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A B S T R A C T   

Mitochondrial dysfunction and oxidative stress-mediated inflammasome activation play critical roles in the 
pathogenesis of the non-alcoholic fatty liver disease (NAFLD). Non-steroidal anti-inflammatory drug (NSAID)- 
activated gene-1 (NAG-1), or growth differentiation factor-15 (GDF15), is associated with many biological 
processes and diseases, including NAFLD. However, the role of NAG-1/GDF15 in regulating oxidative stress and 
whether this process is associated with absent in melanoma 2 (AIM2) inflammasome activation in NAFLD are 
unknown. In this study, we revealed that NAG-1/GDF15 is significantly downregulated in liver tissues of patients 
with steatosis compared to normal livers using the Gene Expression Omnibus (GEO) database, and in free fatty 
acids (FFA, oleic acid/palmitic acid, 2:1)-induced HepG2 and Huh-7 cellular steatosis models. Overexpression of 
NAG-1/GDF15 in transgenic (Tg) mice significantly alleviated HFD-induced obesity and hepatic steatosis, 
improved lipid homeostasis, enhanced fatty acid β-oxidation and lipolysis, inhibited fatty acid synthesis and 
uptake, and inhibited AIM2 inflammasome activation and the secretion of IL-18 and IL-1β, as compared to their 
wild-type (WT) littermates without reducing food intake. Furthermore, NAG-1/GDF15 overexpression attenuated 
FFA-induced triglyceride (TG) accumulation, lipid metabolism deregulation, and AIM2 inflammasome activation 
in hepatic steatotic cells, while knockdown of NAG-1/GDF15 demonstrated opposite effects. Moreover, NAG-1/ 
GDF15 overexpression inhibited HFD- and FFA-induced oxidative stress and mitochondrial damage which in turn 
reduced double-strand DNA (dsDNA) release into the cytosol, while NAG-1/GDF15 siRNA showed opposite ef-
fects. The reduced ROS production and dsDNA release may be responsible for attenuated AIM2 activation by 
NAG-1/GDF15 upon fatty acid overload. In conclusion, our results provide evidence that other than regulating 
lipid homeostasis, NAG-1/GDF15 protects against hepatic steatosis through a novel mechanism via suppressing 
oxidative stress, mitochondrial damage, dsDNA release, and AIM2 inflammasome activation.   

1. Introduction 

NAFLD is a prevalent chronic disease worldwide and has become an 
emerging health threat in recent years, which comprises a wide disease 
spectrum ranging from hepatic steatosis to more severe diseases 
including non-alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and 
hepatic carcinoma [1]. The mechanisms underlying the progression 
from steatosis to NASH or more advanced disease stages are still poorly 
understood. Recently, the “multiple hit” mechanisms which state that 
simple steatosis can lead to the development of severe NAFLD through 

multiple events have been proposed including insulin resistance, mito-
chondrial dysfunction, adipose tissue dysfunction, oxidative stress, 
endoplasmic reticulum (ER) stress, altered regulation of innate immu-
nity, or compositional changes of microbiota [2]. Among these factors, 
oxidative stress which increases ROS production is considered “an 
important hit” to trigger progression from simple steatosis to NASH [3, 
4]. 

Hepatic steatosis or fatty liver, the most predominant form of 
NAFLD, is defined as an increased accumulation of lipids in hepatocytes 
of at least 5% of liver weight and results from the disruption of hepatic 

* Corresponding author. School of Pharmaceutical Sciences, Zhejiang Chinese Medical University, 260 Baichuan Road, Hangzhou, 311400, China. 
E-mail address: xywang@zcmu.edu.cn (X. Wang).  

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2022.102322 
Received 28 February 2022; Received in revised form 10 April 2022; Accepted 23 April 2022   

mailto:xywang@zcmu.edu.cn
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2022.102322
https://doi.org/10.1016/j.redox.2022.102322
https://doi.org/10.1016/j.redox.2022.102322
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Redox Biology 52 (2022) 102322

2

lipid homeostasis along with the accumulation of triglyceride (TG) or 
fatty acids [5]. FFAs were proposed to act as lipotoxic triggers that 
generate ROS and cause mitochondrial damage, which results in the 
progression from simple steatosis to more severe NAFLD stages [6,7]. 
Animal studies showed that hepatic lipids composed of saturated fatty 
acids are primarily responsible for hepatic lipotoxicity during NAFLD 
[8]. Although numerous studies identified multiple therapeutic targets 
for the treatment of NAFLD, there are currently no approved drug 
treatments for NASH [9]. Therefore, early intervention via regulating 
lipid homeostasis and ROS production and thus inhibiting steatosis is 
critical in the prevention of NASH and more advanced liver diseases. 

NAG-1/GDF15, a cell stress-response cytokine, is a distinct member 
of the transforming growth factor-beta (TGF-β) superfamily [10]. 
NAG-1/GDF15 is widely expressed in various tissues with the highest 
levels in the liver and placenta [11,12]. NAG-1/GDF15 has been 
implicated in many pathological diseases including obesity, cardiovas-
cular diseases, renal failures, diabetes, and cancer, probably through 
paracrine/autocrine pathways [10,13–15]. Elevated plasma 
NAG-1/GDF15 levels have been reported in human subjects with these 
diseases [16–19] and chronic liver diseases [20,21], suggesting 
NAG-1/GDF15 may serve as a potential diagnostic biomarker for these 
diseases. It has been reported that the plasma level of NAG-1/GDF15 
was significantly higher in human subjects with obesity or higher 
body mass index (BMI) [17,22,23]. 

However, contradictory results reported that the serum level of NAG- 
1/GDF15 was inversely correlated with BMI in pregnant women [24], 
and human monozygotic twins [25]. Emerging evidence, including our 
previous study, has indicated that treatment or overexpression of 
NAG-1/GDF15 exerts protective effects against obesity and insulin 
resistance in mice and primates [26–31]. Therefore, the exact functional 
role of NAG-1/GDF15 in the development and progression of 
obesity-related diseases is largely unknown. Recently, increased serum 
level of NAG-1/GDF15 has also been reported in human NASH subjects 
with advanced fibrosis [32]. Using genetic approaches, several studies 
showed that NAG-1/GDF15 exhibited protective effects against hepatic 
steatosis, inflammation, fibrosis, liver injury, and NASH in mouse 
models [33–36]. However, the exact role and the underlying molecular 
mechanisms of NAG-1/GDF15 in hepatic steatosis are still unknown. 

Recently, emerging evidence has pointed to the critical roles of the 
inflammasomes in regulating autoimmune and metabolic diseases [37]. 
The AIM2 inflammasome belongs to the interferon-inducible gene 
HIN-200 domain-containing protein family and structurally consists of 
an N-terminal pyrin domain (PYD) and a C-terminal 
oligonucleotide-binding HIN domain. Upon activation, AIM2 recruits 
apoptosis speck-like protein (ASC) and caspase-1 to form a molecular 
platform for the maturation and secretion of IL-1β and IL-18 [38]. The 
AIM2 inflammasome has been reported to play a key role in viral in-
fections and has also been characterized in autoimmune, inflammatory, 
and metabolic diseases such as dermatitis, arthritis, cancers, and car-
diovascular diseases [39–41]. However, the role of the AIM2 inflam-
masome and its physiological relevance to NAFLD are poorly 
understood. At present, several studies have reported that AIM2 
inflammasome activation may contribute to the progression of steatosis 
to NASH [42–44]. However, the specific role of AIM2 inflammasome in 
steatosis and whether it can be regulated by NAG-1/GDF15 has never 
been reported. 

Therefore, the present study aimed to examine whether NAG-1/ 
GDF15 is protective against HFD or FFA overload-induced-steatosis in 
vivo and in vitro and whether the anti-steatotic effect of NAG-1/GDF15 is 
mediated via AIM2 inflammasome activation. This study was also aimed 
to investigate the molecular mechanisms of how NAG-1/GDF15 
inhibited AIM2 inflammasome activation using genetic approaches. 
Our study demonstrates that NAG-1/GDF15 has a potential role in the 
treatment of obesity-induced NAFLD, which may through regulating 
fatty acid metabolism, inhibiting ROS overproduction, reducing mito-
chondrial damage, and dsDNA release, and thus inhibiting AIM2 

inflammasome activation. 

2. Materials and methods 

2.1. Materials 

Dulbecco’s modified Eagle’s medium (DMEM) and penicillin- 
streptomycin solution were purchased from Gibco (Grand Island, NY, 
USA). Fetal bovine serum (FBS) was obtained from Gemini (Grand Is-
land, NY, USA). Oleic acid (OA), palmitic acid (PA), and 4, 6-Diamidino- 
2-phenylindole (DAPI) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). [3-(4, 5-dimethylthia-zol-2-yl)-2, 5-diphenyltetrazolium 
bromide] (MTT) was obtained from AMRESCO (Solon, OH, USA). Bod-
ipy 493/503, Lipofectamin® 2000 reagent, and Quant-iT PicoGreen 
dsDNA assay kit were purchased from Thermo Fisher Scientific (Wal-
tham, MA, USA). Oil Red O dye was purchased from Solarbio Science & 
Technology (Beijing, China). The enzyme-linked immunosorbent assay 
(ELISA) kits (human GDF15 (#DGD150), mIL-1β (#MLB00C), and mIL- 
18 (#7625)) were obtained from R&D Systems (Minneapolis, MN, USA). 
The kits for detecting TG (#A110-1-1), non-esterified fatty acids (NEFA) 
(#A042-2-1), superoxide dismutase (SOD) (#A001-3-2), catalase (CAT) 
(#A007-1-1), and malondialdehyde (MDA) (#A003-1-2) were all ob-
tained from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). The Mito-Tracker Red CMXRos dye was purchased from Beyo-
time Biotech (Shanghai, China). The β-actin (#4967), FASN (#3180), 
Caspase-1 (#2225), IL-1β (#12242), HSL (#4107), ATGL (#2138), and 
the horseradish peroxidase-conjugated secondary antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). The 
SREBP1c (#AF6283), IL-18 (#DF6252), ASC (#DF6304) antibodies, and 
the GDF15 antibody (#DF6006) for immunofluorescence staining were 
purchased from Affinity Biosciences (Cincinnati, OH, USA). The SCD-1 
(#db4883) and CD36 (#db8636) antibodies were purchased from Dia-
gbio (Hangzhou, Zhejiang, China). The AIM2 (#ab119791), PPARα 
(#ab24509), the goat anti-rabbit secondary antibody (#ab150077) for 
immunofluorescence staining, and the dichlorodihydrofluorescein 
diacetate (DCFH-DA) ROS assay kit (#ab113851) were purchased from 
Abcam (Cambridge, MA, USA). DNA and RNA extraction kits were ob-
tained from Aidlab Biotech (Beijing, China). The iScript cDNA synthesis 
kit and SYBR master mix were purchased from Bio-Rad (Hercules, CA, 
USA). The bicinchoninic acid (BCA) assay kit was obtained from Pierce 
(Rockford, IL, USA). The Western Lightning™ Plus-ECL Enhanced 
chemiluminescence Substrate assay kit was purchased from PerkinElmer 
(Waltham, MA, USA). Low-fat diet (LFD) contains 10% calories from fat 
(#D12450J), and HFD contains 60% calories from fat (#D12492) were 
purchased from Research Diet (New Brunswick, NJ, USA). 

2.2. Cell culture and treatment 

The human hepatic HepG2 and Huh-7 cell lines were purchased from 
the American Type Culture Collection (ATCC, Rockville, MD, USA) and 
cultured in a complete medium (DMEM, 10% FBS, and 1% penicillin/ 
streptomycin) and maintained in a 5% CO2 incubator at 37 ◦C. To 
establish an in vitro model of hepatic steatosis, HepG2 and Huh-7 cells 
were treated with 1 mM FFA (OA and PA at a 2:1 vol ratio) in a complete 
medium containing 1% fatty acid-free bovine serum albumin (BSA) for 
24 h. Control cells were treated with 1% fatty acid-free BSA. Cell 
viability was assessed by MTT assay as previously described [45]. 
Briefly, cells were seeded in 96-well plates at 3 × 104 cells/well and 
incubated until cells reach 50% confluence. Cells were then treated with 
1 mM FFA for 24 h and then subjected to MTT assay. 

2.3. Animal study 

NAG-1/GDF15 transgenic mice were previously generated to ubiq-
uitously express human NAG-1/GDF15 (hNAG-1/GDF15) using prot-
amine Cre mice on a C57BL/6 background [46]. The animals were a 
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kind gift from Dr. Thomas Eling at the National Institute of Environ-
mental Health Sciences (NIEHS). This study was approved by the 
Committee on the Ethics of Animal Experiments of Zhejiang Chinese 
Medical University (Permit Number: SYXK 2018–0012). All animal 
protocols were performed following the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health and complied 
with the Animal Welfare Act Regulations. Male mice aged 10 weeks old 
were placed on LFD or HFD for 12 weeks to induce hepatic steatosis. 
Body weights were measured once a week. At necropsy, the mice were 
sacrificed with CO2, and blood was collected via the cardiac puncture 
method. The serum was collected by centrifugation at 3000 rpm for 10 
min at 4 ◦C after separation. Tissues were snap-frozen in liquid nitrogen 
or fixed in formalin for further analysis. 

2.4. Histological analysis 

Hematoxylin and eosin (H&E) staining was performed to observe 
lipid accumulation in liver tissue. Liver tissue was fixed in 10% neutral 
formalin and paraffin-embedded, sectioned and processed by standard 
H&E procedures. 

2.5. Bioinformatic analysis of NAG-1/GDF15 and AIM2 expression from 
published data sets 

The publicly available raw transcriptomic data were downloaded 
from the GEO database (http://www.ncbi.nlm.nih.gov/geo/). NAG-1/ 
GDF15 expression was analyzed in the liver tissue of patients with 
NAFLD (GEO accession numbers: GSE48452, GSE89632, and 
GSE126848). The expressions of the components of the AIM2 inflam-
masome (AIM2, ASC, and Caspase-1) and inflammatory cytokine IL-1β 
and IL-18 in the liver tissue of HFD-fed mice and patients with NAFLD 
were analyzed using the GSE119441 and GSE46300 datasets, respec-
tively. Heatmap was built using MultiExperiment Viewer (MeV 4.9.0) 
software. 

2.6. Plasmid transfection 

The pcDNA3.1-NAG-1/GDF15 plasmid was a kind gift from Dr. 
Thomas Eling at NIEHS, which has been previously described [47]. 
HepG2 and Huh-7 cells were seeded in 6-well plates at 2 × 105 cells/well 
and incubated until cells reached 60% confluence. A total of 1.5 μg of 
pcDNA3.1-NAG-1/GDF15 or pcDNA3.1-Con (empty vector for expres-
sion control) were transfected into cells using Lipofectamin® 2000 re-
agent according to the manufacturer’s instruction. After 24 h 
transfection, the efficiency of transfection was confirmed using qRT-PCR 
and Western blotting analysis. To determine the role of NAG-1/GDF15 
in hepatic steatosis, following plasmid transfection overnight, the me-
dium was removed, and cells were washed with phosphate-buffered 
saline (PBS) and treated with 1 mM FFA for 24 h. 

2.7. RNA interference 

The small interfering RNAs (siRNA) targeting NAG-1/GDF15 were 
produced by RiboBio (Guangzhou, China), which has the following se-
quences: (sense): 5′-GCUCCAGACCUAUGAUGACUUTT-3’. Briefly, 2 ×
105 cells/well HepG2 and Huh-7 cells were seeded in 6-well plates and 
grown to 60% confluence. Cells were transfected with 100 nM NAG-1/ 
GDF15 siRNA or negative control siRNA using Lipofectamin® 2000 re-
agent for 24 h according to the manufacturer’s instruction. The effi-
ciency of NAG-1/GDF15 knockdown was confirmed using qRT-PCR and 
Western blotting analysis. Following siRNA transfection, cells were 
treated with 1 mM FFA for up to 24 h to evaluate the role of NAG-1/ 
GDF15 in hepatic steatosis. 

2.8. Oil Red O staining 

Oil Red O working solution was prepared by mixing the stock solu-
tion with distilled water (3:2), followed by incubation for 20 min and 
further filtration through a 0.22 μm filter. HepG2 and Huh-7 cells (2 ×
105 cells/well) were seeded in 6-well plates. Upon each treatment, cells 
were washed twice with PBS and fixed with 4% paraformaldehyde for 
10 min at room temperature. Cells were stained with Oil Red O solution 
for 1 h. Dishes were then washed three times with distilled water, dried, 
and photographed. To quantify the amount of Oil Red O, stained cells 
were dissolved in isopropanol and the absorbance was measured by a 
multi-well plate reader at 520 nm. 

2.9. Bodipy 493/503 fluorescence staining 

For Bodipy staining, HepG2 and Huh-7 cells were plated onto the 
laser confocal culture dish (1 × 105 cells/well) and treated with 1 mM 
FFA for 24 h. The cells were washed twice with PBS and fixed with 4% 
paraformaldehyde for 10 min at room temperature. Cells were stained 
with 1 μM Bodipy 493/503 and then incubated at 37 ◦C for 1 h in the 
dark. The nucleus was stained with DAPI. Cells were then washed three 
times with PBS and photographed using a laser confocal microscope 
(LSM880, Carl Zeiss, Germany). ImageJ 1.4.1 software (Bethesda, MD, 
USA) was used to quantify the amount of fluorescence in cells. 

2.10. Determination of intracellular TG content 

To investigate the intracellular content of TG, HepG2 and Huh-7 cells 
were washed with PBS, harvested by trypsinization, and then resus-
pended in PBS. Subsequently, the cell suspension was homogenized by 
sonication for 5 min. Triglyceride content was determined using a 
commercial TG assay kit according to the manufacturer’s protocol. The 
protein concentration was determined by the BCA protein assay kit, and 
then the intracellular content of TG was normalized to the total protein 
concentration in the cell lysates. 

2.11. Immunofluorescence assay for NAG-1/GDF15 detection 

An immunofluorescence assay was performed to examine the 
expression of NAG-1/GDF15 in HepG2 and Huh-7 cells. Briefly, cells 
were seeded in the laser confocal culture dish at a density of 1 × 105 

cells/well. The cells were treated with 1 mM FFA for 24 h, and then were 
washed twice with PBS and fixed with 4% paraformaldehyde followed 
by a permeabilization step with 0.5% Triton X-100. Afterward, cells 
were blocked with 5% BSA for 1 h. The cells were then incubated with 
the NAG-1/GDF15 antibody (1:500) at 4 ◦C overnight and followed by 
incubation with the secondary antibody. The nucleus was stained with 
DAPI in the dark. Cells were then washed three times with PBS and 
photographed using the LSM880 laser confocal microscope. ImageJ 
software was used to quantify the amount of fluorescence. 

2.12. Detection of intracellular ROS 

Intracellular ROS generation was detected using DCFH-DA fluores-
cence probe. Briefly, HepG2 and Huh-7 cells were seeded in the laser 
confocal culture dish at a density of 1 × 105 cells/well. After FFA 
treatment for 24 h, cells were stained with DCFH-DA (10 μM) for 30 min 
in the dark at 37 ◦C. Cells were then washed three times with serum-free 
DMEM and the amount of ROS in cells were either detected using the 
LSM880 laser confocal microscope or the Guava EasyCyte flow cytom-
eter (Merck KGaA, Darmstadt, Germany). 

2.13. Measurement of intracellular double-stranded DNA release 

To determine intracellular dsDNA release, cells were stained with 
PicoGreen, Mito-Tracker Red, and DAPI. Briefly, cells were stained by 

Y. Wang et al.                                                                                                                                                                                                                                   

http://www.ncbi.nlm.nih.gov/geo/


Redox Biology 52 (2022) 102322

4

diluting the stock PicoGreen solution at 3 μL/mL directly into the cell 
culture medium and then incubated at 37 ◦C for 1 h in the dark. Cells 
were washed three times with PBS and then co-stained with 100 nM 
Mito-Tracker Red for 20 min in the dark at 37 ◦C. Afterward, the cells 
were fixed with 4% paraformaldehyde for 10 min at room temperature. 
The nucleus was stained with DAPI in the dark. After washing with PBS, 
the cells were photographed using the LSM880 laser confocal 
microscope. 

2.14. Biochemistry assay and ELISA analysis 

The lipid contents in liver tissue were determined using commercial 
kits for TG and NEFA. The activities of SOD and CAT, and the level of 
MDA in liver tissue and HepG2 and Huh-7 cells were detected by com-
mercial kits. Serum samples were collected at necropsy. The serum 
levels of NAG-1/GDF15, IL-1β, and IL-18 were measured using ELISA 
kits. The serum levels of TG, total cholesterol (TC), NEFA, low-density 
lipoprotein (LDL), and high-density lipoprotein (HDL), as well as 
serum alanine transaminase (ALT) and aspartate transaminase (AST) 
activities were measured by Hitachi 3100 automatic biochemical 
analyzer (Hitachi Ltd. Tokyo, Japan). The release of DNA into the serum 
and the medium were determined using the Quant-iT PicoGreen dsDNA 
assay kit. All of the above endpoints were measured according to the 
manufacturer’s instructions accordingly. 

2.15. Mitochondrial DNA copy number determination 

Mitochondrial DNA (mtDNA) was quantified by real-time PCR using 
a CFX96 Real-time PCR system (Bio-Rad) and SYBR Green PCR master 
mix (Bio-Rad). Total DNA was extracted from liver tissue or HepG2 and 
Huh-7 cells using a DNA extraction kit according to the manufacturer’s 
instruction. Total DNA (100 ng) was amplified using primers specific to 
D-loop (mitochondrial-encoded gene) and 18S rRNA (nuclear-encoded 
gene) genes (Supplementary Table S1). The PCR conditions were as 
follows: 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 30 s, 60 ◦C 
for 30 s, and 72 ◦C for 30 s. The mtDNA copy number was calculated 
from the ratio of D-loop to 18S rRNA. 

2.16. RNA exaction and quantitative real-time PCR analysis 

Total RNA was extracted from liver tissue or HepG2 and Huh-7 cells 
by RNA extraction kit following the manufacturer’s protocol. Total RNA 
(1 μg) was subjected to reverse transcribed to synthesize cDNA with an 
iScript cDNA synthesis kit following the manufacturer’s protocol. Real- 
time PCR was performed to determine the expression of selected genes 
using the SYBR PCR master mix on the CFX96 Real-time PCR system. 
The sequences for the primers used in this study are listed in Supple-
mentary Table S1. The PCR conditions consisted of 40 cycles, with 5 s 
denaturation at 95 ◦C, 30 s annealing at 60 ◦C, and 5 s extension at 65 ◦C. 
β-actin was used as the reference gene for all samples. Relative gene 
expression was calculated after normalization to β-actin following the 
2− ΔΔCT method. 

2.17. Western blotting analysis 

Total protein from liver tissue or HepG2 and Huh-7 cells were 
extracted using standard methods and protein concentrations were 
determined by a BCA protein assay kit. A total of 40 μg of protein were 
loaded on SDS-PAGE gel and electrophoresed for 2 h at 100 V. Separated 
proteins were transferred to PVDF membrane at 100 V for 2 h on ice. 
Afterward, the membranes were blocked with 5% non-fat dry milk in 
Tris-buffered saline with Tween 20 (TBST) at room temperature for 1 h 
and incubated overnight at 4 ◦C with primary antibodies (1:1000 for 
all). The next day, the membranes were washed with TBST followed by a 
secondary antibody (1:2000) for 1 h. β-actin was used as the loading 
control. The signals were detected using the Minichemi™ 610 chemical 

imaging System (Beijing, China). ImageJ 1.41 software was used for the 
calculation of the optical density. 

2.18. Statistical analysis 

Data were expressed as the mean ± standard error (SE) from three 
independent experiments except for the animal feeding study. SPSS 
software 23 (SPSS Inc., Chicago, IL, USA) was used to carry out the 
statistical analysis. The difference between pairwise groups was exam-
ined for statistical significance by Student’s t-test. One-way ANOVA was 
used for multiple comparisons followed by Bonferroni’s post hoc test in 
HepG2 and Huh-7 cell models. The analysis of datasets containing 
comparisons with two variables from each mouse from the animal study 
was analyzed using two-way ANOVA, and the repeated measurements 
were corrected using the false discovery rate (FDR) approach of the 
Benjamini-Hochberg method with a q-value 0.05. Two-sided P-values 
were calculated, and a value of P < 0.05 was considered to be statisti-
cally significant. 

3. Results 

3.1. NAG-1/GDF15 is downregulated in hepatic steatosis patients and 
hepatocellular steatosis model 

It has been reported that the circulating NAG-1/GDF15 level is 
elevated in NASH patients compared to the normal population and pa-
tients with fatty liver (steatosis) [32]. To determine whether 
NAG-1/GDF15 is deregulated during NAFLD pathogenesis, we first 
performed gene expression analysis of NAG-1/GDF15 in NAFLD patients 
using publicly available GEO datasets. Interestingly, the GEO data 
analysis revealed that the expression of NAG-1/GDF15 was significantly 
decreased in the liver tissues of patients with steatosis compared to 
normal subjects as analyzed from three datasets (Fig. 1A). However, 
there was no significant difference between NASH patients and normal 
subjects (Fig. 1A). In line with clinical data [32], hepatic NAG-1/GDF15 
was significantly increased in pathologically more severe NASH patients 
than hepatic steatosis patients as analyzed from two datasets (GES48452 
and GES89632, Fig. 1A). 

We next tested whether NAG-1/GDF15 is also deregulated in an in 
vitro hepatic steatosis cellular model. We first optimized the working 
concentration of FFA. We found that 1 mM FFA had no cytotoxicity 
effects on HepG2 and Huh-7 cells as determined by the MTT assay 
(Supplementary Fig. S1), and this concentration was also used by many 
published studies [48,49]. To mimic the steatosis phenotype, HepG2 and 
Huh-7 cells were treated with 1 mM FFA for 24 h, which have been 
commonly used as an in vitro model of hepatic steatosis [50]. As ex-
pected, Oil Red O and Bodipy 493/503 staining showed that FFA 
treatment significantly induced lipid deposition inside HepG2 and 
Huh-7 cells (Fig. 1B–E). Furthermore, the levels of intracellular TG were 
significantly elevated in both cell lines upon FFA treatment (Fig. 1F). 
The expressions of the key molecules of hepatic lipogenesis and fatty 
acid uptake, including SREBP1c (precursor), FASN, SCD-1, and CD36 
were remarkably increased in HepG2 and Huh-7 cells after FFA treat-
ment as determined using qRT-PCR (Fig. 1G and H), which were further 
confirmed by Western blotting (Fig. 1I and Supplementary Figs. S2A and 
S2B). Next, the expression of NAG-1/GDF15 was determined. Consistent 
with what we found from GEO datasets, a remarkable reduction of 
NAG-1/GDF15 expressions at both the mRNA and protein levels was 
observed in FFA-treated HepG2 and Huh-7 cells (Fig. 1J and K). This 
result is supported by a recent study that found NAG-1/GDF15 expres-
sion was dramatically reduced at the protein level upon palmitic, oleic, 
or combined palmitic/oleic treatments in HepG2 cells [51]. Immuno-
fluorescence assay further verified that NAG-1/GDF15 expression, 
which is located both in the nucleus and cytosol, was significantly 
decreased in FFA-treated HepG2 and Huh-7 cells (Fig. 1L, M). Taken 
together, these results indicate that hepatic NAG-1/GDF15 expression is 
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significantly reduced in the context of hepatic steatosis but may be 
elevated during the progression into the NASH stage. 

3.2. Overexpression of NAG-1/GDF15 improves hepatic lipid metabolic 
disorders upon HFD 

Next, we examined the effects of NAG-1/GDF15 on hepatic steatosis 
upon HFD treatment using a NAG-1/GDF15 Tg mouse model, which had 
a significantly high amount of circulating hNAG-1/GDF15 upon both 
diets (Fig. 2A). As shown in Fig. 2B, after feeding with HFD for 12 weeks, 
body weights were significantly increased in the WT mice compared 
with LFD (Fig. 2B). Consistent with what we have reported before [29], 
NAG-1/GDF15 overexpression significantly inhibited the increase of 
body weight in the Tg mice as compared to the WT mice upon HFD 
treatment (Fig. 2B). Under LFD, the body weight of the NAG-1/GDF15 
Tg mice was also significantly lower than the WT mice. There were no 
significant changes in food intake (g/day/mouse) among all groups 
upon both diets as recorded for the continued 12 weeks (Supplementary 
Fig. S3A). Although at a non-significant level, mice on HFD seemed to 
eat less than mice on LFD (Supplementary Fig. S3A). The energy intake 
(kcal/day/mouse) was increased in HFD-fed mice compared with 
LFD-fed mice throughout the study period (Supplementary Fig. S3B). 
After adjusting for body mass, we found that NAG-1/GDF15 Tg mice had 
significantly increased energy intake (kcal/g/mouse) on both diets 
(Fig. 2C). We also found that NAG-1/GDF15 Tg mice significantly 
reduced HFD-induced hyperlipidemia and elevation in ALT and AST 
levels in the serum (Supplementary Fig. S4). Moreover, HFD signifi-
cantly increased the weight of liver tissue and induced hepatic steatosis, 
while NAG-1/GDF15 overexpression significantly inhibited 
HFD-induced fat accumulation and steatosis in the liver of the C57BL/6 
mice (Fig. 2D and E). Increased intrahepatic TG content and NEFA are 
serious risk factors for NAFLD and NASH [52]. We found that HFD 
markedly increased hepatic TG and NEFA levels in the WT mice, while 
these levels were significantly reduced in the NAG-1/GDF15 Tg mice 
(Fig. 2F). 

We then examined the expression of the key molecules associated 
with hepatic lipogenesis and lipid uptake using qRT-PCR and Western 
blotting analysis. As shown in Fig. 2G, HFD significantly increased the 
mRNA expression of SREBP1c, SCD-1, and CD36 in the liver tissues of the 
WT mice compared to LFD-fed WT mice. The expressions of these genes 
in the liver were markedly reduced in the NAG-1/GDF15 Tg mice upon 
both diets compared to the WT littermates (Fig. 2G). In addition, 
Western blotting analysis confirmed the above results (Fig. 2H). Inter-
estingly, the expressions of FASN at both the mRNA and protein levels in 
the liver were significantly reduced upon HFD compared to LFD treat-
ments in the WT mice as reported before [53] and were further reduced 
in the Tg mice on both diets (Fig. 2G and H). 

Besides hepatic lipogenesis and fatty acid uptake, fatty acid 
β-oxidation and lipolysis are known as critical pathways that modulate 
lipid deposits in the liver [54,55]. Therefore, we examined the effects of 
NAG-1/GDF15 on the expression of genes associated with fatty acid 
β-oxidation and lipolysis. As shown in Fig. 3A–C, HFD significantly 
reduced the mRNA and protein expressions of the genes involved in fatty 
acid β-oxidation: (CPT1A, ACOX1, and PPARα); lipolysis: (ATGL and 
HSL) in the liver of the WT mice compared to LFD-fed WT mice. 

Interestingly, the expressions of the above molecules at both the mRNA 
and protein levels were significantly increased in the liver of the 
NAG-1/GDF15 Tg mice compared to the WT mice upon both diets 
(Fig. 3A–C). Taken together, these results suggest that NAG-1/GDF15 
may prevent HFD-induced hepatic steatosis by regulating lipid meta-
bolism including the inhibition of hepatic lipogenesis, decrease of fatty 
acid uptake, increase of β-oxidation, and enhancement of lipolysis in the 
liver. 

3.3. NAG-1/GDF15 overexpression inhibits HFD-induced AIM2 
inflammasome activation in mice 

Inflammasome activation has been shown to play a critical role in 
conferring the pathogenesis of NAFLD [56]. However, very few studies 
have addressed the implication of AIM2 in hepatic steatosis, and 
whether AIM2 inflammasome participates in the anti-steatotic effects of 
NAG-1/GDF15 has not been reported. In our study, we first examined 
the gene expression profile of the AIM2 inflammasome components in 
HFD-fed mice (GSE119441) and patients with steatosis (GSE46300) 
using the GEO database. As shown in Fig. 4A, the levels of the AIM2 
inflammasome family including AIM2, ASC, caspase-1, and IL-1β were 
increased in the liver of mice fed with HFD, which developed steatotic 
liver, compared to mice fed with the control diet. Similar to the above 
analysis, the expressions of the AIM2 inflammasome family were 
elevated in patients with steatosis than in the normal population (Sup-
plementary Fig. S5). Due to the large inter-individual differences, only 
AIM2 or ASC were significantly increased in steatosis than the controls 
in the GSE119441 or the GSE46300 dataset, respectively (Fig. 4A, 
Fig. S5). Consistent with the results generated from the GEO database, 
the mRNA expression of AIM2, ASC, caspase-1, IL-1β, and IL-18 were 
elevated in the liver of our WT mice upon HFD as determined using 
qRT-PCR (Fig. 4B). However, NAG-1/GDF15 overexpression signifi-
cantly reduced the expression levels of these genes compared to WT 
mice upon HFD treatment (Fig. 4B). Most of the above results were 
further verified by Western blotting analysis (Fig. 4C). In addition, HFD 
significantly increased the serum level of IL-1β and IL-18 in the WT mice 
as determined using ELISA analysis, while these levels were both 
significantly reversed in the NAG-1/GDF15 Tg mice (Fig. 4D). Inter-
estingly, the serum levels of IL-1β and IL-18 were both significantly 
lower in the NAG-1/GDF15 Tg mice compared to the WT littermates 
under LFD (Fig. 4D). Taken together, these data suggest that AIM2 
inflammasome plays an important role in the pathogenesis of NAFLD in 
mice, while NAG-1/GDF15 can directly or indirectly inhibit AIM2 
inflammasome activation and thereby prevent hepatic steatosis. 

3.4. NAG-1/GDF15 protects against FFA-induced cellular steatosis in 
hepatocytes 

To further investigate the role and underlying molecular mecha-
nisms of NAG-1/GDF15 on hepatic steatosis, we examined the anti- 
steatosis effects of NAG-1/GDF15 in FFA-induced HepG2 and Huh-7 
cells using genetic approaches. The expressions of NAG-1/GDF15 at 
both the mRNA and protein levels in HepG2 (Supplementary Figs. S6A 
and S6B) and Huh-7 (Supplementary Figs. S6C and S6D) cells were 
significantly increased upon pcDNA3.1-NAG-1/GDF15 plasmid 

Fig. 1. NAG-1/GDF15 expression is decreased in hepatic steatosis patients and FFA-induced hepatocytes. (A) NAG-1/GDF15 mRNA expression in the liver of 
NAFLD and health patients from the GEO database. (B) Representative Oil Red O staining of lipid droplets accumulation after FFA treatment for 24 h in HepG2 and 
Huh-7 cells. Scale bar, 200 or 100 μm. (C) Quantitative analysis of Oil Red O staining. (D–E) Representative Bodipy 493/503 fluorescence staining of lipid droplets 
accumulation and quantitative analysis. Scale bar, 20 μm. (F) Intracellular TG content. (G–H) The expression of SREBP1c, FASN, SCD-1, CD36 at the mRNA level in 
HepG2 (G) and Huh-7 (H) cells as determined using qRT-PCR. (I) Western blotting analysis of the expression of SREBP1c, FASN, SCD-1, CD36 in HepG2 and Huh-7 
cells. (J–K) The expression of NAG-1/GDF15 at the mRNA level (J) or protein level (K) in HepG2 and Huh-7 cells upon FFA treatment. The relative intensities of 
proteins were normalized against β-actin. (L–M) Representative immunofluorescence staining and quantification of NAG-1/GDF15 expression in HepG2 (L) and Huh- 
7 (M) cells. Data are shown as means ± SEM from three independent experiments, except for GEO analysis. Statistical analysis was performed using student’s 
unpaired t-test (C-M, n = 3) or one-way ANOVA followed by Bonferroni’s post hoc test (A, n = 14–23). *P < 0.05, **P < 0.01, ***P < 0.001 vs normal or control 
group; #P < 0.05 vs steatosis 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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transfection, while the basal expression of NAG-1/GDF15 was signifi-
cantly reduced upon NAG-1/GDF15 siRNA treatment. As expected, 
NAG-1/GDF15 overexpression significantly diminished the lipid droplet 
accumulation in these hepatocytes that were treated with FFA compared 
to the control vector upon Oil Red O staining (Fig. 5A–C). There was a 

remarkable decrease in the intracellular TG level in the NAG-1/GDF15 
overexpressing cells compared with FFA-treated control cells 
(Fig. 5D). On the contrary, knockdown of NAG-1/GDF15 significantly 
increased cellular lipid accumulation compared to scrambled siRNA 
(siRNA-Con) (Fig. 5E–G). Similarly, the intracellular TG level was 

Fig. 2. NAG-1/GDF15 overexpression ameliorates HFD-induced hepatic steatosis and regulates lipid homeostasis in C57BL/6 mice. Mice were fed with LFD 
or HFD for 12 weeks. (A) Serum level of NAG-1/GDF15 as determined by ELISA. (B) Body weight changes. (C) Caloric intake adjusted for body weight. (D) Liver 
weight. (E) Representative H&E staining of liver tissues. Scale bar, 100 μm. (F) Hepatic TG and NEFA levels. (G–H) The expression of SREBP1c, SCD-1, CD36, and 
FASN at the mRNA level (G) or protein level (H) in the liver tissues as determined using qRT-PCR or Western blotting analysis. The relative intensities of proteins 
were normalized against β-actin. Data are shown as means ± SEM from three independent experiments, except for animal feeding study. Statistical analysis was 
performed using two-way ANOVA with post hoc Bonferroni’s correction in B-D (n = 6 mice/group). Two-way ANOVA followed by the Benjamini-Hochberg method 
for the FDR correction was used for multiple measurements in A, F-G (n = 6 mice/group), and H (n = 3 mice/group). *P < 0.05, **P < 0.01, ***P < 0.001 vs WT LFD- 
fed mice, #P < 0.05, ##P < 0.01, ###P < 0.001 vs WT HFD-fed mice. FDR: false discovery rate. 
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significantly increased in NAG-1/GDF15 knockdown cells compared to 
the control cells upon FFA treatment (Fig. 5H). Furthermore, Bodipy 
493/503 staining revealed that the lipid droplets accumulation was 
significantly reduced in NAG-1/GDF15 overexpressing cells upon FFA 
treatment (Fig. 5I and J). In contrast, knocking down NAG-1/GDF15 
profoundly further increased lipid droplet accumulation in HepG2 
cells (Fig. 5K) and Huh-7 cells (Fig. 5L) upon FFA treatment. Collec-
tively, these data suggest that NAG-1/GDF15 is critical in protecting 
against FFA-induced lipid accumulation in the hepatocellular steatosis 
model. 

3.5. NAG-1/GDF15 inhibits hepatic steatosis via improving lipid 
metabolism dysregulation in hepatocytes 

To determine whether lipid metabolism is involved in the anti- 
steatotic effect of NAG-1/GDF15 in hepatocytes, we next examined 
the expressions of the key molecules of hepatic lipogenesis and lipid 
uptake in HepG2 and Huh-7 cells using both qRT-PCR and Western 
blotting analysis. As shown in Fig. 6A and B, NAG-1/GDF15 over-
expression significantly inhibited FFA-induced upregulation of the ex-
pressions of SREBP1c, FASN, SCD-1, and CD36 at both the mRNA and 
protein levels compared to the negative control in FFA-treated HepG2 
and Huh-7 cells. In contrast, knockdown of NAG-1/GDF15 further 
increased FFA-induced upregulation of the expressions of these genes 
compared to the negative control (Fig. 6C and D). Supplementary 
Figs. S7A and S7B show densitometric analysis of western blots. 

Furthermore, we examined the effects of NAG-1/GDF15 on fatty acid 
β-oxidation and lipolysis in FFA-induced hepatocytes. We found that 
overexpression of NAG-1/GDF15 significantly reversed FFA-induced 
downregulation of the expressions of CPT1A, ACOX1, PPARα, ATGL, 
and HSL at the mRNA level in FFA-induced HepG2 and Huh-7 cells 
(Fig. 6E). In contrast, NAG-1/GDF15 knockdown profoundly down-
regulated the expressions of these genes at the mRNA level compared to 
the negative control in HepG2 and Huh-7 cells upon FFA treatment 
(Fig. 6G). Western blotting further confirmed that the expressions of 
these molecules at the protein level were similar to their expression at 
the mRNA level (Fig. 6F, H). Supplementary Figs. S7C and S7D show 
densitometric analysis of western blots. Collectively, these data suggest 

that NAG-1/GDF15 may inhibit hepatic steatosis by regulating lipid 
metabolism in the aspects of inhibiting lipid synthesis and uptake, 
increasing fatty acid β-oxidation, and promoting lipolysis in 
hepatocytes. 

3.6. NAG-1/GDF15 suppresses AIM2 inflammasome activation in FFA- 
induced hepatocellular steatosis model 

Consistent with our findings in HFD-fed mice, we found that the 
relative gene expressions of the components of the AIM2 inflammasome, 
including AIM2, ASC, caspase-1, IL-1β, and IL-18, were elevated in FFA- 
induced HepG2 and Huh-7 cells (Fig. 7A). In addition, the components 
of the AIM2 inflammasome were expressed at a similar pattern at the 
protein level as they were expressed at the mRNA level (Fig. 7B and 
Supplementary Fig. S7E). These data suggest that cellular steatosis is 
also associated with AIM2 inflammasome activation in hepatocytes 
upon FFA stimulation. 

Next, we examined whether NAG-1/GDF15 is necessary for inhibit-
ing the activation of AIM2 inflammasome in FFA-induced hepatocytes. 
As shown in Fig. 7C and D, NAG-1/GDF15 overexpression significantly 
inhibited the expression of AIM2 inflammasome components compared 
to the negative control in FFA-induced HepG2 and Huh-7 cells as 
determined using qRT-PCR or Western blotting. In contrast, there was a 
significantly further increased expression of the AIM2 inflammasome 
components observed in FFA-induced HepG2 and Huh-7 cells where 
NAG-1/GDF15 was knocked down (Fig. 7E and F). Supplementary 
Figs. S7F and S7G show densitometric analysis of western blots. Taken 
together, these data suggest that the inhibitory effect of NAG-1/GDF15 
on hepatic steatosis is related to the inhibition of AIM2 inflammasome 
activation in hepatocytes. 

3.7. NAG-1/GDF15 attenuates oxidative stress and ROS generation in 
FFA- or HFD-induced hepatic steatosis 

Studies have demonstrated that ROS contributes to inflammasome 
activation and plays an important role in the development of NAFLD 
[57,58]. We next examined whether the inhibitory effect of 
NAG-1/GDF15 on AIM2 inflammasome activation is related to the 

Fig. 3. NAG-1/GDF15 overexpression increases the expressions of the key genes and protein related to β-oxidation and lipolysis in mice upon both diets. 
Mice were fed with LFD or HFD for 12 weeks. (A–B) Expression of the key genes related to β-oxidation (A) and lipolysis (B) at the mRNA level in the liver tissues as 
determined using qRT-PCR. (C) Western blotting and densitometry analysis of the expressions of PPARα, HSL, and ATGL in liver tissues. The relative intensities of 
proteins were normalized against β-actin. Data are shown as means ± SEM from three independent experiments. Statistical analysis was performed using two-way 
ANOVA followed by the Benjamini-Hochberg method for the FDR correction in Figure A–B (n = 6 mice/group), and C (n = 3 mice/group). *P < 0.05, **P < 0.01, 
***P < 0.001 vs WT LFD-fed mice, #P < 0.05, ##P < 0.01, ###P < 0.001 vs WT HFD-fed mice. 
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regulation of ROS production in hepatic steatosis. Consistent with the 
previous report [59], we found that FFA treatment together with either 
Con-Vector (Fig. 8A, C) or siRNA-Con vector (Fig. 8B, D) significantly 
increased intracellular ROS generation in HepG2 cells as determined by 
DCFH-DA staining and flow cytometry analysis. However, 
NAG-1/GDF15 overexpression significantly reduced ROS production 
compared to the negative control in HepG2 cells upon FFA treatment 
(Fig. 8A, C). In contrast, knockdown of NAG-1/GDF15 further increased 
FFA-induced ROS generation compared to the negative control (Fig. 8B, 
D). Similar results were obtained in Huh-7 cells (Supplementary 
Figs. S8A and S8B). 

SOD and CAT are the key antioxidant enzymes, which play crucial 
roles in maintaining the redox balance. To further investigate the effect 
of NAG-1/GDF15 on the status of oxidative stress, we examined the 
activities of SOD and CAT in HepG2 and Huh-7 cells. As shown in Fig. 8E 
and F, both SOD and CAT activities were significantly reduced upon FFA 
treatment, while NAG-1/GDF15 overexpression significantly reversed 
FFA-induced reduction of the enzymatic activities of SOD and CAT in 
HepG2 cells (Fig. 8E). In contrast, knockdown of NAG-1/GDF15 further 
decreased FFA-induced downregulation of the activities of these en-
zymes compared to the negative control (Fig. 8F). In addition, MDA, 
another indicator of oxidative stress whose level correlates with the level 
of intracellular ROS, was significantly increased upon FFA treatments 
(Fig. 8G and H). NAG-1/GDF15 overexpression significantly reversed 
the FFA-induced increase of MDA level in HepG2 cells (Fig. 8G), whereas 
NAG-1/GDF15 knockdown further increased MDA level compared to the 

negative control in FFA-treated cells (Fig. 8H). We further verified that 
the activities of SOD and CAT, and the level of MDA in Huh-7 cells were 
similar to that of the HepG2 cells (Supplementary Figs. S8C–F). 

Furthermore, we measured the activities of SOD and CAT, and level 
of MDA in the liver of the HFD-fed mice. Similar to in vitro results, we 
found that HFD significantly reduced the activities of SOD and CAT, but 
increased MDA level in the liver of the WT mice, whose levels were all 
reversed in the NAG-1/GDF15 Tg mice upon HFD treatment (Supple-
mentary Fig. S8G). NAG-1/GDF15 Tg mice also had significantly lower 
CAT levels than their WT littermates upon LFD (Supplementary 
Fig. S8G). Unfortunately, we could not measure ROS levels in the liver 
tissue due to technique difficulty. Collectively, these data suggest that 
NAG-1/GDF15 may prevent hepatic steatosis by suppressing AIM2 
inflammasome activation mediated by reduced oxidative stress and ROS 
generation. 

3.8. NAG-1/GDF15 inhibits dsDNA release from the mitochondria to 
cytosol in FFA- or HFD-induced hepatic steatosis 

It has been previously reported that ROS overproduction causes 
mitochondrial damage and dysfunction which results in dsDNA leaking 
into the cytosol, thus triggering inflammasome activation during liver 
damage such as NAFLD [60,61]. In the present study, we found a sig-
nificant reduction in the copy number of mtDNA in FFA-treated HepG2 
cells, indicating that mitochondrial damage was induced (Fig. 9A). 
Interestingly, this reduction was significantly attenuated in the 

Fig. 4. NAG-1/GDF15 overexpression inhibits HFD-induced AIM2 inflammasome activation in mice. (A) Heatmap indicating differential mRNA expression of 
the components of AIM2 inflammasome (AIM2, ASC, Caspase-1, IL-1β, and IL-18) in liver tissues upon HFD treatment from the GEO database GSE119441. (B–C) The 
expression of AIM2 inflammasome components (AIM2, ASC, Caspase-1, IL-1β, and IL-18) at the mRNA level (B) and protein level (C) in the liver of the WT and NAG-1 
Tg mice upon LFD and HFD as determined using qRT-PCR or Western blotting analysis. The relative intensities of proteins were normalized against β-actin. (D) Serum 
levels of IL-1β and IL-18 in mice upon both diets. Data are shown as means ± SEM from three independent experiments. Statistical analysis was performed using two- 
way ANOVA followed by the Benjamini-Hochberg method for the FDR correction in B and D (n = 6 mice/group), and C (n = 3 mice/group). *P < 0.05, **P < 0.01, 
***P < 0.001 vs WT LFD-fed mice, #P < 0.05, ##P < 0.01, ###P < 0.001 vs WT HFD-fed mice. 
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NAG-1/GDF15 overexpressing cells compared with FFA-treated control 
cells (Fig. 9A). In contrast, knockdown of NAG-1/GDF15 further 
decreased mtDNA copy number compared to the negative control in 
FFA-treated HepG2 cells (Fig. 9A). Similar results were observed in 
Huh-7 cells (Supplementary Fig. S9A). These data suggest that 
NAG-1/GDF15 could protect hepatic cells from FFA-induced mito-
chondrial damage. 

Next, we used PicoGreen (dsDNA staining), Mito-tracker (specific for 
mitochondrial staining), and DAPI (nuclear staining) to examine mtDNA 
(dsDNA that co-localized with mitochondria), nuclear DNA (dsDNA that 
co-localized with nucleus), and cytosolic DNA (dsDNA that released into 
cytosol neither co-localize with mitochondria nor with the nucleus). As 
shown in Fig. 9B, FFA treatment significantly induced the release of 
dsDNA from mitochondria to the cytoplasm in HepG2 cells (as shown by 
the arrow, Fig. 9B (i), (iii)), whereas cytosolic DNA was barely detect-
able in untreated HepG2 cells (Con-Vector and siRNA-Con). However, 
NAG-1/GDF15 overexpression significantly inhibited FFA-induced 
dsDNA release compared to the negative control in FFA-treated 
HepG2 cells (as shown by arrow, Fig. 9B (ii)). In contrast, knockdown 
of NAG-1/GDF15 further increased FFA-induced dsDNA release 
compared to the negative control (as shown by arrow, Fig. 9B (iv)). 
Determination of the content of dsDNA in the medium further confirmed 
that FFA treatment significantly induced dsDNA release into the cytosol, 
while NAG-1/GDF15 inhibited dsDNA to leak into the cytosol (Fig. 9C). 
Similarly, we further verified that NAG-1/GDF15 also inhibited dsDNA 
release into the cytosol in Huh-7 cells (Supplementary Figs. S9B and 
S9C). 

We further examined the copy number of hepatic mtDNA and the 
serum level of the released dsDNA in HFD-treated mice. Consistent with 
the previous report [62], HFD induced significant hepatic mitochondrial 
damage, which is evidenced by significantly reduced mtDNA copy 
number in the liver of the WT mice upon HFD (Supplementary Fig. S9D). 
In contrast, HFD-induced reduction of the copy number of hepatic 
mtDNA was significantly rescued in the NAG-1/GDF15 Tg mice (Sup-
plementary Fig. S9D). Interestingly, the copy number of hepatic mtDNA 
was also profoundly higher in the NAG-1/GDF15 Tg mice than in the WT 
littermates under LFD (Supplementary Fig. S9D). Although at a 
non-significant level, the trend of the serum dsDNA level was similar to 
our results from the FFA-induced HepG2 and Huh-7 cellular steatosis 
cells (Supplementary Fig. S9E). Taken together, these results suggest 
that NAG-1/GDF15 could protect hepatic mitochondrial damage 
induced by FFA or HFD overload and thus inhibit ROS-induced dsDNA 
release into the cytosol, further inhibiting the activation of the AIM2 
inflammasome, which in turn serves the mechanism of the inhibitory 
effect of NAG-1/GDF15 on hepatic steatosis. 

4. Discussion 

Growing evidence suggests that NAG-1/GDF15 is implicated in the 
pathogenesis of various metabolic disorders such as obesity, insulin 
resistance, myocardial infarction, atherosclerosis, and NAFLD [10,14]. 
Recently, both endogenous and exogenous NAG-1/GDF15 have been 
associated with the prevention of mice from steatosis and further 

development into NASH [33,34,36,63]. However, the exact molecular 
mechanisms underlying the protecting role of NAG-1/GDF15 in NAFLD 
remain elusive. In the present study, we identified NAG-1/GDF15 as a 
negative regulator of AIM2 inflammasome activation via inhibiting 
oxidative stress-mediated mitochondrial damage and dsDNA release, 
which results in the inhibition of the development of hepatic steatosis. 
Our in vivo study provides basic pathological insights into a potential 
correlation between AIM2 inflammasome and hepatic steatosis, which 
was downregulated by NAG-1/GDF15 overexpression in the Tg mice. 
Our in vitro results suggest that both ROS production and the expressions 
of the family members of the AIM2 inflammasome were increased in 
HepG2 and Huh-7 cells upon stimulation by FFA. NAG-1/GDF15 over-
expression inhibited lipogenesis and rescued HepG2 and Huh-7 cells 
from FFA-induced cellular steatosis. On the contrary, knockdown of 
NAG-1/GDF15 increased lipogenesis and aggravated HepG2 and Huh-7 
cells steatosis upon FFA treatment. Our study uncovered important 
mechanisms of NAG-1/GDF15 in the inhibition of hepatic steatosis 
through inhibiting ROS overproduction, mitochondrial damage, and 
dsDNA release into the cytosol, which results in inhibition of AIM2 
activation and the secretion of inflammatory cytokines IL-18 and IL-β, 
and regulation of fatty acid homeostasis. 

The liver plays a critical role in regulating lipid homeostasis which is 
responsible for orchestrating fatty acid synthesis, export, and subse-
quent redistribution to tissues [64]. SCD-1 and FASN are both key 
lipogenic enzymes in the de novo biogenesis of fatty acids, which were 
upregulated in patients with hepatic steatosis [65,66]. The inhibition of 
these two enzymes could reduce hepatic de novo lipogenesis and stea-
tosis [67–69]. SREBP1c, a membrane-bound transcription factor, posi-
tively regulates lipogenic enzymes, including SCD-1 and FASN, and also 
plays a key role during hepatic steatosis and the development of NASH 
[70]. Knockdown of SREBP1c in the liver of ob/ob mice attenuated 
hepatic steatosis [71]. In addition, uptake of circulating fatty acids by 
the liver depends on their transmembrane transports, including the 
family of fatty acid transport proteins (FATPs) and the scavenger re-
ceptor CD36. CD36 expression is much lower in normal hepatocytes but 
is induced by the HFD diet, leading to TG accumulation and hepatic cell 
steatosis [72]. In contrast, disruption of CD36 expression could atten-
uate NAFLD [73]. 

Fatty acid β-oxidation and lipolysis are also important pathways that 
modulate hepatic lipid homeostasis [55]. Increasing mitochondrial 
respiratory activity in the liver could enhance the degradation of fatty 
acids and thus prevents their accumulation and the development of 
NAFLD [74]. However, the clinical implication of impaired mitochon-
drial β-oxidation on the progression of NAFLD is not conclusive, and 
contradicting reports have been published, both enhanced and 
decreased events have been reported [75–78]. PPARα is the most 
abundant PPAR isotype in the healthy liver, which regulates the 
expression of many β-oxidation-related genes, including CPT1 and 
ACOX1, and contributes to the remarkable metabolic flexibility of fatty 
acids in the liver [79–81]. PPARα is highly expressed in normal liver and 
decreased in NAFLD patients [82]. The deletion of either PPARα, CPT1 
or ACOX1 in hepatocytes is sufficient to lead to aggravated NAFLD 
phenotypes [83–85]. The ATGL and HSL are key enzymes involved in TG 

Fig. 5. NAG-1/GDF15 inhibits hepatic steatosis in the FFA-induced hepatocellular steatosis model. (A–B) Representative Oil Red O staining of lipid droplets 
accumulation in HepG2 (A) and Huh-7 (B) cells as transfected with pcDNA3.1-NAG-1 plasmid with or without FFA treatment. Scale bar, 100 μm. (C) Quantitative 
analysis of Oil Red O staining in HepG2 and Huh-7 cells as transfected with pcDNA3.1-NAG-1 plasmid with or without FFA treatment. (D) Intracellular TG content in 
HepG2 and Huh-7 cells as transfected with pcDNA3.1-NAG-1 plasmid. (E–F) Representative Oil Red O staining of lipid droplets accumulation in HepG2 (E) and Huh-7 
(F) cells as transfected with NAG-1 siRNA with or without FFA treatment. Scale bar, 100 μm. (G) Quantitative analysis of Oil Red O staining in HepG2 and Huh-7 cells 
as transfected with NAG-1 siRNA with or without FFA treatment. (H) Intracellular TG content in HepG2 and Huh-7 cells as transfected with NAG-1 siRNA. (I–L) 
Representative Bodipy 493/503 fluorescence staining of lipid droplets accumulation and quantitative analysis in HepG2 cells as transfected with pcDNA3.1-NAG-1 
plasmid (I) or NAG-1 siRNA (K) and in Huh-7 cells as transfected with pcDNA3.1-NAG-1 plasmid (J) or NAG-1 siRNA (L) with or without FFA treatment. Scale bar, 
20 μm. Data are shown as means ± SEM from three independent experiments. Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s 
post hoc test (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs empty vector or negative control of siRNA, without FFA treatment, #P < 0.05, ##P < 0.01 ###P < 0.001 
vs empty vector or negative control of siRNA, with FFA treatment. (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. NAG-1/GDF15 regulates lipid metabolism-related gene and protein expressions in the FFA-induced hepatocellular steatosis model. (A–B) Expression 
of lipogenesis- and lipid uptake-related molecules at the mRNA level (A) and protein level (B) in HepG2 and Huh-7 cells transfected with pcDNA3.1-NAG-1 plasmid as 
determined using qRT-PCR or Western blotting analysis. (C–D) Expression of lipogenesis- and lipid uptake-related molecules at the mRNA level (C) and protein level 
(D) in HepG2 and Huh-7 cells as transfected with NAG-1 siRNA. (E) Expression of the key genes related with fatty acid β oxidation and lipolysis at the mRNA level in 
HepG2 and Huh-7 cells as transfected with pcDNA3.1-NAG-1 plasmid. (F) Western blotting analysis of PPARα, ATGL, and HSL at the protein level in HepG2 and Huh- 
7 cells as transfected with pcDNA3.1-NAG-1 plasmid. (G) Expression of the key genes related with fatty acid β oxidation and lipolysis at the mRNA level in HepG2 and 
Huh-7 cells as transfected with NAG-1 siRNA. (H) Western blotting analysis of PPARα, ATGL, and HSL at the protein level in HepG2 and Huh-7 cells as transfected 
with NAG-1 siRNA. Data are shown as means ± SEM from three independent experiments. Statistical analysis was performed using one-way ANOVA followed by 
Bonferroni’s post hoc test (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs empty vector or negative control of siRNA, without FFA treatment, #P < 0.05, ##P 0.01 vs 
empty vector or negative control of siRNA, with FFA treatment. 
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Fig. 7. NAG-1/GDF15 inhibits AIM2 inflammasome activation in the FFA-induced hepatocellular steatosis model. (A–B) The expression of AIM2 inflam-
masome (AIM2, ASC, Caspase-1, IL-1β, and IL-18) at the mRNA (A) and protein level (B) in HepG2 and Huh-7 cells upon treatment with FFA for 24 h as determined 
using qRT-PCR or Western blotting. (C–D) The mRNA (C) and protein (D) expression of AIM2 inflammasome components in HepG2 and Huh-7 cells as transfected 
with pcDNA3.1-NAG-1 plasmid with or without FFA treatment. (E, F) The expression of AIM2 inflammasome components at the mRNA (E) and protein level (F) in 
HepG2 and Huh-7 cells as transfected with NAG-1 siRNA with or without FFA treatment. Data are shown as means ± SEM from three independent experiments. 
Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s post hoc test (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs empty vector or 
negative control of siRNA, without FFA treatment, #P < 0.05, ##P < 0.01 vs empty vector or negative control of siRNA, with FFA treatment. 
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Fig. 8. NAG-1/GDF15 inhibits FFA-induced oxidative stress in HepG2 cells. (A–B) Representative DCFH-DA staining of intracellular ROS and quantitative 
analysis in HepG2 cells as transfected with pcDNA3.1-NAG-1 plasmid (A) or NAG-1 siRNA (B) with or without FFA treatment. Scale bar, 20 μm. (C–D) Intracellular 
ROS levels as determined using flow cytometry in HepG2 cells as transfected with pcDNA3.1-NAG-1 plasmid (C) or NAG-1 siRNA (D) with or without FFA treatment. 
(E–H) Hepatic activities of SOD and CAT, and level of MDA in HepG2 cells as transfected with pcDNA3.1-NAG-1 plasmid (E, G) or NAG-1 siRNA (F, H). Data are 
shown as means ± SEM from three independent experiments. Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s post hoc test (n =
3). *P < 0.05, **P < 0.01 vs empty vector or negative control of siRNA, without FFA treatment, #P < 0.05, ##P < 0.01 vs empty vector or negative control of siRNA, 
with FFA treatment. 
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Fig. 9. NAG-1/GDF15 alleviates FFA-induced mitochondrial damage and suppresses FFA-induced mtDNA release from mitochondria in HepG2 cells. (A) 
The copy number of mtDNA as determined using qRT-PCR in HepG2 cells as transfected with pcDNA3.1-NAG-1 plasmid or NAG-1 siRNA with or without FFA 
treatment. (B) The release of dsDNA into the cytosol as determined using PicoGreen (dsDNA staining), Mito-tracker (mitochondrial staining), and DAPI (nuclear 
staining) in HepG2 cells as transfected with pcDNA3.1-NAG-1 plasmid or NAG-1 siRNA. Scale bar, 10 μm. White arrow points to cytosolic dsDNA (mtDNA release into 
the cytosol). (C) The content of dsDNA in the medium as determined using the PicoGreen fluorescent probe in HepG2 cells as transfected with pcDNA3.1-NAG-1 
plasmid or NAG-1 siRNA. Data are shown as means ± SEM from three independent experiments. Statistical analysis was performed using one-way ANOVA fol-
lowed by Bonferroni’s post hoc test (n = 3). *P < 0.05, **P < 0.01 vs empty vector or negative control of siRNA, without FFA treatment, #P < 0.05, ##P < 0.01 vs 
empty vector or negative control of siRNA, with FFA treatment. 
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decomposition, which have been associated with the development of 
NAFLD [64,86]. Liver-specific deletion of ATGL results in hepatic stea-
tosis in mice [87], while hepatic overexpression of ATGL or HSL pro-
moted fatty acid oxidation and ameliorated hepatic steatosis [88]. 

In line with the above evidence, our results showed that over-
expression of NAG-1/GDF15 could downregulate the expression of fatty 
acid lipogenesis- and uptake-associated molecules, such as SREBP1c, 
FASN, SCD-1, and CD36 in both HFD and FFA-induced hepatic or 
cellular steatosis models. NAG-1/GDF15 also significantly increased the 
expression of the lipid decomposition-related key molecules, including 
ATGL, HSL, PPARa, CPT1, and ACOX1 in these models. In contrast, 
knockdown of NAG-1/GDF15 demonstrated opposite effects, indicating 
that NAG-1/GDF15 is critical in regulating lipid homeostasis and thus 
attenuating hepatic steatosis. Our previous study found that NAG-1/ 
GDF15 overexpression alleviated HFD-induced obesity and insulin 
resistance in Tg mice via augmenting lipolysis, oxidative metabolism, 
and thermogenesis in adipose tissue [29]. Liver-specific deletion of 
NAG-1/GDF15 via adenovirus injection has been reported to increase 
hepatic lipid and TG accumulation, and to inhibit fatty acid β-oxidation 
in the liver of fasting mice, accompanied by reduced gene expression of 
PPARa, ACOX1, and CPT1a [35]. A recent study reported that over-
expression of NAG-1/GDF15 through adenovirus transfection in mice or 
using recombinant protein in hepatic cells inhibited lipid accumulation 
and the progression of NASH [36]. Together with our study, the current 
evidence suggests that NAG-1/GDF15 could be a promising target for 
the prevention or treatment of steatosis and NAFLD-related metabolic 
deterioration via regulating fatty acids metabolism. 

At present, whether NAG-1/GDF15 elicits its anti-obesity effect and 
thus inhibits the development of metabolic-related diseases exclusively 
through the anorexigenic effect or other mechanisms is still a debate. 
Contradictory results show the mechanisms underlying the anti-obesity 
effects of NAG-1/GDF15. Baek and Eling were the first to report the body 
weight-lowering effect of NAG-1/GDF15 in mice that ubiquitously 
overexpressing hNAG-1/GDF15 under the control of a chicken β-actin 
promoter [46]. Our previous study using the same mice showed that 
NAG-1/GDF15 overexpression decreased body weight and improved 
insulin resistance through increasing thermogenesis and energy expen-
diture, which was independent of food intake or energy intake adjusted 
for body mass [29]. Johnen et al. were the first that reported 
NAG-1/GDF15 may inhibit obesity by reducing appetite and food intake 
[30]. The anorexigenic mechanism was further supported by four 
studies demonstrating that exogenous NAG-1/GDF15 administration of 
recombinant hNAG-1/GDF15 leads to resistance to diet-induced obesity 
via glial cell line-derived neurotrophic factor (GDNF) family receptor 
alpha-like (GFRAL)-dependent anorexigenic action in mice [26–28,89]. 
However, results from several studies could not be solely explained by 
the anorexigenic action of NAG-1/GDF15 mediated via the GFRAL re-
ceptor [29,33,90–93]. 

For example, in ob/ob mice, administration of recombinant hNAG-1/ 
GDF15 (Sigma) decreased body weight and improved insulin sensitivity 
without changing food intake or energy expenditure but may be 
attributed to elevated oxidative metabolism and lipid mobilization in 
the liver, muscle, and adipose tissues [90]. Overexpression of 
NAG-1/GDF15 via adenovirus injection resulted in significantly reduced 
liver weight, hepatic contents of TG, improved glucose tolerance, and 
NAFLD and liver damage in ob/ob mice, without difference in food 
intake, compared to control mice [35]. Kim et al. reported that 
hepatic-specific overexpression of hNAG-1/GDF15 inhibited steatosis 
and NASH development independent of food consumption [33]. In line 
with these studies, our previous [29] and current study suggest that the 
anti-obesity and the beneficial effects against NAFLD of NAG-1/GDF15 
were not due to anorexigenic action. If food intake was calculated as 
calorie intake adjusted for body mass, our NAG-1/GDF15 Tg mice 
consumed significantly more food energy as compared to the WT mice. It 
is still not clear how exactly our NAG-1/GDF15 mice consumed more 
food energy than the WT mice. Our previous study suggests that 

NAG-1/GDF15 mice had increased thermogenesis, energy metabolism, 
and lipolysis [29], which may be a reason. As discussed before [94], 
these discrepancies in the effect of NAG-1/GDF15 on food consumption 
are probably attributed to differences in experimental methods, 
including genetic NAG-1/GDF15 overexpression vs. recombinant 
NAG-1/GDF15, a different source of recombinant NAG-1/GDF15, the 
concentration of circulating NAG-1/GDF15 in serum and tissues, dura-
tion of diet feeding or analytical methods of food intake measurement, 
etc. More studies are still needed to clarify whether the mechanisms 
underlying the anti-obesity effects of NAG-1/GDF15 are related to the 
anorexigenic effect. 

Other than the GFRAL receptor, some studies suggest that the ALK5- 
TGFβRII complex also mediates the action of NAG-1/GDF15 in various 
tissues and cells [30,95]. Another study by Guillaume et al. reported that 
tamoxifen induced a rise in plasma concentration of NAG-1/GDF15 
through a transcriptional mechanism dependent on hepatocyte estro-
gen receptor α (ERα) activation. The author found that ERα was asso-
ciated with specific binding sites in the NAG-1/GDF15 regulatory region 
in hepatocytes upon tamoxifen treatment [96]. These studies suggest a 
possibility that NAG-1/GDF15 might exert its regulatory effects via re-
ceptors other than GFRAL or GFRAL independent mechanisms [97]. In 
our study, we did not detect the difference in GFRAL expression between 
the NAG-1/GDF15 Tg and WT mice in the hindbrain (data not shown). 
However, the expression of GRFAL has been reported in HepG2 cells 
[98]. Therefore, further studies are needed to elucidate whether GFRAL 
and/or other uncharacterized receptors are responsible for the benefi-
cial effects of NAG-1/GDF15 in our mouse model. 

At present, several studies have investigated the molecular mecha-
nisms underlying the protective role of NAG-1/GDF15 against NAFLD. 
Similar to what we found in this study, NAG-1/GDF15 is likely to exert 
preventative and therapeutic effects against NAFLD via regulating lipid 
metabolism, such as inhibiting the fatty acid synthesis and enhancing 
fatty acid oxidation in the liver [33,35]. One interesting question is 
whether the anti-steatotic effect of NAG-1/GDF15 is simply a result of its 
inhibition of obesity. To exclude the weight-dependent effect, Kim et al. 
examined the protective effect of NAG-1/GDF15 during the pathogen-
esis of NAFLD by employing both an Amylin liver NASH (AMLN) diet 
and a methionine-choline deficient diet (MCDD) [33]. Both diets can 
induce hepatic steatosis and NASH in mice but exhibit distinctive effects 
on body weight in the mice [33]. The authors found that NAG-1/GDF15 
may inhibit the progression of steatosis into NASH through its 
anti-inflammatory function in mice treated with both diets, which was 
independent of the anti-obesity effect of NAG-1/GDF15 [33]. 

Additionally, disruption of ER homeostasis (ER stress) due to 
unfolded protein accumulation and downstream signaling response has 
been proposed to play a crucial role in both the development of steatosis 
and progression to NASH [99]. The C/EBP-homologous protein (CHOP) 
has been shown to play a critical role in FFA-mediated ER stress-related 
liver cell death [100]. Several studies have demonstrated that CHOP 
alone or the PERK-activated CHOP signaling pathway could directly 
bind to the promoter of NAG-1/GDF15 under ER stress and transcrip-
tionally upregulate NAG-1/GDF15 expression in different cell types [90, 
101–103]. Li et al. reported that NAG-1/GDF15 acted as a downstream 
component of CHOP, which is associated with reduced hepatic lipid 
accumulation and alleviated NAFLD progression in HFD-fed mice [104]. 
However, whether targeting ER redox homeostasis is a potential 
mechanism of NAG-1/GDF15 for its protective effects in hepatic stea-
tosis in our model needs to be further examined. 

Recently, NAG-1/GDF15 has been recognized to be a diagnostic 
marker for mitochondrial dysfunction and related diseases [13,105], 
suggesting that NAG-1/GDF15 also plays a role in respiratory chain 
dysfunction other than its general role in metabolic dysfunction. How-
ever, at present, no study has reported the regulatory effects of 
NAG-1/GDF15 on mitochondrial damage caused by the fatty acids 
overload and whether NAG-1/GDF15 could inhibit oxidative stress. In 
this study, we identified that AIM2 inflammasome inhibition by 
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NAG-1/GDF15 via reducing oxidative stress associated mitochondrial 
damage and dsDNA release may serve as a novel mechanism underlying 
the protective effect of NAG-1/GDF15 against NAFLD. We found that 
HFD or FFA-induced AIM2 inflammasome activation both in mouse 
livers or in HepG2 and Huh-7 cells, accompanied by mitochondrial 
damage, increased ROS and MDA levels, reduced SOD and CAT enzy-
matic activities in hepatocytes, and reduced dsDNA release into the 
cytosol. We also found that NAG-1/GDF15 overexpression in 
HFD-treated mice or FFA-treated hepatocytes significantly inhibited 
AIM2 inflammasome activation and alleviated mitochondrial 
damage-associated oxidative stress and dsDNA release. On the contrary, 
knockdown of NAG-1/GDF15 demonstrated opposite effects both in vivo 
and in vitro. 

High serum FFA levels are associated with the pathogenesis of 
metabolic syndromes, such as NAFLD [106]. Previous studies reported 
that FFA can activate the NLRP3 inflammasome through ROS over-
production and dsDNA release upon mitochondrial damage [107]. 
Among all inflammasomes, NLRP3 is the most thoroughly studied 
inflammasome type, which is an important sensor of metabolic dysre-
gulation and controls obesity-associated metabolic diseases, such as type 
2 diabetes and NAFLD [108–110]. Stienstra et al. was the first to 
demonstrate that NLRP3, caspase-1, or ASC deletion inhibited obesity, 
improved insulin sensitivity, and inhibited hepatic steatosis in HFD-fed 
mice [111,112]. However, these results were challenged by 
Henao-Mejia et al. that deletion of NLRP3, caspase-1, IL-18, or IL-1β 
respectively, all developed exacerbated NASH compared to the WT mice 
under MCDD [113]. Nevertheless, most studies up to date suggest that 
NLRP3 activation promotes the development and progression of NAFLD, 
and deletion of the members of the NLRP3 family by genetic or phar-
macological approaches prevented mice from developing steatosis, 
fibrosis, and/or NASH [114–118]. Our previous study also found that 
the expression of the components of the NLRP3 inflammasome is upre-
gulated in the adipose tissue upon HFD in the WT mice but was reduced 
in our NAG-1/GDF15 Tg mice [119]. Unfortunately, in this study, there 
were no differences in the hepatic expression of NLRP3 at both the 
mRNA and protein levels between NAG-1/GDF15 Tg and WT mice under 
both diets (data not shown). Therefore, more studies are needed to 
clarify the discrepancies among studies. 

AIM2 is another member of inflammasomes, which recognize dsDNA 
released during infection and is typically considered to be broadly 
involved in pathogen recognition [109], while the physiologic functions 
of AIM2 inflammasome remain obscure. The binding of DNA to AIM2 
initiates the assembly of the AIM2 inflammasome complex, which re-
sults in ASC oligomerization and subsequent recruitment of 
pro-caspase-1 and leads to the release of inflammatory IL-18 and IL-1β 
[120]. Recently, studies have reported that AIM2 can also respond to 
dsDNA released from damaged host cells causing IL-18 and IL-1β 
secretion, thereby driving the development of sterile inflammatory 
diseases including neuronal disease, kidney disease, atherosclerosis, 
cardiovascular disease, insulin resistance, and diabetes, liver diseases, 
and cancer [121,122]. Increased expressions of AIM2, IL-1β, and 
circulating mtDNA were detected in patients with type 2 diabetes [123]. 
At present, several laboratory studies have examined the implication of 
AIM2 in the development of steatosis and NASH in mice, while human 
studies are still lacking [122]. AIM2 inflammasome has been found to be 
overexpressed and activated in the liver of the HFD-induced NAFLD 
mouse model [43,44]. Overexpress of the AIM2 gene in mice aggravated 
HFD-induced NAFLD and stimulated inflammatory cell infiltration and 
increased expression of inflammation-related genes (IL-1β and IL-18) 
[44]. In contrast, the knockdown of AIM2 led to alleviated NAFLD and 
the downregulation of IL-1β and IL-18 expressions [44]. Using 
MCDD-induced NAFLD/NASH mouse model, Csak et al. reported that 
steatosis and steatohepatitis were associated with both NLRP3 and AIM2 
upregulation and activation [42]. The authors further found that AIM2 
upregulation and activation were dependent on MyD88 in bone marrow 
(BM)-derived and non-BM-derived cells [42]. More studies are needed to 

further examine the molecular mechanism of AIM2 inflammasome 
activation during the development of NAFLD. Our study reported for the 
first time that the activation of the AIM2 inflammasome was inhibited 
by NAG-1/GDF15 through inhibiting oxidative stress and dsDNA 
release. However, further studies are needed to clarify the exact mo-
lecular mechanisms of how AIM2 inflammasome activation drives the 
development of hepatitis steatosis, and how NAG-1/GDF15 inhibits 
AIM2 inflammasome activation and thus inhibits obesity-related meta-
bolic diseases. 

There are a few limitations in this study. First, NAFLD encompasses 
simple steatosis to nonalcoholic steatohepatitis as well as further pro-
gression to cirrhosis and liver carcinoma. However, we did not examine 
the role of NAG-1/GDF15 in various stages of NAFLD, which needs to be 
further explored in future studies. In addition, emerging evidence has 
demonstrated that several signaling cascades, including TGF-β, mTOR, 
AMPK, Hedgehog signaling, MAPK, and NF-κB signaling all participate 
in the regulation of lipid metabolism in the liver, and pathogenesis of 
steatosis and NAFLD [124–126]. More studies are needed to determine 
the relationship between these signaling pathways and 
NAG-1/GDF15-induced AIM2 inactivation, and thus inhibit 
obesity-induced hepatic steatosis. 

HFD is known to induce depletion of hepatic n-3 long-chain poly-
unsaturated fatty acids, which favors ROS production, reduces the he-
patic expression of PPARα, and the loss of the transcriptional factor 
nuclear factor-erythroid factor 2-related factor 2 (Nrf2) activity [127]. 
PPARα forms a complex with the proinflammatory factor NF-κB, and the 
reduction of PPARα activates could activate NF-κB, thus leading to the 
steatotic and inflammatory responses in mice [128,129]. The inhibition 
of PPARα can directly aggravate oxidative stress and mitochondrial 
dysfunction [127,130]. In contrast, activation of PPARα and Nrf2, along 
with the deactivation of NF-κB could attenuate NAFLD induced by HFD 
[128,131]. Similarly, strategies to inhibit hepatic lipogenesis (via 
SREBP1) or to induce fatty acid β-oxidation (via PPARα) are associated 
with attenuated NF-κB-mediated inflammatory response and inhibited 
hepatic steatosis and NASH in mice [132,133]. Therefore, more studies 
are needed to examine whether the anti-oxidative stress activity of 
NAG-1/GDF15 is related to its directly or indirectly effect on PPARα or 
Nrf2 activation, and downregulation of NF-κB. In addition, whether the 
reduced AIM2 activation by NAG-1/GDF15 is a result of modulation of 
master regulators of lipid metabolism (SREBP1/PPARα) or a direct effect 
of NAG-1/GDF15 needs to be further examined. 

Another unanswered question is the mechanisms by which NAG-1/ 
GDF15 suppresses ROS and mitochondrial damage. It would be inter-
esting to know whether NAG-1/GDF15 interacts with the Nrf2 signaling 
pathway to inhibit ROS production and induces the expression of the 
antioxidant genes, which all need to be further examined in future 
studies. Moreover, according to the GEO data analysis which revealed 
that NAG-1/GDF15 expression was significantly reduced in steatosis 
patients, but increased in NASH patients, large-scale studies are needed 
to evaluate the clinical importance of the different expression pattern of 
NAG-1/GDF15 during different stages of NAFLD. Whether a high level of 
NAG-1/GDF15 is desirable or not should be further examined in pa-
tients, particularly during the severe stage of NAFLD. 

5. Conclusion 

In conclusion, our study reveals the vital role of NAG-1/GDF15 in 
preventing hepatic steatosis in both HFD-induced in vivo and FFA- 
induced in vitro models of hepatic or cellular steatosis. Our study dem-
onstrates that several mechanisms may explain how NAG-1/GDF15 
elicits an inhibitory effect in the pathogenesis of hepatic steatosis. As 
depicted in Fig. 10, firstly, circulating or hepatic NAG-1/GDF15 may 
bind to unknown receptors of NAG-1/GDF15 on hepatocytes in an 
autocrine or paracrine manner, increases β-oxidation and lipolysis, re-
duces fatty acid uptake and de novo fatty acids synthesis, thus preventing 
excess lipid accumulation and subsequent hepatic steatosis in the liver. 
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Secondly, we have uncovered a novel function of NAG-1/GDF15 in 
regulating mitochondrial function and oxidative stress. Our study re-
veals that NAG-1/GDF15 inhibits HFD- and FFA-induced oxidative stress 
and mitochondrial damage which reduces dsDNA release into the 
cytosol of hepatocytes, alleviates AIM2 inflammasome activation, and 
the release of IL-18 and IL-β. However, more studies are needed to clarify 
the association between these two mechanisms regulated by NAG-1/ 
GDF15. Taken together, our findings provide new insight regarding 
the protective role of NAG-1/GDF15 in hepatic steatosis, suggesting an 
innovative therapeutic strategy for the treatment of NAFLD or related 
metabolic disorders through targeting NAG-1/GDF15. Moreover, 
inhibiting hepatic AIM2 and oxidative stress may be promising thera-
peutic targets for the treatment of NAFLD. 
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[83] M. Régnier, A. Polizzi, S. Smati, C. Lukowicz, A. Fougerat, Y. Lippi, E. Fouché, 
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