
Page 1 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(8):661 | http://dx.doi.org/10.21037/atm-21-471

ENO3 promoted the progression of NASH by negatively 
regulating ferroptosis via elevation of GPX4 expression and lipid 
accumulation
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Background: ENO3 expression is upregulated in Non-alcoholic fatty liver disease (NAFLD) patient 
tissues, demonstrated that ENO3 might play crucial roles in NAFLD. However, the mechanism of ENO3 in 
NAFLD remains unclear. Therefore, this study aimed to investigate the regulatory mechanism of ENO3 in 
the progression of non-alcoholic steatohepatitis (NASH) in vivo and vitro NASH model. 
Methods: In vivo and vitro NASH model were established by methionine-choline deficient (MCD)-diet 
feeding and high free fatty acid (HFFA) induction in L02 cells. Loss and gain function of ENO3 and GPX4 
was performed to study the mechanism in NASH. Western blot was used to detect the expression of ENO3 
and GPX4. Hematoxylin and eosin (H&E), picrosirius Red and Oil Red O staining was used to evaluate 
histopathology of liver in NASH model. Ferroptosis indicators were measured by assay kits according to the 
manufacturer’s instructions.
Results: NASH mouse model was successfully established induced by MCD diet with steatosis, 
inflammatory infiltration, ballooning and fibrosis observed in the liver tissue. The expression of ENO3 and 
GPX4 was significantly elevated while ferroptosis was inhibited in NASH mice and cell model. Upregulation 
of both ENO3 and GPX4 could promote the lipid accumulation in L02 cells. In addition, overexpressed 
ENO3 attenuated the status of ferroptosis.
Conclusions: In the present study, we demonstrate that ENO3 promoted the progression of NASH by 
negatively regulating ferroptosis via elevating GPX4 expression and lipid accumulation. These findings 
provided solid foundation for the mechanism of ferroptosis on the progression of NASH regulated by 
ENO3, suggesting that ENO3 may be a potential therapeutic target for NASH.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) refers to a 
clinicopathological syndrome characterized by excessive 
accumulation of fat in liver cells that is not caused 
by alcohol or other clear liver damage factors, and 
includes non-alcoholic fatty liver (NAFL), non-alcoholic 
steatohepatitis (NASH), and related cirrhosis (1). NAFLD 
refers to pathological conditions of accumulation of excess, 
non-alcoholic fat in the liver. But, NASH refers to the 
liver inflammation and damage caused by a buildup of fat 
in the liver. NAFLD has become the most common and 
significant chronic liver disease in the world due to the 
increasing prevalence of obesity in adults and children (2). 
NASH is a more serious form of NAFLD that can progress 
to liver cirrhosis and liver cancer. Although it has been 
demonstrated that steatosis, inflammation, and fibrosis 
are the main pathological processes contributing to the 
development of NASH (3), the detailed pathogenesis and 
pathophysiological processes of NASH remain unclear. 

Regulated cell death (RCD) is pivotal in directing 
the severity and outcome of liver injury. Hepatocyte 
cell death is a critical event in the progression of liver 
disease due to resultant inflammation leading to fibrosis. 
Apoptosis, necrosis, necroptosis, autophagy, and recently, 
pyroptosis and ferroptosis, have all been investigated 
in the pathogenesis of various liver diseases (4). Lipid 
peroxidation, ROS accumulation, and increased liver iron 
stores (both in the parenchymal and non-parenchymal 
compartment) have been noted in patients with NASH (5).  
Furthermore, antioxidants such as vitamin E and iron 
reduction by phlebotomy have been shown to improve 
liver chemistries, which is a surrogate for hepatitis, in 
patients with NAFLD/NASH (6,7). In a recent study, Qi  
et al. observed an induction of GPX4 protein after 24 weeks 
of Western diet or 10 days of MCD feeding in mice (8). 
Therefore, it is worth exploring whether ferroptosis plays 
an important role in the pathogenesis of NAFLD/NASH. 

Ferroptosis is a newly discovered programmed cell death, 
which is characterized by the accumulation of a large amount 
of iron ions and lipid peroxidation in the process of cell 
death (9). Ferroptosis is primarily induced by catalyzing the 
occurrence of lipid peroxidation of unsaturated fatty acids 
on the cell membrane under the action of divalent iron or 
ester oxygenase (10). It is also manifested via the reduction 
of the core enzyme glutathione peroxidase 4 (GPX4) in the 
antioxidant system, which exhibits anti-oxidative activity by 
reducing phospholipid hydroperoxides in membranes (11).  

GPX4 is a key regulator of ferroptosis, which can convert 
lipid hydroperoxides to lipid alcohol to protect cells 
from death, which can convert lipid hydroperoxides 
to l ipid alcohol to protect cel ls  from death (12).  
First identified in 1982 as the second mammalian 
glutathione peroxidase (13), Yang and Friedmann group 
demonstrated in 2014 that the selenoperoxidase GPX4 
is the key upstream regulator of ferroptosis (14,15). The 
role of GPX4 as the main regulator in the ferroptotic 
process is based on its unique function to reduce complex 
hydroperoxides including phospholipid hydroperoxides 
and cholesterol hydroperoxides to their corresponding 
counterparts, thereby interrupting the lipid peroxidation 
chain reaction (16). Numerous studies have shown that 
this mode of death is closely related to various diseases, 
including nervous system diseases, tumors, ischemia-
reperfusion injury diseases, as well as kidney injury and 
iron metabolism diseases (17). Recently, an increasing 
number of studies have found that ferroptosis is involved 
in the pathogenesis of NASH (18). Tsurusaki et al. [2019] 
demonstrated that hepatic ferroptosis inhibition protected 
NASH by suppressing the subsequent infiltration of 
immune cells and inflammatory reaction (19). Qi et al. [2020] 
revealed that ferroptosis affected the progression of NASH 
by modulating lipid peroxidation-mediated cell death in 
mice (8). These results suggested that novel prevention and 
treatment methods for NASH are expected to be developed 
via the regulation of ferroptosis. However, the regulation 
mechanism of ferroptosis in the pathogenesis of NASH 
remains unclear.

With the rapid development of advanced technologies, 
an increasing number of genes or non-coding ribonucleic 
acids (RNAs) have been found to play key roles in the 
pathogenesis of NASH, such as cluster of designation 
82 (CD82), hepatocyte nuclear factor 4 alpha (HNF4A), 
klotho beta (KLB), and microRNA-223 (miR-223)  
(20-23). Enolase 3 (ENO3) encodes the β-subunit of 
enolase, which is distributed in various tissues, including 
liver, lung, skeletal,  and heart (24). However, the 
mechanism of ENO3 in NAFLD remains unclear. It 
has been demonstrated that ENO3 accelerates hepatic 
cholesterol ester accumulation caused by mediating 
cholesterol ester synthesis (24). Furthermore, previous 
studies have demonstrated that ENO3 expression is 
upregulated in NAFLD patient tissues by integrating 
the analyses of multiple microarray studies (25). These 
findings demonstrated that ENO3 might play a crucial 
role in NAFLD via the regulation of ferroptosis. 
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Table 1 Sequences of primers

Target gene Primer Primer sequence

ENO3 GTP-ENO3-F: 5'-GAAGATTCTAGAGCTAGCGAATTCATGGCCATGCAGAAAATCTTT-3'

-OE GTP-ENO3-R: 5'-CGCAGATCCTTGCGGCCGCGCGGCCGCTCACTTGGCCTTCGGGTTA-3'

GPX4 GTP-GPX4-F: 5'-GAAGATTCTAGAGCTAGCGAATTCATGAGCCTCGGCCGCCTTTGCC-3'

-OE GTP-GPX4-R: 5'-CGCAGATCCTTGCGGCCGCGCGGCCGCTCATGAGTGCCGGTGGAAGGC-3'

sh- ENO3-sh-F: 5'-CCGGGGAAGTACGATCTTGACTTCACGAATGAAGTCAAGATCGTACTTCC TTTTTTG-3'

ENO3 ENO3-sh-R: 5'-AATTCAAAAAAGGAAGTACGATCTTGACTTCATTCGTGAAGTCAAGATCGTACTTCC-3'

sh- GPX4-sh-F: 5'-CCGGGGACACCGTCTCTCCACAGTTCGAAAACTGTGGAGAGACGGTGTCC TTTTTTG-3'

GPX4 GPX4-sh-R: 5'-AATTCAAAAAAGGACACCGTCTCTCCACAGTTTTCGAACTGTGGAGAGACGGTGTCC-3'

OE, overexpression; sh, shRNA.

Therefore, in the present study, we aimed to investigate 
the regulatory mechanism of ENO3 in NASH via the 
regulation of ferroptosis using in vivo and in vitro NASH 
models. We present the following article in accordance 
with the ARRIVE reporting checklist (available at http://
dx.doi.org/10.21037/atm-21-471).

Methods

Cell lines and cell culture

Normal human liver L02 cell line was purchased from the 
American Type Culture Collection (ATCC, Bethesda, MD, 
USA). Cells were cultured in 90% Dulbecco’s modified 
Eagle’s medium (DMEM, 12430054, Gibco, USA) 
supplemented with 10% fetal bovine serum (FBS, Gibco, 
USA), 100 μg/mL penicillin, and 100 μg/mL streptomycin 
at 37 ℃ in a 5% carbon dioxide (CO2)-contained incubator 
under 95% saturation humidity. L02 cells were treated with 
high free fatty acid (HFFA, 01383-1G, and P9767-5G, 
Sigma USA) for 72 hours to establish the NASH cell model. 

Cell transfection 

Cell transfection was performed by ENO3 and GPX4 
lentiviral transfection harboring with overexpressed (OE) or 
short hairpin RNA (shRNA) plasmid of ENO3 and GPX4 
as previously described (26). Briefly, L02 cells at a density 
of 3×105 cells/well were seeded in a six-well plate prior to 
transfection. Lentiviral-harbor overexpressed or shRNA 
targeting ENO3 and GPX4 were transiently transfected 
into L02 cells when the cell confluence was 60–70%, 
respectively. The negative control for overexpression (OE-

NC) and negative control for short hairpin RNA (Sh-NC) 
lentiviral transfection were used as controls. The lentivirus 
of ENO3 and GPX4 were purchased from Zhengzhou 
DingHan Biotechnology Co., Ltd. China, and the 
overexpression and shRNA sequences were as Table 1.

For ferroptosis activation, 0.5 μM ferroptosis activator 
(1S, 3R)-RSL3 (RSL-3) (1219810-16-8, Macklin) was used 
to treat L02 cells for 24 hours. Transfection efficiency was 
detected by quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR). 

Western blotting

Total protein from liver tissue and L02 cells was extracted 
using Radio-Immunoprecipitation Assay (RIPA) Lysis 
buffer (P0013, Beyotime, Shanghai, China) and then 
quantified using a bicinchoninic acid (BCA) protein assay 
kit (70-PQ0012, MultiSciences, China) according to 
the manufacturer’s instructions. In each sample, 30 μg 
proteins with 20% protein loading buffer was separated in 
10–12% dodecyl sulfate, sodium salt (SDS)-Polyacrylamide 
gel electrophoresis (SDS-PAGE) and then transferred 
onto polyvinylidene fluoride (PVDF) membranes. Next, 
the membranes were blocked using 5% lipid-free milk/
Tris Buffered saline Tween (TBST) for 2 hours at room 
temperature, and subsequently incubated with anti-ENO3 
(55234-1-AP, 1:200, proteintech), anti-GPX4 (PAB40411, 
1:2,000, Abcam, BioswampTM), and anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (sc-365062, 
1:5,000, Santa Cruz) primary antibodies for 2 hours at 4 ℃  
overnight, respectively. After incubation with secondary 
anti-mouse immunoglobulin- G (IgG) antibody (ab205719, 
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1:20,000, Abcam, Cambridge, UK) for 1–2 hours at room 
temperature, the immuno-complexes were finally detected 
by efficient chemiluminescence (ECL) and the relative 
expression of OEN3 and GPX4 was analyzed using Image J 
software (USA). 

MCD-diet induced the NASH mouse model 

Eight-week-old C57BL/6 mice, body weight about 22–24 g,  
male (n=24) were purchased from Beijing Vital River 
Laboratory Animal Technology Co. Ltd China, were 
maintained in a pathogen-free environment with access to 
sterile water and a standard controlled diet. The mice were 
randomly divided into four groups and were maintained 
on a MCD diet (Medicience, Yangzhou, China) for 4, 8, 
and 12 weeks to induce NASH. Liver tissue and blood 
samples (from the eyeballs of the mice) were harvested for 
further analyses. Mice on a normal diet were used as the 
control. All animal experiments were approved by Ethics 
Committee of Zhengzhou University and were performed 
in accordance with the requirements outlined by the 
Animal Care and Ethics Committees of Henan Provincial 
People’s Hospital. Serum alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) (obtained from the 
blood of mice eyeballs) were measured by the automatic 
biochemical analyzer Chemray 240 and 800 (Shenzhen 
China), respectively. Triglycerides (TGs) were measured 
using a triglycerides assay kit (E1025, APPLYGEN, Beijing) 
according to the manufacturer’s instructions. 

Hematoxylin and eosin (HE), picrosirius red, and oil red o 
staining

Liver tissues were sliced into 8 µm-thick sections and fixed 
with 4% paraformaldehyde at room temperature. For 
HE staining, the deparaffinized sections were stained in 
hematoxylin and eosin staining solutions for 5 minutes, 
respectively. The slides were then dehydrated and 
sealed with neutral gum. For evaluation of liver fibrosis, 
picrosirius red staining. For oil red o staining, the sections 
or L02 cell lines were rinsed with phosphate buffer saline 
(PBS) and subsequently stained with hematoxylin solution. 
Next, the sections were stained with oil red o staining 
solution after incubation in 60% isopropanol for 10 min. 
Finally, the sections were washed with running water and 
were observed under a microscope (Olympus, Japan). We 
evaluate the hepatic steatosis, inflammation, ballooning 

and liver fibrosis respectively using microscope of 
OLYMPUS BX53 according to the NAFLD activity score 
(NAS) system (27). 

Ferroptosis indicators measurement

Malondialdehyde (MDA) and glutathione transferase 
(GST) in liver tissue and L02 cells were measured using a 
MDA assay kit (A003-1, TBA method, Nanjing Jiancheng 
Bioengineering Institute) and reduced glutathione (GSH) 
assay kit (A006-1, Nanjing Jiancheng Bioengineering 
Institute), respectively, according to the manufacturer’s 
instructions. Ferrous ion(2+) (Fe2+) concentration was 
measured using an iron colorimetric assay kit (E1042, 
APPLYGEN, Beijing) according to the manufacturer’s 
instructions. 

Statistical analysis

All statistical analyses were performed using SPSS 21.0 
software (IBM, Armonk, NY, USA). Data were shown 
as the mean ± standard deviation of three independent 
experiments. The student’s t-test was used to examine the 
significance between two groups, one way ANOVA was 
used to examine the significance more than two groups, and 
P<0.05 was considered statistically significant.

Results

The MCD diet-induced NASH mouse model was 
successfully constructed

In order to explore the role of ENO3 in NASH, a MCD 
diet-induced NASH mouse model was established. HE, 
picrosirius red, and oil red o staining were used to evaluate 
the pathological features of liver tissue in the NASH model. 
HE staining showed steatosis inflammatory infiltration, 
and ballooning in the liver tissue of the mice at 4, 8, and 
12 weeks after MCD feeding (Figure 1A). Picrosirius red 
staining revealed that the fibrosis level of the liver tissue 
was dramatically elevated in the MCD-diet-induced NASH 
mouse model at 4, 8, and 12 weeks after MCD feeding 
(Figure 1B). Oil red o staining also confirmed steatosis 
in MCD-diet-induced NASH mouse model (Figure 1C). 
Serum liver injury markers, AST, ALT, and TG, were 
also measured in the NASH mouse model. As shown in  
(Figure 1D), the levels of AST and ALT were markedly 
increased at 4, 8, and 12 weeks after MCD feeding, while 
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Figure 1 Pathological features of non-alcoholic steatohepatitis in the MCD diet model. (A) HE staining was used to evaluate the lipid 
accumulation, inflammatory responses, and ballooning in the liver tissue of the MCD diet model mice at 4, 8, and 12 weeks after feeding; (B) 
Sirius red staining was used to evaluate fibrosis in the liver tissue of the MCD diet model mice at 4, 8, and 12 weeks after MCD diet feeding 
and statistics with NAFLD activity score system (17); (C) lipid accumulation was observed in the liver tissue of the CDE diet mice model at 4, 
8, and 12 weeks after CDE diet feeding by oil red o staining. Six mice were used for analyses at each time point; (D) measurement of serum 
liver injury markers ALT, AST, and TG at 4, 8, and 12 weeks after the CDE feeding. The data are shown as the mean ± standard deviation 
(n=6); *, P<0.05; **, P<0.01; ***, P<0.001, MCD group vs. Control group.
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the level of TG was dramatically decreased compared to 
the control group. These results demonstrated that the 
MCD diet-induced NASH mouse model was successfully 
established, and the degree of NASH in the livers of the 
mice gradually increased with the increased MCD feeding 
duration.

Changes of ENO3, GPX4, and ferroptosis-related 
indicators in NASH mouse and cell models

In order to identify the correlation between ENO3 and 
NASH, the expression of ENO3 was detected in the livers 
of the NASH mice. The results showed that the expression 



Lu et al. ENO3 regulated ferroptosis in NASH

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(8):661 | http://dx.doi.org/10.21037/atm-21-471

Page 6 of 13

of ENO3 was significantly increased in the NASH mice 
model group with MCD feeding for 4, 8, and 12 weeks 
compared to the control group (Figure 2A). Previous 
studies have demonstrated that GPX4 is downregulated 
during ferroptosis. Therefore, the expression of GPX4 was 
measured in the livers of the NASH mice. Results showed 
that the expression of GPX4 was also significantly increased 
in the NASH mice model group with MCD feeding for 4, 
8, and 12 weeks compared to the control group (Figure 2A), 
which is consistent with the expression changes of ENO3 in 
the NASH mice model. These results demonstrated ENO3 
might participate in NASH-related ferroptosis. Further 
analysis showed that MDA was significantly decreased, 
while the concentration of GSH was dramatically increased 
in the NASH mice model group with MCD feeding for 4, 
8, and 12 weeks. We also found that the Fe2+ concentration 
was significantly decreased in the NASH mice model group 
with MCD feeding for 4, 8, and 12 weeks (Figure 2B). 

In order to further confirm these results, a NASH cell 
model was constructed using the L02 cell line by treating 
with HFFA for 72 hours. Oil red o staining revealed 
steatosis in these L02 cells (Figure 2C). The results also 
showed that the concentration of MDA was significantly 
decreased, while the concentration of GSH was increased 
in L02 cells after treatment with HFFA (Figure 2C). In 
addition, the expression of both ENO3 and GPX4 were 
significantly increased in L02 cells after HFFA treatment 
(Figure 2D). These results were consistent with the results 
in the mouse model, demonstrating that the inhibition of 
ferroptosis might be affected by the elevated expression of 
ENO3 and GPX4.

ENO3 affected the lipid deposition and ferroptosis 
indicators in L02 cells

In order to investigate whether ENO3 could affect 
ferroptosis, the loss and gain functions of ENO3 in L02 
cells were performed. As shown in Figure 3A, ENO3 was 
significantly overexpressed or suppressed in the ENO3 OE 
and ENO3 knock-down (KD) groups compared to the wild 
type (WT) group. The expression of GPX4 exhibited the 
same trend in the expression level of ENO3 in the ENO3 
OE and ENO3 KD groups. However, it showed that the 
expression of ENO3 was significantly elevated, while the 
expression of GPX4 was downregulated in the ENO3 
group after treatment with the ferroptosis activator RSL3  
(Figure 3A). Further analysis showed that lipid deposition 
was significantly aggravated in both the ENO3 OE 

and ENO3 OE-RSL3 groups, and was inhibited in the 
ENO3 KD group compared to the WT group. Also, lipid 
deposition was mitigated in the ENO3 OE-RSL3 group 
relative to the ENO3 group (Figure 3B). In addition, the 
concentration of MDA was significantly decreased in the 
ENO3 OE group, and was elevated in the ENO3 KD and 
ENO3 OE-RSL3 groups compared to the WT group 
(Figure 3C). Meanwhile, the changes in GSH exhibited 
opposite results to those observed in MDA (Figure 3C).

GPX4 affected lipid deposition in L02 cells

In order to determine whether ENO3 affected lipid 
deposition caused by changes in the expression of GPX4, 
the loss and gain functions of GPX4 in L02 cells were 
performed. As shown in Figure 4A, the expression of GPX4 
was significantly overexpressed in the GPX4 OE group, 
and was suppressed in the GPX4 KD and GPX4 OE-
RSL3 groups relative to the WT group. Further analysis 
showed that the overexpression of GPX4 could significantly 
aggravate lipid deposition, while suppressed GPX4 blocked 
lipid deposition, compared to the WT group (Figure 4B). 
However, lipid deposition was significantly attenuated in 
the GPX4 OE group after treatment with RSL-3 in L02 
cells (Figure 4B), suggesting that GPX4 could regulate lipid 
deposition.

Discussion

NAFLD is a metabolic stress liver injury closely related 
to obesity, insulin resistance, and genetic susceptibility, 
and is considered to be the manifestation of metabolic 
syndrome in the liver (28,29). NASH is a more serious 
pathological process in NAFLD that is affected by a variety 
of concurrent factors, including lipotoxicity, abnormal 
lipid metabolism, oxidative stress, genetic susceptibility, 
mitochondrial dysfunction, abnormal production of 
cytokines and adipocytokines, intestinal microecological 
disorders, and endoplasmic reticulum stress (30,31). 
Although the pathogenesis is complicated, it is clear that 
occurrence and development of NASH is caused by the 
imbalance of lipid metabolism in liver cells (32). However, 
the regulatory mechanism of lipid metabolism remains 
unclear in the progression of NASH. Therefore, it is 
particularly important to conduct in-depth research on 
lipid metabolism in the pathogenesis of NASH, in order 
to prevent the formation and development of NASH. In 
the present study, we successfully established a MCD diet-
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Figure 2 Changes of ENO3, GPX4, and ferroptosis-related indicators in the NASH mice and cell models. (A) The protein expression of 
ENO3 and GPX4 in the liver tissue of the CDE diet model mice at 4, 8, and 12 weeks after CDE diet feeding was detected by western 
blotting and qRT-PCR, respectively; GAPDH was used as a control; (B) changes in MDA, GSH, and Fe2+ concentration in the liver tissue of 
the CDE diet model mice at 4, 8, and 12 weeks after CDE diet feeding; (C) oil red o staining was used to detect lipid accumulation and the 
levels of MDA and GSH in L02 cell lines after HFFA treatment for 72 hours; (D) the protein expression of ENO3 and GPX4 in the L02 cell 
line after HFFA treatment for 72 hours was detected by western blotting, and the relative expression of ENO3 and GPX4 was calculated by 
Image J. GAPDH was used as a control. Each set of samples was repeated three times. The data are shown as the mean ± standard deviation 
(n=6); *, P<0.05; **, P<0.01; ***, P<0.001, MCD group vs. Control group or HFFA 72 h group vs. WT group.
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Figure 3 ENO3 affected the lipid deposition and ferroptosis indicators in L02 cells. (A) The expression of ENO3 and GPX4 was detected 
by western blotting in the overexpressed/suppressed ENO3 L02 cells and in the overexpressed ENO3 L02 cells treated with RSL3. GAPDH 
was used as a control; (B) Oil red o staining was used to detect the lipid accumulation in the different groups; (C) the concentrations of 
MDA and GSH changed in the L02 cell lines in the different groups. Each set of samples was repeated three times. The data are shown as 
the mean ± standard deviation (n=6); **P<0.01; ***P<0.001, vs. WT group.
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Figure 4 GPX4 affected the lipid deposition in L02 cells. (A) The expression of GPX4 was detected by western blotting in overexpressed/
suppressed GPX4 L02 cells and in the overexpressed GPX4 L02 cells treated with RSL3. GAPDH was used as a control; (B) Oil red o 
staining was used to detect the lipid accumulation in different groups. Each set of samples was repeated three times. The data are shown as 
the mean ± standard deviation (n=6); *, P<0.05; ***, P<0.001, vs. WT group.
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induced NASH model with inflammatory infiltration, 
ballooning, steatosis, and fibrosis in the livers of mice, and 
investigated the regulatory mechanism of lipid accumulation 
in NASH.

An increasing numbers of studies have shown that 
various kinds of regulatory factors are involved in different 
processes in the development of NASH. For example, 
microRNA-223 ameliorates NASH and cancer by affecting 
inflammation in hepatocytes, and cellular communication 
network factor 1 (CCN1) also promotes hepatic steatosis 
and inflammation in NASH (20,33). Membrane-bound-
acyltransferase 7 (MBOAT7) suppresses the progression of 
NAFLD by driving acylation of lysophosphatidylinositol 
(LPI) lipids (34). Recently, it was demonstrated that ENO3 
expression is upregulated in the tissues of NAFLD patients 
by integrating analyses of multiple microarray studies (24).  
Elam et al. also showed that ENO3 expression was 
significantly higher in the livers of morbidly obese women 
compared with women who had experienced massive weight 
loss (35). Consistent with these results, our study showed 
that the expression of ENO3 was significantly increased in 
the MCD diet-induced NASH mouse model and LFFA-
induced NASH in vitro model, demonstrating that ENO3 
might play a critical role in the progression of NASH. 
ENO3 encodes the β-subunit of enolase expressed in various 
tissues, including liver, lung, skeletal, and heart (24). It has 
been demonstrated that ENO3 could accelerate hepatic 
cholesterol ester accumulation by mediating cholesterol 
ester synthesis via increasing lipid delivery to liver (24). In 
the present study, we showed that the overexpression of 
ENO3 could promote the lipid accumulation in L02 cells. 
However, the mechanism through which ENO3 affects the 
lipid accumulation in the progression of NASH remains 
unclear. 

Ferroptosis is a newly discovered form of programmed 
death, which is different from other death procedures such 
as apoptosis, necrosis, and autophagy (17). The mechanism 
of iron death may be mainly related to lipid and lipid 
peroxide accumulation, amino acid antioxidant system 
imbalance, iron ion metabolism disorder, etc. Ferroptosis 
is closely related to the occurrence of many diseases, 
and several studies have shown that ferroptosis could 
participate in NASH. Tsurusaki et al. [2019] demonstrated 
that ferroptosis inhibition almost completely protected 
hepatocytes from necrotic death and suppressed the 
subsequent infiltration of immune cells and inflammatory 
reaction in NASH (19). Recently, Wei et al. [2020] and 
Qi et al. [2020] revealed that ferroptosis promoted the 

progression of NASH by mediating Mitofusin 2 (Mfn2) 
and inositol-requiring enzyme 1 alpha (IREα) (36), as well 
as lipid peroxidation (8), respectively. In the present study, 
we found that that ferroptosis was gradually suppressed 
as NASH worsened, even in the presence of liver fibrosis, 
which is inconsistent with the results of previous studies. 
These findings showed that in order to prevent the 
progression of NASH, ferroptosis might serve as a repair 
or resistance regulator to mitigate liver injury in the 
early stage of NASH. It has also been demonstrated that 
mevalonate, transsulfide, and heat shock protein signaling 
played important roles in ferroptosis (9,37-39). However, 
the function of ENO3 in ferroptosis was rarely investigated. 
In the present study, we showed that the overexpression 
of ENO3 could inhibit ferroptosis in the progression of 
NASH. Further analysis showed that ferroptosis induced 
by RSL-3 could attenuate the lipid accumulation in L02 
cells, demonstrating that ferroptosis regulated the lipid 
accumulation in the progression of NASH. The processes 
of lipid synthesis, storage and degradation are finely 
regulated and associated with ferroptosis (40). Inhibition 
of stearoyl CoA desaturase 1 (SCD1), an enzyme that 
catalyzes the rate-limiting step in monounsaturated fatty-
acid synthesis, can induce both ferroptosis and apoptosis 
by decreasing CoQ10 and unsaturated fatty acyl chains 
in membrane phospholipids, and increasing long-chain 
saturated ceramides (41). While the inhibition of β-oxidation 
can restore the sensitivity of tumor cells to ferroptosis (42). 
Moreover, lipophagy, the degradation of intracellular lipid 
droplets (LDs) via autophagy, promotes ferroptosis induced 
by RSL3 in hepatocytes by decreasing lipid storage, and 
subsequent lipid peroxidation (43). Taken together, ENO3 
promoted the progression of NASH by elevating lipid 
accumulation via negative regulation of ferroptosis.

Ferroptosis is also characterized by the loss of GPX4 
activity (44). GPX4 is one of the most important selenium-
dependent GPXs. It is characterized by iron-dependent 
production of reactive oxygen species (ROS) and the 
consequent non-apoptotic form of cell death (12,45,46). In 
the present study, we showed that GPX4 was significantly 
elevated in the MCD diet-induced NASH mice model and 
LFFA induced NASH in vitro model, which is consistent 
with the changes in ENO3 expression. We also found 
that the overexpression of GPX4 could promote lipid 
accumulation in L02 cells, which decreased with RSL-3 
treatment, suggesting that GPX4 could contribute to lipid 
accumulation in the progression of NASH. In addition, 
we showed that the expression of GPX4 was elevated 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Tsurusaki+S&cauthor_id=31209199
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with ENO3 overexpression, suggesting that ENO3 might 
regulate ferroptosis by regulating the expression of GPX4. 
However, the regulatory mechanism of ENO3 to GPX4 in 
the progression of NASH needs to be further studied.

Conclusions

In summary, we demonstrated that upregulation of 
ENO3 promoted the progression of NASH by negatively 
regulating ferroptosis via elevation of GPX4 expression 
and lipid accumulation, suggesting that ENO3 may be a 
therapeutic target for NASH.
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