMI 1640
medium, supplemented with 10% heat-inactivated FBS, 1% penicillin and
100 pg/mL streptomycin. Then, the cells were stimulated with 100 ng/mL
LPS for 3 h, followed by stimulated with PA (0.5 mM) for another 8 h as
described as previous published work from our laboratory®2.

Transfection

An equivalent of 1 x 10° THP-1 cells were respectively infected with 2 x 10°
LV-GFP or LV-ADAR1-GFP lentivirus, following the protocol from Gene-
Chem (Shanghai, China). As shown in Supplementary Fig. 1, the infection
efficiency of lentivirus was >90%. The efficiency of lentivirus-mediated
ADAR1 up-regulation was assessed by Western blot analysis (Supplemen-
tary Fig. 2A, B).

We designed several small interfering RNA fragments that might bind to
the mRNA coding sequence of ADAR1 and c-Jun and selected the
sequence that inhibits most effectively. The following sense small
interfering RNA (siRNA) sequences were used in the study: si-ADAR1 (5'-
CCUUCUACAGUCAUGGCUUTT-3'); si-c-Jun (5'-GGCACAGCTTAAACAGAAA-
3’) (GenePharma, Shanghai, China). Briefly, 3 x 10° cells/well were seeded
and incubated in FBS-free medium. Subsequently, the cells were
transfected with siRNA using Lipofectamine 2000 Transfection Reagent
(Invitrogen, Shanghai, China), following the protocol from GenePharma
(Shanghai, China). The inhibitory efficiency of siRNA probes was assessed
by Western blot and gPCR analysis (Supplementary Fig. 2C, D and
Supplementary Fig 6A, B).

Biochemical analyses

The plasma levels of alanine transaminase (ALT) and aspartate transami-
nase (AST) from mice were measured by automatic biochemical analyzer
(Cobas 6000, Roche). The plasma levels of triglyceride (TG), cholesterol
(CHO), high-density lipoprotein (HDL) and low-density lipoprotein (LDL)
were detected using enzymatic colorimetric kits and were carried out
following the instructions from manufacturer (Beyotime Biotechnology
Corp.; Nanjing Jiancheng Bioengineering Institute, China). Liver tissue
samples were homogenized and then centrifuged to obtain the super-
natants. The level of hepatic TG was measured using enzymatic
colorimetric kits (Beyotime Biotechnology Corp.; Nanjing Jiancheng
Bioengineering Institute, China).

Histology

Liver slices from mice were stained with hematoxylin and eosin (H&E) or oil
red O and analyzed by microscopy (Servicebio, Wuhan, China). The
morphological changes were examined histologically in a blinded manner.
The liver sections were scored on the basis of the criteria of the NAFLD
activity score (NAS)*>24,

Immunofluorescence staining

Immunofluorescence staining was carried out following a standard
protocol. Immunofluorescence microscopy of tissue was performed with
a Leica TCS SP2 confocal scanning microscope adapted to an inverted
Leica DMI 6000CS microscope to the acquisition of multiple tissular
staining. Figures were assembled from TIF files using National Institute of
Mental Health’s open software ImageJ (NIH).

Enzyme-linked immunosorbent assay (ELISA)
The protein levels of IL-13 and IL-18 in the cell culture supernatants were
detected using ELISA kits (R&D Systems Inc., Minneapolis, USA).

Western blot analysis

The samples of mice liver and THP-1 cells were lysed in RIPA lysis buffer
(Beyotime Biotechnology, Shanghai, China). Total protein was separated by
SDS-PAGE, followed by electrophoretic transfer to PVDF membranes, and
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blocked in 5% non-fat milk at room temperature for 1 h. The membranes
were probed with primary antibodies against NLRP3, caspase-1, ASC,
ADAR1, c-Jun, and f-actin (1:1000) at 4 °C overnight. Subsequently, the
blots were incubated with specific HRP-conjugated second antibody (Cell
Signaling Technology) for 1 h at room temperature. Finally, the immunor-
eactive bands were visualized using Electrochemiluminescence (ECL) Kit
(Tanon, Shanghai, China) and X-ray film.

Quantitative real-time PCR

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) and
reverse-transcribed into cDNA using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, MA, USA). Quantitative PCR was
implement using the SYBR GREEN PCR Kit (Toyobo, Osaka, Japan). The
samples were PCR amplified at following cycles: 72 °C for 3 min, 95 °C for
30, then 30 cycles of 95°C for 10s and 58 °C for 30s. The forward and
reverse PCR primer sequences are listed in Table S1. The relative mRNA
levels of the target genes were normalized to that of GAPDH and analyzed
by the 2722 method.

NLRP3 transcription factor screening

The NLRP3 promoter sequence was retrieved using the University of
California, Santa Cruz (UCSC) genomic database (http://genome.ucsc.
edu)®2®, Then, the potential transcription factors bound with the NLRP3
promoter region were predicted by PROMO (http://alggen.Isi.upc.es/)*’22,

Data source

The normalized expression data and annotation data were acquired from
the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.
gov/geo/). The sample set of GSE72756 included 5 NAFLD liver tissues and
5 normal liver tissues°.

Bioinformatics analyses

To eliminate discrete and abnormal samples, data were analyzed by
principal component analysis (PCA)***'. GSM1860540, GSM1860541,
GSM1860543, GSM1860545 and GSM 1860548 represent normal liver tissue
samples. GSM1860542, GSM1860544, GSM1860546, GSM1860547, and
GSM1860549 represent non-alcoholic fatty liver disease liver tissue
samples (Supplementary Fig 3). Differential expression analysis and
protein-protein interaction (PPI) network analysis were conducted, as
described previously?*>2,

Statistical analysis

Data are presented as mean * standard deviation (SD). Two groups were
compared by the unpaired Student's t-test. The comparisons among
multiple groups were made by one-way analysis of variance (ANOVA),
followed by least significant difference (LSD) test as post hoc comparisons.
A p-values <0.05 was considered statistically significant. Each experiment
was repeated more than three times.

RESULTS

ADAR1 gene expression was upregulated in NAFLD patients

The clinical characteristics of a total of 30 patients are shown in
Table 1. As shown in Fig. 1, the level of ADART expression was
remarkably increased in NAFLD patients than that in healthy
individuals (p < 0.05). These findings suggested that ADART may
play a role in NAFLD.

ADAR1 gene expression was upregulated in the liver of HFD
mice

To explore the function of ADAR1T in NALFD, we detected its
expression in mice with NAFLD model. Upon feeding HFD for
16 weeks, mice revealed overt NAFLD aspects. Specifically, HFD
mice displayed a significant gain in bodyweight compared to the
normal controls (Fig. 2A). Consistently, HFD mice developed
hepatic steatosis according to H&E and oil red O staining of the
liver sections (Fig. 2B, C). Moreover, the mRNA levels of pro-
inflammatory factors, including IL-1B, IL-18, IL-6, and TNF-a in the
liver of HFD mice were remarkably higher than that in the controls
(Fig. 2D). On this basis, immunofluorescence analysis indicated
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that the level of CD68 expression, which is a marker of
macrophage, was markedly increased in the liver of HFD groups
when compared with normal groups. Interestingly, the level of
ADART1 expression in the liver of HFD mice was markedly higher
than normal mice (Fig. 2E, F). Quantification analysis shown that
the co-localization number of ADAR1 and CD68 in the liver of HFD
mice was greater than normal mice (Fig. 2G). Similarly, Western
blotting identified higher ADAR1T protein level in the liver of HFD
mice in comparison with the normal mice (Fig. 2H).

ADAR1 overexpression ameliorates HFD-induced NAFLD

We overexpressed the molecule in mice by injecting lentiviruses
through the tail vein to obtain systemic overexpression of ADAR1.
The efficiency of lentivirus-mediated ADAR1 up-regulation in the
liver tissue was confirmed by gPCR, and Western blotting showed
an increased level of ADAR1 p150 in lentivirus-injected mice
(Supplementary Fig 4). ADAR1-overexpressed had no significant
effect on food intake in mice fed with HFD (Supplementary Fig 5).
However, compared to the HFD group, the ADAR1-overexpressed
mice gained less weight over a period (Fig. 3A). Moreover, the
mean relative liver weights/bodyweight (LW/BW ratio) showed a
decline in the ADAR1-overexpressed group in comparison with
the HFD group. (Fig. 3B). In the GTT, ADAR1-overexpressed group'’s
glucose tolerance curve was apparently below HFD group’s. ITT
identified an improvement in insulin tolerance in ADARI1-
overexpressed mice than the HFD mice (Fig. 3C). ALT and AST
are generally detected to assess hepatocellular injury. The levels of
plasma ALT and AST in ADART-overexpressed group was lower
than HFD group (Fig. 3D). Assessment of hepatic TG confirmed
significantly elevated levels in HFD-fed mice. In addition, ADAR1-
overexpressed group showed a marked decrease of hepatic TG
level when compared with HFD group (Fig. 3E). The levels of
serum TG, TC, HDL, and LDL were detected in each group. As
displayed in Fig. 3F, the level of TG in ADAR1-overexpressed group
was apparently lower than that in HFD group. No significant
differences were found in CHO, HDL, and LDL levels between the
HFD group and the ADAR1-overexpressed group (Fig. 3F). In the
H&E analysis, mice on a HFD had raised levels of hepatic lipid
accumulation and inflammation. Interestingly, ADAR1 lentivirus
injection for 4 weeks significantly alleviates histological para-
meters, including steatosis, ballooning, and inflammation, on the
basis of the criteria of the NAS, in comparison with mice in HFD
group (Fig. 3G-I). These observations suggested that ADAR1 is a
potential therapeutic target for NAFLD.

ADAR1 overexpression ameliorates HFD-induced lipid
accumulation and inflammatory responses in liver

We then evaluated the effect of ADAR1 on fatty acid metabolism-
related genes and crucial pro-inflammatory genes involved in
NAFLD. As expected, ADAR1-overexpression significantly sup-
pressed the expression of genes participated in fatty acid
synthesis (PPARy, SCD1, FASN, and SREBPi1-c) and up-regulated
the expression of genes participated in fatty acid oxidation
(PPARa, ACOX1, ACADL, and ACADM) (Fig. 4A). In addition, the
transcriptional analysis revealed that ADAR1T-overexpression
remarkably suppressed the level of mRNA from pro-
inflammatory factors, including IL-18, IL-18, IL-6, and TNF-a in
comparison with HFD group (Fig. 4B). Furthermore, ADART-
overexpression also suppressed the level of LCN2 gene expression,
which is a marker for inflammation in rodents®>>3%, in the liver of
mice when compared with HFD group (Fig. 4B).

As hepatic inflammation is a compelling feature in NAFLD
development®, the inhibition of ADAR1 on pro-inflammatory
factors (i.e., IL-1B and IL-18) prompted us to explore the possible
molecular mechanisms further. Recent studies suggest a pivotal
role of NLRP3 inflammasome in the progression of NAFLD and
regulating the secretion of IL-18 and IL-18°. As expected, Western
blotting showing that the levels of NLRP3 inflammasome-

Laboratory Investigation (2022) 102:1088 - 1100


http://genome.ucsc.edu
http://genome.ucsc.edu
http://alggen.lsi.upc.es/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/

R. Xiang et al.

Table 1. Clinical characteristics of 30 patients.
Patient Age (year) Sex BMI (kg/m?) WHR
1 56 Female 22.86 0.95
2 75 Female 21.56 0.82
3 48 Female 20.26 0.79
4 54 Male 24.68 0.93
5 36 Male 25.10 0.90
6 41 Male 24.60 0.92
7 73 Female 24.71 0.90
8 59 Female 25.82 1.04
9 59 Female 20.40 0.88
10 62 Male 23.56 0.85
11 57 Male 2242 1.00
12 21 Male 28.20 1.01
13 67 Male 20.44 1.03
14 60 Male 24.41 0.99
15 53 Female 20.25 0.91
16 32 Male 21.10 1.00
17 33 Male 24.20 0.85
18 45 Male 22.31 0.86
19 31 Female 24.85 0.89
20 47 Male 2541 0.85
21 52 Male 21.32 1.01
22 69 Female 23.89 0.88
23 62 Female 23.54 0.91
24 44 Male 25.84 0.94
25 51 Male 20.54 0.89
26 39 Male 22.79 0.95
27 69 Female 2541 0.92
28 51 Male 22.16 1.01
29 56 Female 24.20 0.87
30 48 Male 2433 1.02
BMI body mass index, WHR waist-to-hip ratio.
n=20 n=30
*
1
4

=

£ 37

<

% .

£ °

R T

)
0 T T
Normal NAFLD

Fig. 1 ADAR1 gene expression was upregulated in NAFLD
patients. Total RNA was extracted and subjected to qPCR. The
2 — AACt method with normalization to GAPDH and normal
controls was used for calculation of results. The result was mean +
SD. Two groups were compared by the Student'’s t-test. *p < 0.05 vs.
the control group.
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TG (mmol/L) CHO (mmol/L) HDL (mmol/L) LDL (mmol/L)
1.16 3.02 0.93 1.56
3.22 4.98 0.87 2.65
4.16 541 1.07 233
0.59 2.85 0.63 4.61
9.66 7.98 0.85 1.63
9.05 5.28 0.92 3.23
1.33 6.34 1.59 3.52
2.11 3.18 0.52 1.52
1.46 4.33 0.61 3.06
275 5.71 1.12 3.03
2.84 4.78 1.10 2.37
1.99 4.53 0.90 273
0.59 1.85 0.83 0.61
1.84 5.4 1.24 3.17
1.22 9.59 1.51 5.21
1.36 9.87 0.82 6.00
2.64 6.02 2.05 7.83
0.75 9.97 1.19 6.32
1.41 10.52 0.92 5.59
2.36 5.58 1.31 7.21
0.56 6.34 0.84 8.16
6.33 333 0.83 2.68

10.52 7.12 0.75 1.99
1.89 4.77 0.99 3.1
3.31 4.39 1.12 2.46
1.44 6.68 0.59 2.38
5.00 235 1.02 2.87
1.98 3.66 1.32 2.03
441 5.21 0.83 2.37
2.18 8.05 0.76 5.59

associated proteins, including NLRP3 and cleaved caspase-1, in the
liver tissue of HFD mice were remarkably higher than normal mice
(Fig. 4Q). Especially, in ADAR1-overexpression mice, HFD elevated
the levels of NLRP3 protein, and caspase-1 maturation were
significantly abolished compared to that of vector mice (Fig. 4Q).
Western blots did not show any significant difference in the ASC
protein expression among groups (Fig. 4C). Also, the change of
mRNA level of NLRP3 was in accordance with the change of
protein level (Fig. 4D). These findings suggested that ADART
represses lipid accumulation and inflammatory responses during
HFD-induced NAFLD development.

ADART1 suppresses NLRP3 inflammasome activation in LPS +
PA-induced THP-1 cells

Previous studies revealed that LPS + PA-induced THP-1 mono-
cytes as a putative alternative for investigating NLRP3 inflamma-
some relative to fatty acid metabolism disorder?>3>35, As
described previously, THP-1 cells were stimulated with LPS plus
PA to activate NLRP3 inflammasome?®2. To investigate the effect of
ADART1 in vitro, we first overexpressed ADAR1 in THP-1 cells,
followed by stimulation with LPS + PA. The efficiency of lentivirus-
mediated ADAR1 upregulation was verified by Western blotting,
which showed an increased level of ADAR1 p150 in lentivirus-
infected cells (Fig. 5A). Consequently, LPS + PA-treated THP-1 cells
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Fig. 2 ADART1 is upregulated in HFD mice. A Bodyweight of the mice. B Representative microphotograph of H&E staining of hepatic lipid
accumulation. € Representative microphotograph of Qil Red O staining of hepatic lipid accumulation. D mRNA abundance of inflammatory
genes in liver tissue. E Confocal images of intracellular localization of ADAR1 by immunofluorescence in transversal sections of livers of control
and KO mice. Slides were stained for ADAR1 (red), CD68 (green), and DAPI (blue). Original magnification x100. F Quantification analysis of the
ADAR1 expression. G Quantification analysis of the co-localization number of ADART and CD68. H Abundance of ADART in mouse liver
measured by Western blot. The results were mean +SD (n = 5/group). Two groups were compared by the Student’s t-test. *p < 0.05 vs. the
normal group.
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hoc comparisons. *p < 0.05 vs. the normal group. #p < 0.05 vs. the HFD group. HFD high-fat diet.
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Fig. 5 ADAR1 suppresses NLRP3 inflammasome activation in LPS + PA-induced THP-1 cells. A Representative immunoblots for ADAR1,
NLRP3, caspase-1, and ASC; B mRNA abundance of NLRP3; C ELISA of IL-1p and IL-18 level in THP-1 cells infected with LV-GFP or LV-ADAR1-GFP.
D Representative immunoblots for ADAR1, NLRP3, caspase-1, and ASC; E mRNA abundance of NLRP3; F ELISA of IL-1p and IL-18 level in THP-1
cells transfected with scrambled or ADAR1 siRNA. All data represent the mean +SD of more than three independent experiments. The
comparisons among multiple groups were made by ANOVA, followed by LSD test as post hoc comparisons. *p < 0.05 vs. the untransfected
LPS + PA group. LV-GFP GFP lentiviral, LV-ADAR1-GFP ADAR1-GFP lentiviral, si-NC scramble siRNA, si-ADAR1 ADAR1 siRNA.
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expressed a significant rise of NLRP3 protein level and remarkably
elevated caspase-1 maturation (Fig. 5A). These effects were
significantly abolished in LV-ADAR1-GFP THP-1 cells compared
to LV-GFP THP-1 cells. Also, Western blots did not show any
significant difference in the ASC protein expression among groups
(Fig. 5A). The mRNA level of NLRP3 was similar to the protein level
(Fig. 5B). The levels of IL-1B and IL-18 in the suspensions were
examined. THP-1 cells expressed a remarkable rise in the secretion
of IL-1B and IL-18 after LPS+PA treatment, which was
significantly reduced in LV-ADAR1-GFP THP-1 cells than in LV-
GFP THP-1 cells (Fig. 5C).

Since ADAR1 was upregulated in the liver of HFD mice, we
transfected THP-1 cells with siRNA-ADART and evaluated the si-
NC- and si-ADAR1-transfected THP-1 cells with or without LPS +
PA stimulation, respectively, to explore the effect of ADAR1
knockdown on NLRP3 inflammasome activation. The efficiency of
siRNA-mediated ADAR1 downregulation was further verified by
Western blot (Fig. 5D). The basal levels of NLRP3 protein and
caspase-1 maturation were slightly increased in si-ADAR1-
transfected THP-1 cells in comparison with that in si-NC-
transfected THP-1 cells. The protein expression was also markedly
increased in LPS + PA-treated si-NC-transfected THP-1 cells and
significantly enhanced in si-ADART-transfected THP-1 stimulated
with LPS+PA as compared to that in unstimulated si-NC-
transfected THP-1 cells. Consistently, Western blots did not show
any significant difference in the ASC protein expression among
groups (Fig. 5D). The mRNA level of NLRP3 was similar to the
protein level (Fig. 5E). As shown in Fig. 5F, si-ADAR1-translated
THP-1 cells were susceptible to LPS + PA-induced IL-13 and IL-18
release in comparison with the si-NC-translated THP-1 cells. Taken
together, siRNA knockdown of ADART1 significantly enhanced LPS
+ PA-induced NLRP3 inflammasome activation.

C-Jun may participate in the inhibitory mechanism of ADAR1
on NLRP3 inflammasome activation

Herein, we further explored the possible mediator that are
implicated in the inhibiting effects of ADAR1 on NLRP3
inflammasome activation. Previous studies demonstrated that
the level of NLRP3 protein is one of rate-limiting factors for the
activation of the inflammasome®’. The transcriptional regulation
of NLRP3 expression is one of the major regulatory mechanisms
for attenuating the NLRP3 inflammasome activation®. Based on
our finding that ADAR1 regulates the NLRP3 expression at both
mRNA and protein levels, we hypothesized that ADAR1 might
modulate the transcription activity of NLRP3 by regulating its
transcription factors.

First, we obtained the promoter sequence of NLRP3 gene from
UCSC genomic database. We then employed PROMO database
to predict the transcriptional factor of NLRP3 genes. The target
transcription factor was detected by a comparison of the number
of binding sites for the promoter. As a result, we identified 25
putative transcription factors (factors predicted within a dissim-
ilarity margin) < 0% (Supporting Information Table S2). Next, the
GSE72756 dataset was downloaded and analyzed to discover the
critical genes involved in NAFLD progression. After normalization
to exclude the bias in microarray data, the results of the heatmap
and volcano plot are presented in Fig. 6A, B. The long non-
coding RNAs were excluded. There are altogether 292 differen-
tially expressed mRNAs (DE-mRNAs), including 130 upregulated
and 162 downregulated mRNAs, identified. Subsequently, the
genes that correspond to 25 putative transcription factors were
filtered by NAFLD-related DE-mRNAs (some of these transcrip-
tion factors are encoded by the same gene). Jun proto-
oncogene, AP-1 transcription factor subunit (JUN), also termed
as c-Jun, was selected as the target transcriptional factor after
considering the intersections. In addition, c-Jun also identified as
one of the key DE-mRNAs involved in NAFLD through PPI
network (Fig. 6C, D).
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Moreover, we validated the expression of c-Jun in vivo and
in vitro. Western blotting showed that the level of c-Jun in the liver
tissue of HFD mice were remarkably higher than normal mice. In
ADART1-overexpression mice, HFD elevated the level of c-Jun was
significantly abolished compared to that of vector mice (Fig. 6E).
Similarly, the change of mRNA level of c-Jun was in accordance
with the change of protein level (Fig. 6F) In vitro, after LPS + PA
treatment, the mRNA and protein levels of c-Jun in different group
of cells were determined, respectively. Results showed that the
expression of c-Jun at both mRNA and protein level was
decreased in LV-ADAR1-GFP THP-1 cells compared to that in LV-
GFP THP-1 cells (Fig. 6G). Also, the expression of c-Jun at both
mRNA and protein levels were markedly increased in LPS + PA-
treated si-ADAR1-transfected THP-1 cells in comparison with that
in si-NC-transfected THP-1 cells (Fig. 6H).

To investigate if the c-Jun was involved in the regulation of
ADAR1 on NLRP3, we further induced downregulation of c-Jun in
si-ADAR1-transfected THP-1 cells with LPS + PA stimulation. The
efficiencies of siRNA-mediated ADAR1 downregulation and siRNA-
mediated c-Jun downregulation were verified by Western blot
respectively (Fig. 7A). Under the stimulation of LPS + PA, the levels
of NLRP3 and c-Jun protein was significantly increased in si-
ADAR1-transfected THP-1 cells in comparison with that in si-NC-
transfected THP-1 cells, which consistent with the above results.
Interestingly, these effects were significantly abolished in si-c-Jun-
and si-ADAR1-transfected THP-1 cells compared to si-NC- and si-
ADAR1-transfected THP-1 cells (Fig. 7A). The mRNA level of NLRP3
was similar to the protein level (Fig. 7B).

DISCUSSION

In this research, ADAR1 expression was upregulated in both
NAFLD patients and HFD mice. In subsequent experiments, we
found that the overexpression of ADART in mice markedly

ameliorated HFD-induced liver injury. Moreover, ADARIT-
overexpression significantly abolished the LPS + PA-induced
NLRP3 inflammasome activation in THP-1 cells, while the

inhibition of ADAR1 expression with siRNA revealed a dramatic
enhancement in NLRP3 inflammasome activation. Additionally,
utilizing the GEO database analysis and bioinformatics strategies,
we screened out c-Jun and speculated it may participate in
ADAR1’s regulation of NLRP3 inflammasome. These finding
suggested that ADAR1 is functionally involved in alleviating
HFD-induced liver damage through the molecular regulation of
NLRP3 inflammasome.

NAFLD is one of the most common chronic liver diseases
worldwide®®. The presence of steatosis, oxidative stress, and
inflammatory mediators are involved in the alterations of
pathological condition in NAFLD*. It was an accepted fact that
ADART1 is indispensable for hepatic health and animal survival*'.
Moreover, ADAR1 is essential for embryonic liver development
and maintaining adult liver homeostasis'2. The deletion of ADAR1
gene in the mouse models resulted in severe liver damage®.
Nevertheless, the mechanism by which ADAR1 prevents liver
injury remains to be further explored'®. In the current research, we
observed that overexpression in mice ameliorated the HFD-
induced NAFLD phenotype. As far as we know, this is the first
research to investigate the hepatoprotective function of ADAR1 in
HFD-induced NAFLD mice.

ADAR1 was originally identified as an RNA-editing enzyme that
modifies cellular and viral RNA sequences by adenosine deamina-
tion**. Previous studies on ADAR1 were focused on exploring the
RNA editing activities and identifying the RNA target**. However,
some RNA editing independent activities of ADAR1 were
reported'?. Recent advances indicated that ADAR1 plays a role
in inhibiting adipogenesis and obesity. Yu et al. reported that
overexpression of ADAR1 could inhibit the adipogenic differentia-
tion, with the decrease of cell size and intracellular lipid droplets®.

Laboratory Investigation (2022) 102:1088 - 1100
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Studies have also shown that ADAR1 prevents autoimmunity and
regulates innate immunity'®. For example, Chen et al. demon-
strated that ADART1 is implicated in the regulation of IL-1B-induced
ICAM-1 and VCAM-1 expression'®. Wang et al. reported that
deficiency of ADAR1 in hepatocytes induces inflammatory

Laboratory Investigation (2022) 102:1088- 1100

response. The study also demonstrated that ADAR1 prevents the
liver from inflammatory injury by suppressing IFN signal path-
ways'?. Consist with previous research, the current study
demonstrated that ADART1 critically reduces LPS + PA-induced IL-
1B and IL-18 secretion in THP-1 cells. Similarly, we observed that
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Fig.6 c-Jun may participate in ADAR1’s regulation of NLRP3 inflammasome. A Clustering heatmap for the differentially expressed genes of
GSE72756. The blue-black-yellow variation indicates the alterations in the expression from low to high. B Volcano plot of differential gene
expression in normal liver tissue samples vs. NAFLD liver tissue samples; A false discovery rate (FDR; adjusted p-value) <0.05 and |log2 fold-
change (FC)|21.5 were set as thresholds. C The top 15 hub genes derived were selected using the CytoHubba plugin using the maximal clique
centrality (MCC) method. Advanced ranking is represented by the intense red color. D The schematic representation of the filter strategies
employed in our study. E Representative Western blot bands of c-Jun expression in the liver of mice. F mRNA abundance of c-Jun in the liver
tissue. G Immunoblots for c-Jun protein and c-Jun mRNA level were measured in THP-1 cells infected with LV-GFP or LV-ADAR1-GFP.
H Immunoblots for c-Jun protein and c-Jun mRNA level were detected in THP-1 cells transfected with scrambled or ADAR1 siRNA. All data
represent the mean + SD of more than three independent experiments. The comparisons among multiple groups were made by ANOVA,
followed by LSD test as post hoc comparisons. *p < 0.05 vs. the untransfected LPS + PA group. LV-GFP GFP lentiviral, LV-ADAR1-GFP ADAR1-
GFP lentiviral, Si-NC scrambled siRNA, Si-ADAR1 ADART1 siRNA.

A B

%’\ %\’ 'g 2.5 *
LPS (100 ng/ml) + + o+ =+ 2
PA (0.5mM) + + + O+ B 1
Si-ADARI1 - + - + %’140
ADARI p150 [S W W W] 150kD
= 0.0
c-Jun |.... [, - .-| 65kD = £ _Qﬁ‘ & Q@*‘
& M &
NLRP3 |8 () w= ww| 118kD & £
Si-NC Si-c-Jun

Actin | . Su S S | /5kD

Fig.7 C-Jun knockdown could abolish the effect of ADAR1 knockdown on NLRP3 expression. A Representative immunoblots for ADART, c-
Jun, and NLRP3; B mRNA abundance of NLRP3. All data represent the mean+SD of more than three independent experiments. The
comparisons among multiple groups were made by ANOVA, followed by LSD test as post hoc comparisons. *p < 0.05 vs. the LPS + PA +

siADAR1 group. si-NC scramble siRNA, si-ADAR1 ADAR1 siRNA, si-c-Jun c-Jun siRNA.

ADART1 inhibits the expression of pro-inflammatory genes during
HFD-induced NAFLD development in vivo. Together, these
findings suggested the potential role of ADAR1T as an inflamma-
tory regulator in the NAFLD model. Although the high expression
of ADAR1 in NAFLD patients and mice seemingly contradicted the
conclusion of its protective effect, it is reasonable to infer that
ADART1 is up-regulated and may play a protective role when mice
in abnormal conditions, such as obese state or under inflamma-
tory conditions in our experiment. There's a growing body of
evidence that inflammatory stress also engages regulatory feed-
back mechanisms to resolve and tightly regulate the inflammatory
response. And ADART may operate in a similar fashion, induced by
inflammation to limit inflammatory-mediated damage®®. Thus, we
guess the “natural” increased expression of ADAR1 induced by
inflammatory mediators in NAFLD mice was just not sufficient to
stop disease progression. But the overexpression of ADAR1 can be
beneficial. The seemingly contradictory effect may also be
explained by differences in ADART expression in various cell
types within the liver. For instance, HFD-diet increased the
“natural” expression of ADAR1 while overexpression treatment
increased the level of ADART expression in not only hepatocytes
but also Kuffper cells, which played a better beneficial function to
limit inflammatory. And further studies of this remains to be
investigated.

Inflammasome is pivotal in the development of obesity-
associated liver disease. Whereas, the related mechanisms still
remain largely unknown. NLRP3 inflammasome has been well-
characterized with respect to the pathophysiological roles and
clinical implications*’. NLRP3 inflammasome is a molecular
platform that modulates innate immune functions via the
maturation of caspase-1 and the production of IL-1B and IL-18%.
There is accumulating evidence indicating that the NLRP3
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inflammasome drives sterile inflammation and is pivotal in NAFLD
progression®. In the current research, we detected significantly
increased levels of NLRP3 protein and caspase-1 maturation in
LPS + PA-induced THP-1 cells. These changes were abrogated by
ADAR1 overexpression while enhanced by ADAR1 knockdown.
Moreover, the upregulation of ADAR1 impaired HFD-induced
NLRP3 inflammasome activation. Together, these results sug-
gested that the NLRP3 inflammasome pathway mediates the
inhibiting effect of ADAR1 on inflammation. Therefore, the current
study suggested that ADART has an anti-NLRP3 inflammasome
quality and can be an effective therapeutic approach to NLRP3-
related diseases, such as NAFLD.

JUN, also known as AP-1 or c-Jun, was increased in a previous
study of NAFLD*°. A previous study suggested that enhancing the
activity of c-Jun accelerates the progression and development of
NASH>'2. As an oncogene in the liver, the expression of c-Jun is
up-regulated in response to inflammatory stimuli, promoting liver
tumorigenesis®>. Moreover, activation of c-Jun is the critical step in
the transcriptional regulation of inflammasome-related genes®*>>.
Herein, we employed GEO database analysis in combination with
bioinformatics strategies to explore the possible function of c-Jun
implicated in the inhibitory effects of ADAR1 on NLRP3
inflammasome activation. Our results showed that c-Jun not only
is one of the putative transcription factors of NLRP3 protein but
also the key DE-mRNA in NAFLD. Consist with the current research,
Wu et al. reported that JUN was highly expressed as compared to
the other nodes in the PPl network, based on the GSE72756
dataset analysis; it might also participate in the pathogenic
mechanisms of NAFLD>2, Recent studies have reported the role of
c-Jun in regulating the activation of NLRP3 inflammasome. It was
shown that the activation of c-Jun is essential for the transcrip-
tional regulation of inflammasome-related genes, including NLRP3
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and Caspase-1. And inhibition of JNK/c-Jun signaling can promote
human retinal pigment epithelial cell survival by suppressing the
NLRP3 inflammasome>>. Also, Wang et al. reported that miR-139
exerted neuroprotection against oxygen-glucose deprivation/
reoxygenation (OGD/R)-induced nerve injury by negatively
regulating c-Jun/NLRP3 inflammasome signaling. In their study,
miR-139 overexpression ameliorated OGD/R-induced inflamma-
tion response through reducing NLRP3 inflammasome activation.
And the benefits of miR-139 mimics were abolished by over-
expression of c-Jun. Moreover, silence of c-Jun suppressed the
promoting effects of miR-139 inhibitor on NLRP3 inflammasome
activation. Thus, their study demonstrated that c-Jun acted as a
transcription factor of NLRP3 protein to regulate inflammation®.
Similarly, our mechanistic research showed that ADAR1 over-
expression reduced, while ADAR1 knockdown increased LPS + PA-
induced c-Jun’s expression. These results were in consistent with
the change of NLRP3 inflammasome activation in the same
condition. Moreover, our result also showed that the effect of
ADAR1 knockdown on the protein level of NLRP3 in LPS + PA-
treated THP-1 cells was significantly abolished by c-Jun knock-
down. Collectively, we provided preliminary evidence to support
that ADAR1 regulates NLRP3 inflammasome via c-Jun. However,
more detail research about the role of c-Jun in ADAR1’s regulation
on NLRP3 need to be investigated in our near future.

In summary, we provided a preliminary evidence for the in vitro
role of ADART in regulating NLRP3 inflammasome activation.
Moreover, ADAR1 overexpression ameliorates HFD-induced liver
injury, suggesting that upregulation of ADAR1 could be an
effective therapeutic approach for the treatment of obesity-
induced liver steatosis. Taken together, the current research
revealed that ADAR1 is a potential NAFLD suppressor by
regulating NLRP3 inflammasome.
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