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INTRODUCTION 
 

The defining characteristic of non-alcoholic fatty liver 
disease (NAFLD), which is the most commonly 

occurring ailment affecting that organ [1], is excessive 

deposition of triglycerides within the liver tissue in the 

absence of alcohol consumption [2]. The main NAFLD 

subgroup is non-alcoholic steatohepatitis (NASH) [3]. 

The earliest stage of NAFLD is hepatic steatosis, which 
is often self-limited [4], but in some cases progresses to 

NASH and, ultimately, to fibrosis and cirrhosis [5]. 

NAFLD is characterized by lipid accumulation within 
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ABSTRACT 
 

Although circular RNAs (circRNAs) are known to play key roles in non-alcoholic fatty liver disease, much about 
their targets and mechanisms remains unknown. We therefore investigated the actions and mechanisms of 
hsa_circ_0048179 in an in vitro model of NAFLD. HepG2 cells were exposed to oleate/palmitate (2:1 ratio) for 
24 h to induce intracellular lipid accumulation. Using CCK-8 assays, flow cytometry, fluorescence microscopy, 
western blotting, RT-qPCR, and Oil red O staining, we found that oleate/palmitate treatment reduced cell 
viability while increasing apoptosis and lipid accumulation in HepG2 cells. Levels of the antioxidant enzyme 
GPX4 were decreased in oleate/palmitate-treated HepG2 cells, and there were corresponding increases in 
reactive oxygen species and damage to mitochondrial cristae. Levels of hsa_circ_0048179 expression were also 
suppressed by oleate/palmitate treatment, and GPX4 levels were markedly increased in HepG2 cells following 
transfection with hsa_circ_0048179. Analysis of its mechanism revealed that hsa_circ_0048179 upregulated 
GPX4 levels by acting as a competitive “sponge” of miR-188-3p and that hsa_circ_0048179 attenuated 
oleate/palmitate-induced lipid accumulation in HepG2 cells by sponging miR-188-3p. Collectively, our findings 
suggest that hsa_circ_0048179 may play a key role in the pathogenesis of steatosis and may thus be a useful 
target for drug development. 
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liver tissue not due to alcohol abuse [6, 7]. NAFLD 

severely affects the quality of life of patients and is a 

financial burden for society [8, 9]. However, the 

pathogenesis of NAFLD has not been entirely 

elucidated. It is therefore important to continue to 

investigate the pathogenesis of NAFLD and expand the 

available treatment options. 

 

Circular RNA (circRNA) is an endogenous noncoding 

RNA molecule ubiquitous in eukaryotes [10]. 

CircRNAs have a closed loop structure with no 5‟ cap 

or 3‟ poly(A) tail, and often originate from exons or 

introns within gene fragments [10, 11]. These 

molecules are now known to play vital roles in a 

number of cellular processes, including cell growth, 

migration, and invasion, as well as carcinogenic 

transformation [12]. CircRNAs regulate gene 

expression by binding to proteins or sponging 

microRNAs (miRNAs) [13]. Recently, Jin et al. 

reported that circRNAs may function as molecular 

diagnostic biomarkers of NASH acting via a circRNA-

miRNA-mRNA axis [14]. For example, circRNA_ 

0046366 could inhibit hepatocellular steatosis in high 

fat-treated HepG2 cells via miR-34a/PPARα axis [15]. 

In addition, hsa_circ_0048179 was found to be 

expressed in the HepG2 human hepatoblastoma cell 

line, normal human epidermal keratinocytes (NHEK), 

and HeLa-S3 cell line [16]. However, the potential role 

of hsa_circ_0048179 in the progression of NAFLD 

and its underlying mechanism remain unclear. In the 

present study, therefore, we explored the roles of 

hsa_circ_0048179 in the pathogenesis of NAFLD. 

 

RESULTS 
 

In vitro oleate/palmitate-induced NAFLD model  

 

HepG2 cells were exposed to oleate/palmitate for 24 h to 

induce intracellular lipid accumulation. CCK-8 assays 

were used to assess the viability of HepG2 cells after 

treatment with oleate/palmitate for 12, 24 and 36 h. 

Incubation in the presence of oleate/palmitate led to 

significant time-dependent decreases in HepG2 cell 

viability and corresponding increases in apoptosis (Figure 

1A). In addition, apoptosis rate was 12.65 ± 2.78%, 36.60 

± 3.61% and 45.97 ± 4.21% in HepG2 cells after 

treatment with oleate/palmitate for 12, 24 and 36 h 

respectively, compared with control (3.26 ± 0.35%) 

(Figure 1B, 1C). Oil red O staining revealed that 

intracellular accumulation of lipid was significantly 

enhanced in oleate/palmitate-treated HepG2 cells (Figure 

1D, 1E). These data illustrate that oleate/palmitate 

induces the apoptosis and lipid accumulation 

characteristic of NAFLD in HepG2 cells. We have thus 

established an in vitro model of NAFLD. To maximize 

fat accumulation while minimizing cytotoxicity, 

incubation with oleate/palmitate for 24 h was selected for 

subsequent experiments. 

 

 
 

Figure 1. Oleate/palmitate induces an in vitro model NAFLD. HepG2 cells were incubated with oleate/palmitate (2:1 molar ratio) 
for 0, 12, 24 and 36 h. (A) CCK-8 assays were used to measure cell viability. (B, C) Apoptotic cells were detected with Annexin V and PI 
double staining. (D, E) Lipid deposition in HepG2 cells detected with Oil red O staining. Magnification: 200x. *P<0.05, **P<0.01 vs. 
control group. 
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Oleate/palmitate induces ROS generation and 

decreases mitochondrial membrane potentials 

(MMPs) in HepG2 cells 

 

It was previously reported that lipid deposition in 

hepatocytes leads to increased ROS generation and 

mitochondrial dysfunction [17]. As shown in Figure 2A, 

oleate/palmitate markedly increased ROS generation in 

HepG2 cells, as indicated by the increased DCFH-DA 

fluorescence intensity. In addition, oleate/palmitate 

exposure also significantly decreased MMPs in HepG2 

cells (Figure 2B, 2C), and transmission electron 

microscopy (TEM) revealed mitochondrial swelling and 

fragmentation of the mitochondrial cristae in the 

oleate/palmitate-treated cells (Figure 2D). Moreover, 

MTG staining results indicated that oleate/palmitate 

exposure decreased the mitochondrial fluorescence 

intensity in HepG2 cells, compared with control group 

(Figure 2E). Glutathione peroxidase 4 (GPX4), a 

phospholipid hydroperoxidase, protects cells against 

membrane lipid peroxidation [18]. As shown in Figure 

2F, 2G, oleate/palmitate exposure resulted in decreased 

expression of GPX4 in HepG2 cells in a time-dependent 

manner.  

 

 
 

Figure 2. Oleate/palmitate induces ROS generation and decreases MMP in HepG2 cells. HepG2 cells were incubated with 
oleate/palmitate (2:1 molar ratio) for 24 h. (A) ROS generation was detected as DCF fluorescence using flow cytometry. (B, C) JC-1 staining 
was used to detect mitochondrial membrane depolarization. (D) Changes in mitochondrial morphology were observed in HepG2 cells using 
TEM. The mitochondria from oleate/palmitate-treated HepG2 cells were swollen and cristae appeared disrupted (red arrows). Magnification: 
20,000x. (E) Mitochondrial distribution in HepG2 cells detected with MTG staining. The green color represents mitochondria staining. (F) 
HepG2 cells were incubated with oleate/palmitate (2:1 molar ratio) for 0, 12, 24 and 36 h. Levels of GPX4 expression in HepG2 cells were 
detected with western blotting. GAPDH was used as an internal control. (G) Relative expression of GPX4 in HepG2 cells was quantified by 
normalization to β-actin. **P<0.01 vs. control group. 
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Hsa_circ_0048179 increases GPX4 levels in HepG2 

cells 
 

Has_circRNA_0048179 is reported to be expressed  

in HepG2 cells [16]. As shown in Figure 3A, 

hsa_circ_0048179 levels were significantly lower in 

oleate/palmitate-treated HepG2 cells than in untreated 

control cells. To determine the function of hsa_circ_ 

0048179, we used a lentiviral vector to overexpress it 

HepG2 cells (Figure 3B). We found that levels of GPX4 

were upregulated in cells overexpressing hsa_circ_ 

0048179 (Figure 3C, 3D). Moreover, overexpression of 

hsa_circ_0048179 led to increased expression of GPX4 

in oleate/palmitate-treated HepG2 cells in a time-

dependent manner (Supplementary Figure 1A, 1B). 

These data suggest that hsa_circ_0048179 may suppress 

lipid deposition and mitochondrial dysfunction by 

mediating enhancement of GPX4 activity. 

 

 
 

Figure 3. Overexpression of hsa_circ_0048179 increases GPX4 levels in HepG2 cells. (A) HepG2 cells were incubated with 

oleate/palmitate (2:1 molar ratio) for 24 h, after which levels of hsa_circ_0048179 were detected using qRT-PCR. (B) HepG2 cells were 
transfected with NC or lenti-hsa_circ_0048179 for 72 h. Hsa_circ_0048179 levels in HepG2 cells were detected using qRT-PCR. (C) Levels of 
GPX4 expression in HepG2 cells were detected with western blotting. (D) Relative expression of GPX4 in HepG2 cells was quantified by 
normalization to GAPDH. **P<0.01 vs. control group. 
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Hsa_circ_0048179 functions as a ceRNA targeting 

miR-188-3p in NAFLD 

 
CircRNAs regulate gene expression by binding to 

proteins or sponging miRNA [19]. Data from the online 

bioinformatics tool circbase (http://www.circbase.org) 

and the circular RNA interactome (https:// 

circinteractome.nia.nih.gov/index.html) indicate that 

hsa_circ_0048179 is an exonic circRNA, which are 

known to regulate expression of target genes by sponging 

their miRNAs [13]. We therefore used the Circular RNA 

interactome, TargetScan (http://www.targetscan.org/ 

vert_71/) and miRDB (http://www.mirdb.org) to 

identify miRNAs that interact with hsa_circ_0048179 

and target GPX4. The bioinformatics results predicted 

that miR-188-3p was a likely target of both 

hsa_circ_0048179 and GPX4 (Figure 4A, 4B). 

Moreover, levels of miR-188-3p were unaffected  

by oleate/palmitate stimulation of HepG2 cells  

(Figure 4C), and fluorescence in situ hybridization 

(FISH) assays showed that hsa_circ_0048179 and  

miR-188-3p partially co-localized in the cytoplasm 

(Figure 4D). This suggests that hsa_circ_0048179 

directly interacts with miR-188-3p and that hsa_ 

circ_0048179 functions as a ceRNA targeting miR-188-

3p in NAFLD. 
 

qRT-PCR results indicated that miR-188-3p levels were 

markedly increased in HepG2 cells following 

transfection with miR-188-3p agomir, and significantly 

decreased following transfection with miR-188-3p 

antagomir (Figure 4E). Furthermore, dual-luciferase 

reporter assays demonstrated that miR-188-3p inhibited 

hsa_circ_0048179-WT, while hsa_circ_0048179-MT 

was unaffected (Figure 4F). This suggests miR-188-3p 

is a potential binding target of hsa_circ_0048179. 

Luciferase assays also showed that miR-188-3p inhibits 

expression of GPX4-WT by not GPX4-MT (Figure 4G), 

indicating that GPX4 mRNA is a potential binding 

target of miR-188-3p. Thus hsa_circ_0048179 may 

upregulate GPX4 levels by acting as a competitive 

“sponge” of miR-188-3p.  

 

 
 

Figure 4. miR-188-3p forms a bridge connecting hsa_circ_0048179 and GPX4. (A) Sequence alignment of miR-188-3p with the 
putative binding sites within the WT regions of hsa_circ_0048179. (B) Sequence alignment of miR-188-3p with the putative binding sites 
within the WT regions of GPX4. (C) HepG2 cells were incubated with oleate/palmitate (2:1 molar ratio) for 24 h. after which levels of miR-
188-3p expression were detected using qRT-PCR. (D) Cellular localization of hsa_circ_0048179 and miR-188-3p in HepG2 cells were analyzed 
using FISH assays. (E) HepG2 cells were transfected with miR-188-3p agomir or miR-188-3p antagomir for 72 h, after which levels of miR-188-
3p expression were detected using qRT-PCR. **P<0.01 (F) Dual luciferase reporter assays were used to detect the luciferase activity in 293T 
cells following co-transfection with hsa_circ_0048179-WT/MUT 3‟-UTR plasmid and miR-188-3p agomir. **P<0.01 (G) Dual luciferase 
reporter assays were used to detect luciferase activity in 293T cells after co-transfection of GPX4-WT/MUT 3′-UTR plasmid and miR-188-3p 
agomir. **P<0.01. 

http://www.circbase.org/
https://circinteractome.nia.nih.gov/index.html
https://circinteractome.nia.nih.gov/index.html
http://www.targetscan.org/vert_71/
http://www.targetscan.org/vert_71/
http://www.mirdb.org/
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Downregulation of miR-188-3p attenuates 

oleate/palmitate-induced lipid accumulation in 

HepG2 cells 

 

Using CCK-8 assays and flow cytometry, we next 

assessed the effect of miR-188-3p on the viability 

HepG2 cells. Suppression of miR-188-3p using miR-

188-3p antagomir markedly reversed oleate/palmitate-

induced cytotoxicity and apoptosis and diminished ROS 

generation in HepG2 cells (Figure 5A–5C). In addition, 

transfection with miR-188-3p antagomir also reversed 

oleate/palmitate-induced suppression of GPX4 

expression (Figure 5D, 5E). These results suggest that 

downregulation of miR-188-3p may attenuate oleate/ 

palmitate-induced steatosis. 

Overexpression of hsa_circ_0048179 attenuates 

oleate/palmitate-induced lipid accumulation in 

HepG2 cells by sponging miR-188-3p 

 

Having verified that hsa_circ_0048179 targets miR-

188-3p, the mechanism of action of hsa_circ_0048179 

in oleate/palmitate-induced lipid accumulation in 

HepG2 cells was still unknown. Oleate/palmitate 

significantly inhibited HepG2 cell viability while 

increasing both apoptosis and ROS levels within the 

cells, but these effects were reversed by infection with 

lenti-hsa_circ_0048179 viral vector. However, when 

HepG2 cells were treated with hsa_circ_0048179 plus 

miR-188-3p agomir in the presence of oleate/palmitate, 

the favorable effects of hsa_circ_0048179 were  

 

 
 

Figure 5. Downregulation of miR-188-3p attenuates oleate/palmitate-induced lipid accumulation in HepG2 cells. (A) 

HepG2 cells were transfected with miR-188-3p antagomir for 48 h and then exposed to oleate/palmitate (2:1 molar ratio) for another 
24 h. CCK-8 assays were used to measure cell viability. **P<0.01 (B) Apoptotic cells were detected with Annexin V and PI double 
staining. (C) ROS generation were detected as DCF fluorescence with flow cytometry. (D) Levels of GPX4 expression in HepG2 cells 
were detected with western blotting. (E) Relative GPX4 expression in HepG2 cells was quantified by normalization to GAPDH. 
**P<0.01. 
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suppressed by the miR-188-3p overexpression (Figure 

6A–6D). As summarized above, oleate/palmitate 

significantly decreased MMPs in HepG2 cells. This 

effect too was reversed by transfection with lenti-

hsa_circ_0048179, and again the beneficial effect of 

hsa_circ_0048179 was suppressed by miR-188-3p 

agomir (Figure 6E, 6F). These results further illustrate 

that overexpressed hsa_circ_0048179 attenuates 

oleate/palmitate-induced lipid accumulation in HepG2 

cells by sponging miR-188-3p. 

 

DISCUSSION 
 

CircRNAs are important epigenetic regulators of miRNA-

mRNA interactions [15]. In the present study, we 

observed that hsa_circ_0048179 levels were significantly 

decreased in HepG2 cells made steatotic through exposure 

to oleate/palmitate fatty acids. Overexpression of 

hsa_circ_0048179 attenuated this oleate/palmitate-

induced steatosis via hsa_circ_0048179/miR-188-

3p/GPX4 signaling (Figure 7). 

 

The hallmark in NASH pathogenesis is lipid deposition 

within hepatocytes [17]. Ricchi et al. found that oleic 

and palmitic acids most effectively induced steatotic 

deposition in hepatocyte cultures [20]. It has been 

shown that apoptosis and ROS generation are associated 

with the progression of NASH, and overproduction of 

ROS may lead to mitochondrial oxidative stress [21, 

22]. ROS, including O2·
-
, H2O2 and ONOO

−
, are 

produced in all types of cells [23]. In hepatocytes, O2·
-
 

is normally converted to H2O2 and then to H2O by 

antioxidant GPX enzymes [24]. GPX4 is able to directly 

reduce fatty acid and phospholipid hydroperoxide [25]. 

In the present study, oleate/palmitate-induced fatty acid 

accumulation was accompanied by significant 

reductions in GPX4 levels, which likely account for the 

increased ROS levels and reduced MMPs.  

 

CircRNAs are reported to be differentially expressed in 

HepG2 cells, as compared to non-cancer cells [16]. Our 

study is the first to directly investigate the association 

between hsa_circ_0048179 levels and steatosis. We 

found that hsa_circ_0048179 levels are downregulated 

in oleate/palmitate-treated HepG2 cells and that GPX4 

expression was markedly increased in HepG2 cells 

infected with lenti-hsa_circ_0048179 viral vector. 

Because exon-derived circRNAs reportedly regulate 

target genes by sponging miRNAs [13], we used the 

Circular RNA interactome, Targetscan and miRDB to 

identify miRNAs interacting with hsa_circ_0048179 

and the GPX4 3‟-UTR. We found miR-188-3p to be a

 

 
 

Figure 6. Overexpression of hsa_circ_0048179 attenuates oleate/palmitate-induced lipid accumulation in HepG2 cells by 
sponging miR-188-3p. HepG2 cells were transfected with miR-188-3p agomir or co-transfected with hsa_circ_0048179 and miR-188-3p 

agomir for 48 h, and then exposed to oleate/palmitate (2:1 molar ratio) for another 24 h. (A) CCK-8 assays were used to measure cell viability. 
**P<0.01 (B, C) Apoptotic cells were detected with Annexin V and PI double staining. **P<0.01 (D) ROS generation were detected as DCF 
fluorescence with flow cytometry. (E, F) JC-1 staining was used to determine mitochondrial membrane depolarization. **P<0.01. 
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potential common target for both hsa_circ_0048179 and 

GPX4. Consistent with that finding, dual-luciferase 

reporter and FISH assays indicated that miR-188-3p is 

the binding target of hsa_circ_0048179, while GPX4 is 

the target of miR-188-3p. Taken together, these findings 

suggest NAFLD may be related to abnormalities in 

hsa_circ_0048179/miR-188-3p/GPX4 signaling. 

 

Although our findings implicate hsa_circ_0048179 in 

steatosis, the mechanism by which it affects lipid 

accumulation in oleate/palmitate-treated HepG2 cells 

remains unclear. We found that downregulation of miR-

188-3p attenuated oleate/palmitate-induced apoptosis, 

ROS generation and mitochondrial damage in HepG2 

cells, while overexpression of hsa_circ_0048179 

reversed those adverse effects. Moreover, the beneficial 

effects of overexpressed hsa_circ_0048179 were, in 

turn, reversed by transfection of miR-188-3p agomir. 

These results demonstrate that overexpression of 

hsa_circ_0048179 attenuates oleate/palmitate-induced 

lipid accumulation in HepG2 cells by sponging miR-

188-3p and that the effects of hsa_circ_0048179 are 

attributable, at least in part, to its function as a ceRNA 

targeting miR-188-3p. 

 

 
 

Figure 7. Hsa_circ_0048179 attenuated this oleate/palmitate-induced steatosis in HepG2 cells via hsa_circ_0048179/miR-
188-3p/GPX4 signaling. Hsa_circ_0048179 attenuated oleate/palmitate-induced steatosis in HepG2 cells through upregulating GPX4 

partially via „sponging‟ miR-188-5p. 
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MATERIALS AND METHODS 
 

Cell culture and treatment 
 

HepG2 human hepatoblastoma cells were purchased 

from the American Type Culture Collection (ATCC, 

Rockville, MD, USA) and were maintained in Dulbecco's 

modified Eagle's medium (DMEM; Thermo Fisher 

Scientific, Waltham, MA, USA) supplemented with 10% 

fetal bovine serum (FBS; Thermo Fisher Scientific) and 

100 units/ml penicillin/streptomycin at 37° C and 5% 

CO2. For oleate/palmitate treatment, the HepG2 cells 

were incubated with free fatty acids (oleate/palmitate, 2:1 

molar ratio, to achieve a final concentration of 1 mM 

fatty acids) for 24 h, and total RNA and protein were 

extracted for experimentation [15, 26]. 

 

Lentivirus production and cell transfection 

 

Has_circ_004817 was synthesized by GenePharma 

(Shanghai, China) and subcloned into the pHBLV-ciR 

vector (HANABIO, Shanghai, China). Lentivirus 

carrying has_circ_004817 was packaged in 293T cells, 

after which the supernatant was concentrated. HepG2 

cells were then infected for 72 h using the lenti-

has_circ_004817 supernatant.  

 

Agomir NC, miR-188-3p agomir, antagomir NC and 

miR-188-3p antagomir were purchased from 

GenePharma and respectively transfected into HepG2 

cells using Lipofectamine 2000 (Thermo Fisher 

Scientific) according to the manufacturer‟s instructions. 

The culture medium containing 10% FBS was changed 

after 6 h of transfection, and the cells were then 

incubated for additional 66 h at 37˚ C. 

 

HepG2 cell viability  
 

Cell counting kit-8 assays (CCK-8, Dojindo, Tokyo, 

Japan) were used to determine the viability of HepG2 

cells. HepG2 cells were plated onto 96-well plates at a 

density of 5 x 10
3
 cells per well and incubated overnight 

at 37° C. This was followed by incubation with 

oleate/palmitate for 0, 12, 24 and 36 h, after which the 

cells were incubated with 10 μL CCK-8 reagent for 2 h 

at 37° C. The optical density (OD) value of each well at 

the wavelength of 450 nm was then measured using a 

microplate reader (Thermo Fisher Scientific). 

 

Flow cytometry 
 

Annexin V-FITC/PI Apoptosis detection kits (Thermo 

Fisher Scientific) were used to assess cell apoptosis. 
HepG2 cells were incubated with oleate/palmitate for 

0, 12, 24 or 36 h and then fixed in 70% pre-cooled 

ethanol and washed twice with cold PBS. Thereafter, 

the cells were incubated with 5 μL of Annexin V-FITC 

and 5 μL of propidium iodide (PI) for 15 min at room 

temperature in the dark. Apoptotic cells were then 

detected using a flow cytometer on a BD FACSCalibur 

system (FACScan; BD Biosciences, Franklin Lake, 

NJ, USA).  

 

Measurement of intracellular ROS levels 

 

ROS generation was measured using 29,79-

dichlorodihydrofluorescein (DCFH-DA, Sigma 

Aldrich, St. Louis, MO, USA) according to the 

manufacturer‟s protocol. HepG2 cells were incubated 

with oleate/palmitate for 24 h, after which they were 

washed twice with PBS and incubated with 10 μM 

DCFH-DA for 20 min at 37° C in the dark. The 

fluorescent signals were then detected using flow 

cytometry (BD Biosciences) 

 

Oil red O staining 
 

Lipid deposition in HepG2 cells was assessed by 

staining with Oil red O as previously described [27]. 

HepG2 cells were fixed in 10% formalin for 5 min, 

after which the cells were washed with isopropanol, 

stained for 30 min with Oil Red O reagent (Sigma 

Aldrich), and counter-stained for 1 min with 

hematoxylin. The lipid deposition in cells was 

observed under a fluorescence microscope (Leica, 

Buffalo Grove, IL, USA). The Oil red O positive cell 

count was measured with the ImageJ 1.47 software. 

 

Detection of MMPs 
 

JC-1 assay kits (Thermo Fisher Scientific) were used 

to evaluate mitochondrial depolarization. HepG2 cells 

were incubated with 1 mL of JC-1 staining solution 

for 20 min at 37˚ C in the dark. The stained cells were 

then washed twice with PBS and resuspended in PBS 

for analysis with a flow cytometer (BD Biosciences).  

 

Analysis of mitochondrial morphology  

 

Changes in mitochondrial morphology were evaluated 

using transmission electron microscopy (TEM). 

HepG2 cells were incubated with oleate/palmitate (2:1 

molar ratio) for 24 h. Subsequently, HepG2 cells were 

fixed by 2.5% glutaraldehyde (Sigma-Aldrich) in  

0.1 M phosphate buffer for 2 h at 4° C and then 

centrifuged at 1000 rpm for 5 min. After that, HepG2 

cells were fixed in 1% osmium tetroxide in 0.1 M 

phosphate buffer for 1 h. Later on, the fixed cells were 

dehydrated by a graded series of ethanol, and then 

embedded in epoxy resin. Finally, the ultrastructures 

of cells were captured using a TEM (H-600IV, Hitachi 

Ltd., Japan). 
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Table 1. Primer sequences. 

Name  Primer sequences 

Hsa_circ_0048179 Forward 5‟-CAGACCCGAAAATCCAGCG-3‟ 

Reverse 5‟-CCCGGTACTTGTCCAGGTTA-3‟ 

GAPDH Forward 5‟-TCAAGAAGGTGGTGAAGCAGG-3‟ 

Reverse 5‟- TCAAAGGTGGAGGAGTGGGT-3‟ 

Hsa-miR-188-3p loop primer 5‟GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGCAAACC-3‟ 

Forward 5‟- TGCGCCTCCCACATGCAGGGT-3‟ 

U6 Forward 5‟-CGCTTCGGCAGCACATATAC-3‟ 

Reverse 5‟- AAATATGGAACGCTTCACGA-3‟ 

 

Mitochondrial staining 

 

HepG2 cells were incubated with 200 nM mito-tracker 

green (MTG) reagent (Beyotime, Beijing, China) for 

30 min at 37° C. Cell nuclei were counterstained for 

30 min with DAPI (Thermo Fisher Scientific). 

Mitochondria were observed under a confocal laser 

scanning microscope (Leica, Buffalo Grove, IL, USA).  

 

Western blotting 
 

BCA protein assays (Thermo Fisher Scientific) were 

used to measure protein concentrations. Proteins were 

separated on 10% SDS-PAGE and then transferred onto 

a polyvinylidene fluoride membranes (PVDF, 

Millipore, Billerica, MA, USA). The membranes were 

then blocked with 5% skim milk for 1 h at room 

temperature before incubation overnight at 4° C with 

the primary antibodies, anti-GPX4 (1:1000, Abcam) and 

anti-GAPDH (1:1000, Abcam). The membranes were 

then incubated with horseradish peroxidase-conjugated 

goat anti-rabbit IgG secondary antibody (1:5000, 

Abcam) for 1 h at room temperature. The bands were 

visualized using an enhanced Chemiluminescence 

Detection System (Thermo Fisher Scientific) and 

quantified using ImageJ.  

 

Quantitative real-time reverse transcriptase-

polymerase chain reaction (qRT-PCR) 

 

Total RNA was extracted from cells with TRIzol 

reagent (Thermo Fisher Scientific), after which cDNA 

was synthesized using a SuperScript IV Reverse 

Transcriptase kit (Thermo Fisher Scientific). For miR-

188-3p determination, cDNA was synthesized using a 

PrimeScript RT reagent Kit (Promega, Madison, WI, 

USA). qRT-PCR was then carried out using a TaqMan 

Power SYBR Green PCR Mix kit (Thermo Fisher 

Scientific) on an Applied Biosystems 7500 Real Time 

PCR System (Applied Biosystems, Foster City, CA, 

USA). The PCR sequences were shown in Table 1. The 

level of hsa_circ_0048179 was normalized to the 

internal control GAPDH using the 2
−ΔΔCT

 method. The 

level of miR-188-3p was normalized to the internal 

control U6 using the 2
−ΔΔCT

 method.  

 

Luciferase reporter assays 

 

HepG2 cells were used for dual-luciferase reporter 

assay. For the hsa_circ_0048179 reporter assay, wild-

type (WT)-hsa_circ_0048179 or mutated-type (MT)-

XIST plasmid were co-transfected with miR-188-3p 

agomir using Lipofectamine 2000 (Invitrogen, 

Carlsbad, CA, USA). For GXP4 reporter assays, WT-

GXP4 or MT-GXP4 plasmid was co-transfected with 

miR-188-3p agomir using Lipofectamine 2000. Forty-

eight hours later, the luciferase activities were detected 

using a Dual-Luciferase Reporter Assay System 

(Promega Madison, WI), with renilla luciferase activity 

serving as an endogenous control.  

 

FISH analysis 
 

FISH analysis was performed as previously described 

[28]. The oligonucleotide probes were synthesized  

by Geneseed Biotech (Guangzhou, China). HepG2 

cells were fixed for 30 min in 4% paraformaldehyde  

at room temperature, washed with distilled water,  

and then dehydrated through an ethanol series  

(70%, 90%, 100%). The air-dried cells were then 

incubated with FISH probes in hybridization buffer  

at 37° C overnight in the dark. Cell nuclei were 

counterstained for 30 min with DAPI (Thermo Fisher 

Scientific). Finally, images were captured using  

a FV10i confocal microscope (Olympus Corp,  

Tokyo, Japan). 

 

Statistical analysis 
 

All experiments were performed in triplicate. Data are 

presented as the mean ± standard error (S.E.). Graphs 

were generated using GraphPad Prism software (version 

7.0, La Jolla, CA, USA). One-way analysis of variance 

(ANOVA) and Tukey‟s tests were carried out for 
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multiple group comparisons. Values of P < 0.05 was 

considered statistically significant. 

 

AUTHOR CONTRIBUTIONS 
 

WY made major contributions to the conception, design 

and manuscript drafting of this study. JZ and YZ were 

responsible for the conception and design of this study 

and performed the experiments. WL, LZ and YR were 

responsible for data acquisition, data analysis, data 

interpretation. RO and YX made substantial 

contributions to conception and design of the study and 

revised the manuscript. All authors read and approved 

the final manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest. 

 

FUNDING 
 

This work was supported by grants from the National 

Natural Science Foundation of China (No. 81671408, 

81771531, 81701634, 81871129). 

 

REFERENCES 
 

1. Trout AT, Hunte DE, Mouzaki M, Xanthakos SA, Su W, 
Zhang B, Dillman JR. Relationship between abdominal 
fat stores and liver fat, pancreatic fat, and metabolic 
comorbidities in a pediatric population with non-
alcoholic fatty liver disease. Abdom Radiol (NY). 2019; 
44:3107–14. 

 https://doi.org/10.1007/s00261-019-02123-y 
PMID:31312893 

2. Gharaibeh NE, Rahhal MN, Rahimi L, Ismail-Beigi F. 
SGLT-2 inhibitors as promising therapeutics for non-
alcoholic fatty liver disease: pathophysiology, clinical 
outcomes, and future directions. Diabetes Metab 
Syndr Obes. 2019; 12:1001–12. 

 https://doi.org/10.2147/DMSO.S212715 
PMID:31308716 

3. Sun C, Fan JG, Qiao L. Potential epigenetic mechanism 
in non-alcoholic fatty liver disease. Int J Mol Sci. 2015; 
16:5161–79. 

 https://doi.org/10.3390/ijms16035161 
PMID:25751727 

4. Cohen JC, Horton JD, Hobbs HH. Human fatty liver 
disease: old questions and new insights. Science. 2011; 
332:1519–23. 

 https://doi.org/10.1126/science.1204265 
PMID:21700865 

5. Wree A, Broderick L, Canbay A, Hoffman HM, Feldstein 
AE. From NAFLD to NASH to cirrhosis-new insights into 

disease mechanisms. Nat Rev Gastroenterol Hepatol. 
2013; 10:627–36. 

 https://doi.org/10.1038/nrgastro.2013.149 
PMID:23958599 

6. Kawano Y, Cohen DE. Mechanisms of hepatic 
triglyceride accumulation in non-alcoholic fatty liver 
disease. J Gastroenterol. 2013; 48:434–41. 

 https://doi.org/10.1007/s00535-013-0758-5 
PMID:23397118 

7. Gaggini M, Morelli M, Buzzigoli E, DeFronzo RA, 
Bugianesi E, Gastaldelli A. Non-alcoholic fatty liver 
disease (NAFLD) and its connection with insulin 
resistance, dyslipidemia, atherosclerosis and coronary 
heart disease. Nutrients. 2013; 5:1544–60. 

 https://doi.org/10.3390/nu5051544 PMID:23666091 

8. Stine JG, Schreibman I, Navabi S, Kang M, Dahmus J, 
Soriano C, Rivas G, Hummer B, Beyer M, Tressler H, 
Kimball SR, Patterson AD, Schmitz K, Sciamanna C. 
Nonalcoholic steatohepatitis fitness intervention in 
thrombosis (NASHFit): study protocol for a randomized 
controlled trial of a supervised aerobic exercise 
program to reduce elevated clotting risk in patients 
with NASH. Contemp Clin Trials Commun. 2020; 
18:100560. 

 https://doi.org/10.1016/j.conctc.2020.100560 
PMID:32309672 

9. Sasaki A, Nitta H, Otsuka K, Umemura A, Baba S, 
Obuchi T, Wakabayashi G. Bariatric surgery and non-
alcoholic fatty liver disease: current and potential 
future treatments. Front Endocrinol (Lausanne). 2014; 
5:164. 

 https://doi.org/10.3389/fendo.2014.00164 
PMID:25386164 

10. Lu Q, Liu T, Feng H, Yang R, Zhao X, Chen W, Jiang B, 
Qin H, Guo X, Liu M, Li L, Guo H. Circular RNA 
circSLC8A1 acts as a sponge of miR-130b/miR-494 in 
suppressing bladder cancer progression via regulating 
PTEN. Mol Cancer. 2019; 18:111. 

 https://doi.org/10.1186/s12943-019-1040-0 
PMID:31228937 

11. Xiong S, Peng H, Ding X, Wang X, Wang L, Wu C, Wang 
S, Xu H, Liu Y. Circular RNA expression profiling and the 
potential role of hsa_circ_0089172 in hashimoto’s 
thyroiditis via sponging miR125a-3p. Mol Ther Nucleic 
Acids. 2019; 17:38–48. 

 https://doi.org/10.1016/j.omtn.2019.05.004 
PMID:31207490 

12. Zhang L, Song X, Chen X, Wang Q, Zheng X, Wu C, 
Jiang J. Circular RNA CircCACTIN promotes gastric 
cancer progression by sponging MiR-331-3p and 
regulating TGFBR1 expression. Int J Biol Sci. 2019; 
15:1091–103. 

 https://doi.org/10.7150/ijbs.31533 PMID:31182928 

https://doi.org/10.1007/s00261-019-02123-y
https://pubmed.ncbi.nlm.nih.gov/31312893
https://doi.org/10.2147/DMSO.S212715
https://pubmed.ncbi.nlm.nih.gov/31308716
https://doi.org/10.3390/ijms16035161
https://pubmed.ncbi.nlm.nih.gov/25751727
https://doi.org/10.1126/science.1204265
https://pubmed.ncbi.nlm.nih.gov/21700865
https://doi.org/10.1038/nrgastro.2013.149
https://pubmed.ncbi.nlm.nih.gov/23958599
https://doi.org/10.1007/s00535-013-0758-5
https://pubmed.ncbi.nlm.nih.gov/23397118
https://doi.org/10.3390/nu5051544
https://pubmed.ncbi.nlm.nih.gov/23666091
https://doi.org/10.1016/j.conctc.2020.100560
https://pubmed.ncbi.nlm.nih.gov/32309672
https://doi.org/10.3389/fendo.2014.00164
https://pubmed.ncbi.nlm.nih.gov/25386164
https://doi.org/10.1186/s12943-019-1040-0
https://pubmed.ncbi.nlm.nih.gov/31228937
https://doi.org/10.1016/j.omtn.2019.05.004
https://pubmed.ncbi.nlm.nih.gov/31207490
https://doi.org/10.7150/ijbs.31533
https://pubmed.ncbi.nlm.nih.gov/31182928


 

www.aging-us.com 24007 AGING 

13. Zhong Y, Du Y, Yang X, Mo Y, Fan C, Xiong F, Ren D, Ye 
X, Li C, Wang Y, Wei F, Guo C, Wu X, et al. Circular RNAs 
function as ceRNAs to regulate and control human 
cancer progression. Mol Cancer. 2018; 17:79. 

 https://doi.org/10.1186/s12943-018-0827-8 
PMID:29626935 

14. Jin X, Feng CY, Xiang Z, Chen YP, Li YM. CircRNA 
expression pattern and circRNA-miRNA-mRNA network 
in the pathogenesis of nonalcoholic steatohepatitis. 
Oncotarget. 2016; 7:66455–67. 

 https://doi.org/10.18632/oncotarget.12186 
PMID:27677588 

15. Guo XY, Sun F, Chen JN, Wang YQ, Pan Q, Fan JG. 
circRNA_0046366 inhibits hepatocellular steatosis by 
normalization of PPAR signaling. World J 
Gastroenterol. 2018; 24:323–37. 

 https://doi.org/10.3748/wjg.v24.i3.323 
PMID:29391755 

16. Salzman J, Chen RE, Olsen MN, Wang PL, Brown PO. 
Cell-type specific features of circular RNA expression. 
PLoS Genet. 2013; 9:e1003777. 

 https://doi.org/10.1371/journal.pgen.1003777 
PMID:24039610 

17. He J, Ding J, Lai Q, Wang X, Li A, Liu S. Irbesartan 
ameliorates lipid deposition by enhancing autophagy 
via PKC/AMPK/ULK1 axis in free fatty acid induced 
hepatocytes. Front Physiol. 2019; 10:681. 

 https://doi.org/10.3389/fphys.2019.00681 
PMID:31191364 

18. Zhu H, Santo A, Jia Z, Robert Li Y. GPx4 in bacterial 
infection and polymicrobial sepsis: involvement of 
ferroptosis and pyroptosis. React Oxyg Species (Apex). 
2019; 7:154–60. 

 https://doi.org/10.20455/ros.2019.835 
PMID:31106276 

19. Jiang X, Wu X, Chen F, He W, Chen X, Liu L, Tang H. The 
profiles and networks of miRNA, lncRNA, mRNA, and 
circRNA in benzo(a)pyrene-transformed bronchial 
epithelial cells. J Toxicol Sci. 2018; 43:281–89. 

 https://doi.org/10.2131/jts.43.281 PMID:29618717 

20. Ricchi M, Odoardi MR, Carulli L, Anzivino C, Ballestri S, 
Pinetti A, Fantoni LI, Marra F, Bertolotti M, Banni S, 
Lonardo A, Carulli N, Loria P. Differential effect of oleic 
and palmitic acid on lipid accumulation and apoptosis 
in cultured hepatocytes. J Gastroenterol Hepatol. 
2009; 24:830–40. 

 https://doi.org/10.1111/j.1440-1746.2008.05733.x 
PMID:19207680 

21. Ji JF, Jiao WZ, Cheng Y, Yan H, Su F, Chi LL. ShenFu 
preparation protects AML12 cells against palmitic acid-

induced injury through inhibition of both JNK/Nox4 
and JNK/NFκB pathways. Cell Physiol Biochem. 2018; 
45:1617–30. 

 https://doi.org/10.1159/000487728 PMID:29486473 

22. Guo XY, Chen JN, Sun F, Wang YQ, Pan Q, Fan JG. 
circRNA_0046367 prevents hepatoxicity of lipid 
peroxidation: an inhibitory role against hepatic 
steatosis. Oxid Med Cell Longev. 2017; 2017:3960197. 

 https://doi.org/10.1155/2017/3960197 
PMID:29018509 

23. García-Redondo AB, Aguado A, Briones AM, Salaices 
M. NADPH oxidases and vascular remodeling in 
cardiovascular diseases. Pharmacol Res. 2016; 
114:110–20. 

 https://doi.org/10.1016/j.phrs.2016.10.015 
PMID:27773825 

24. Chen X, Xue H, Fang W, Chen K, Chen S, Yang W, Shen 
T, Chen X, Zhang P, Ling W. Adropin protects against 
liver injury in nonalcoholic steatohepatitis via the Nrf2 
mediated antioxidant capacity. Redox Biol. 2019; 
21:101068. 

 https://doi.org/10.1016/j.redox.2018.101068 
PMID:30684890 

25. Gong Y, Wang N, Liu N, Dong H. Lipid peroxidation and 
GPX4 inhibition are common causes for myofibroblast 
differentiation and ferroptosis. DNA Cell Biol. 2019; 
38:725–33. 

 https://doi.org/10.1089/dna.2018.4541 
PMID:31140862 

26. Zhou B, Zhou DL, Wei XH, Zhong RY, Xu J, Sun L. 
Astragaloside IV attenuates free fatty acid-induced ER 
stress and lipid accumulation in hepatocytes via AMPK 
activation. Acta Pharmacol Sin. 2017; 38:998–1008. 

 https://doi.org/10.1038/aps.2016.175 PMID:28344322 

27. Chu MJ, Hickey AJ, Tagaloa S, Zhang L, Dare AJ, 
MacDonald JR, Yeong ML, Bartlett AS, Phillips AR. 
Ob/ob mouse livers show decreased oxidative 
phosphorylation efficiencies and anaerobic capacities 
after cold ischemia. PLoS One. 2014; 9:e100609. 

 https://doi.org/10.1371/journal.pone.0100609 
PMID:24956382 

28. Wang L, Tong X, Zhou Z, Wang S, Lei Z, Zhang T, Liu Z, 
Zeng Y, Li C, Zhao J, Su Z, Zhang C, Liu X, et al. Circular 
RNA hsa_circ_0008305 (circPTK2) inhibits TGF-β-
induced epithelial-mesenchymal transition and 
metastasis by controlling TIF1γ in non-small cell lung 
cancer. Mol Cancer. 2018; 17:140. 

 https://doi.org/10.1186/s12943-018-0889-7 
PMID:30261900 

  

https://doi.org/10.1186/s12943-018-0827-8
https://pubmed.ncbi.nlm.nih.gov/29626935
https://doi.org/10.18632/oncotarget.12186
https://pubmed.ncbi.nlm.nih.gov/27677588
https://doi.org/10.3748/wjg.v24.i3.323
https://pubmed.ncbi.nlm.nih.gov/29391755
https://doi.org/10.1371/journal.pgen.1003777
https://pubmed.ncbi.nlm.nih.gov/24039610
https://doi.org/10.3389/fphys.2019.00681
https://pubmed.ncbi.nlm.nih.gov/31191364
https://doi.org/10.20455/ros.2019.835
https://pubmed.ncbi.nlm.nih.gov/31106276
https://doi.org/10.2131/jts.43.281
https://pubmed.ncbi.nlm.nih.gov/29618717
https://doi.org/10.1111/j.1440-1746.2008.05733.x
https://pubmed.ncbi.nlm.nih.gov/19207680
https://doi.org/10.1159/000487728
https://pubmed.ncbi.nlm.nih.gov/29486473
https://doi.org/10.1155/2017/3960197
https://pubmed.ncbi.nlm.nih.gov/29018509
https://doi.org/10.1016/j.phrs.2016.10.015
https://pubmed.ncbi.nlm.nih.gov/27773825
https://doi.org/10.1016/j.redox.2018.101068
https://pubmed.ncbi.nlm.nih.gov/30684890
https://doi.org/10.1089/dna.2018.4541
https://pubmed.ncbi.nlm.nih.gov/31140862
https://doi.org/10.1038/aps.2016.175
https://pubmed.ncbi.nlm.nih.gov/28344322
https://doi.org/10.1371/journal.pone.0100609
https://pubmed.ncbi.nlm.nih.gov/24956382
https://doi.org/10.1186/s12943-018-0889-7
https://pubmed.ncbi.nlm.nih.gov/30261900


 

www.aging-us.com 24008 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Figure 
 

 

 
 

Supplementary Figure 1. Overexpression of hsa_circ_0048179 upregulated the expression of GPX4 in HepG2 cells. (A) HepG2 
cells were transfected with hsa_circ_0048179 for 0, 24, 48 and 72 h, and then exposed to oleate/palmitate (2:1 molar ratio) for another 24 h. 
Levels of GPX4 expression in HepG2 cells were detected with western blotting. (B) Relative expression of GPX4 in HepG2 cells was quantified 
by normalization to GAPDH. **P<0.01 vs. control group. 


