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Abstract
Downregulation of circ_0044226 has been demonstrated to reduce pulmonary fibrosis, but the role of circ_0044226 in liver 
fibrosis remains to be explored. In this work, we found that circ_0044226 expression was upregulated during liver fibrosis. 
Knockdown of circ_0044226 inhibited proliferation, promoted autophagy and apoptosis of hepatic stellate cell LX-2. Bio-
informatic analysis and dual luciferase reporter assays confirmed the interaction between circ_0044226, miR-4677-3p and 
SEC61G. Mechanistically, knockdown of circ_0044226 suppressed SEC61G expression by releasing miR-4677-3p, thereby 
enhancing endoplasmic reticulum stress. Overexpression of SEC61G or endoplasmic reticulum stress inhibitor 4-phenylbu-
tiric acid partially reversed the effect of knockdown circ_0044226 on LX-2 cell function. In vivo experiments showed that 
inhibition of circ_0044226 attenuated CCL4-induced liver fibrosis in mice. These imply that circ_0044226 may be a potential 
target for the treatment of liver fibrosis.
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Introduction

Liver fibrosis, a chronic injury to the liver caused by various 
factors, is characterized by an excessive build-up of collagen 
and the accumulation of extracellular matrix (ECM) due to 
various molecular and cellular processes (Caligiuri et al. 
2021). The activation of hepatic stellate cells plays a cru-
cial role in liver fibrosis. Upon liver injury, hepatic stellate 
cells undergo a phenotypic transition from a static state to 
an activated state, which involves proliferation, contraction, 
and the production of a significant amount of ECM com-
ponents and inflammatory factors (Tsuchida and Friedman 
2017). TGF-β1, a vital cytokine, is known to drive fibrogen-
esis and is commonly utilized to stimulate hepatic stellate 
cells in laboratory studies (Bu et al. 2018; Dewidar et al. 
2019). Numerous investigations have proposed that promot-
ing the apoptosis or deactivation of activated hepatic stellate 
cells could potentially serve as a novel approach to promote 
the regression of fibrosis (Higashi et al. 2017). Autophagy 
dysregulation is closely associated with chronic liver dis-
ease and its effects vary depending on the cell type and the 
stage of the disease (Allaire et al. 2019). In hepatic stellate 
cells, autophagy has been suggested to hinder the release of 
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extracellular vesicles, thereby mitigating liver fibrosis (Gao 
et al. 2020a).

The endoplasmic reticulum is an important organelle 
for protein synthesis, folding, and secretion in eukaryotic 
cells, and many factors can lead to homeostatic imbalance of 
endoplasmic reticulum function, forming endoplasmic retic-
ulum stress (ERs) (Oakes 2020). ERs have been shown to 
regulate autophagy, thereby inducing cell death or survival 
(Fernández et al. 2015). To restore homeostasis, the core 
sensors PERK, IRE1 and ATF6 and the downstream tran-
scription factor CHOP are induced, but they can also cause 
cell death (Iurlaro and Muñoz-Pinedo 2016). In addition, 
excessive stress response leads to the damage of endoplas-
mic reticulum, which will be phagocytosed and degraded 
by autophagic vesicles, and triggers intracellular apoptotic 
signals, prompting cell apoptosis. Autophagy appears to 
have become the last resort to restore endoplasmic reticulum 
homeostasis (Qi and Chen 2019). ERs have been shown to 
mediate autophagy through IRE1-α signaling, thereby weak-
ening hepatic stellate cell viability and inducing apoptosis 
(Li et al. 2017). Further, enhanced ERs in hepatic stellate 
cells was demonstrated to promote apoptosis and accelerate 
the resolution of liver fibrosis (Huang et al. 2014).

CircRNA is a novel non-coding RNA with a covalent 
closed-loop structure. Some circRNA contain miRNA 
response elements and act as competitive endogenous RNA 
to regulate gene transcription by sponging microRNA 
(Liu et al. 2022). Many studies have shown that circRNA 
is involved in the fibrotic process and correlates with the 
severity of liver fibrosis (Zeng et al. 2021). For example, 
serum circMTO1 was negatively correlated with fibro-
sis stage in patients with chronic hepatitis B (Wang et al. 
2019). Circ_0004018 as a sponge for miR-660-3p contrib-
uted to hepatic stellate cell activation and proliferation, and 
abated the progression of liver fibrosis in mice (Li et al. 
2020). Circ_0044226 is a newly identified circRNA that 
was upregulated in idiopathic pulmonary fibrosis patients, 
and inhibition of circ_0044226 alleviated pulmonary fibro-
sis in vitro and in vivo (Qi et al. 2020). The parental gene 
for circ_0044226 is CDC27, which has been reported to be 
activated by TGF-β (Zhang et al. 2011) and involved in lung 
fibrosis progression (Qi et al. 2023). However, the role of 
circ_0044226 in liver fibrosis is not yet known.

SEC61G is a subunit of the SEC61 translocation complex 
responsible for importing newly synthesized polypeptides 
into endoplasmic reticulum. SEC61G plays an essential 
role in protein folding, modification and translocation, and 
in activating unfolded protein responses (Ma et al. 2021). 
Many studies have shown that SEC61G is increased in many 
tumors and serves to promote cancer progression (Meng 
et al. 2021). Silencing SEC61G impaired the proliferative 
capacity of hepatocellular carcinoma cells and induced 
apoptosis (Gao et al. 2020b). Notably, the downregulation 

of SEC61G activated ERs, thereby inhibiting the malig-
nant development of lung adenocarcinoma (Zhang and Guo 
2022). However, whether SEC61G participates in liver fibro-
sis and its regulation of ERs is unknown.

In this study, we explored the effects of circ_0044226 
on proliferation, apoptosis and autophagy of hepatic stellate 
cells and investigated the molecular mechanisms based on 
SEC61G and ERs.

Materials and methods

Cell culture and treatment

Human LX-2 cells were purchased from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). The 
DMEM medium (Gibco, NY, USA) supplemented with 10% 
fetal bovine serum (Gibco) and 100 U/mL penicillin and 
streptomycin was used to culture the cells. All the cells were 
incubated at 37℃ in an environment containing 5% CO2. In 
order to activate the LX-2 cells, TGF-β1 (Sigma-Aldrich, St. 
Louis, MO, USA) was introduced into the culture medium. 
To inhibit ERs, the addition of 4-Phenylbutyric acid (4-PBA) 
(Sigma-Aldrich) was employed.

Cell transfection

Lentivirus (titer: > 108 IU/mL) containing short hairpin RNA 
against circ_0044226 (sh-circ) and negative control (sh-NC) 
were acquired from GenePharma (Shanghai, China). LX-2 
cells were plated in 6-well plates at a density of 1 × 105 cells 
per well. When the cells grew to 50% confluence, sh-NC or 
sh-circ lentivirus was used to infect them for 24 h. Detec-
tion of circ_0044226 by RT-qPCR to determine interference 
efficiency. MiR-4677-3p mimics (miR-mimic) and inhibi-
tors (miR-inhibitor), and their negative controls (NC-mimic, 
NC-inhibitor), as well as the overexpression plasmid for 
SEC61G (ov-SEC61G) and negative control ov-NC) were 
provided by Ribobio (Guangzhou, China). Lipofectamine 
2000 (Invitrogen, Carlsbad, California, USA) was used to 
transfect these oligonucleotides or plasmids into LX-2 cells.

CCK‑8 assays

To evaluate the growth and proliferative potential of LX-2 
cells, we utilized the CCK-8 method. LX-2 cells (1 × 104 
cells/well) were placed into 96-well culture plates. At differ-
ent intervals during the cultivation process, we added 10 μL 
of CCK-8 solution (Dojindo, Japan) into each well, allowing 
it to incubate for 4 h. Subsequently, we employed a micro-
plate reader (Bio-Rad, USA) to determine the absorbance 
value at 450 nm for each individual well.
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Western blot

Proteins extracted from LX-2 cells or mouse liver tissue were 
separated by SDS-PAGE and transferred to polyvinylidene 
fluoride membranes (Millipore, Boston, MA, USA). The 
membranes blocked with 5% skim milk were incubated 
with primary and secondary antibodies in sequence. Then, 
the bands were visualized by electrochemiluminescence 
solution (Advansta, Menlo Park, CA, USA) and the relative 
protein expression was normalized according to GAPDH. 
Primary antibodies against α-SMA (ab5694, 1:3000); p62 
(ab109012, 1:10000); Beclin-1 (ab207612, 1:2000); Bax 
(ab32503, 1:2000); Bcl2 (ab182858, 1:2000); cleaved-
caspase3 (ab2302, 1:300); GRP78 (ab108613, 1:4000); 
p-IRE1 (ab48187, 1:1000); IRE1 (ab37073, 1:2000); 
ATF6 (ab37149, 1:3000); CHOP (ab11419, 1:1000); Col-
lagen I (ab34710, 1:1000) and GAPDH (ab8245, 1:5000) 
were provided by Abcam (Cambridge, UK). Anti-SEC61G 
(11147–2-AP, 1:500) was obtained from ProteinTech Group, 
Inc (Wuhan, China). Anti-p-PERK (#3179, 1:1000) and anti-
PERK (#3192, 1:1000) were purchased from Cell Signaling 
Technology (Massachusetts, USA).

Real‑time quantitative PCR (RT‑qPCR)

TRIzol reagent (Invitrogen) was used to obtain total RNA 
from LX-2 cells and mouse liver tissue. cDNA was syn-
thesized by applying PrimeScript RT Reagent kit (Takara, 
Dalian, China). RT-qPCR was performed to determine the 
circ_0044226 and miR-4677-3p level, as well as SEC61G 
mRNA level by using SYBR Green PCR Kit (Takara). The 
data of RT-qPCR was calculated by the method of 2−ΔΔCt. 
The primer sequences were: circ_0044226, 5'-ATG​CAT​
GTA​CAA​CAC​CTC​AGG​TAT​-3' (F) and 5'-CTT​CTG​AAA​
TGA​TGG​AAG​AGTCC-3' (R). miR-4677-3p, 5'-CTG​TGA​
GAC​CAA​AGA​ACT​ACT​CGC​-3' (F) and 5'-CTC​TAC​AGC​
TAT​ATT​GCC​AGC​CAC​-3' (R). SEC61G, 5'-ATG​GCA​ACA​
GCA​ATA​GGA​T-3' (F) and 5'-ACA​CTT​GTT​CAC​CAA​TCT​
CT-3' (R). GAPDH, 5'-GTT​ACC​AGG​GCT​GCC​TTC​TC-3' 
(F) and 5'-GTG​ATG​GCA​TGG​ACT​GTG​GT-3' (R). U6, 
5'-CGC​TTC​GGC​AGC​ACA​TAT​ACTA-3' (F) and 5'-ATG​
GAA​CGC​TTC​ACG​AAT​TTGC-3' (R).

Flow cytometry for apoptosis

The apoptosis rate of LX-2 cells was detected by Annexin 
V-FITC Apoptosis Detection Kit (Beyotime, Shanghai, 
China). LX-2 cells were washed with PBS and collected 
through centrifugation. The cells were resuspended with 250 
μL binding buffer containing 10 μL Annexin V-FITC and 5 
μL propidium iodide. After incubation at dark for 15 min, 

cell fluorescence density was examined by flow cytometry 
(BD Biosciences), and the percentage of apoptotic cells was 
calculated.

Dual luciferase reporter assay

Binding sites for miR-4677-3p to circ_0044226 or SEC61G 
were predicted on the Starbase website (https://​starb​ase.​
sysu.​edu.​cn/​index.​php). The luciferase reporter plasmids of 
circ_0044226 and SEC61G, including wild type (circ-WT, 
SEC61G-WT) and mutant type (circ-MUT, SEC61G-MUT), 
were constructed by GeneCopoeia (Guangzhou, China). 
According to the manufacturer’s instruction, LX-2 cells were 
co-transfected with NC-mimic or miR-mimic together with 
these reporter plasmids using Lipofectamine 2000 (Invitro-
gen). After 48 h, the luciferase activities were measured by 
Dual-luciferase Reporter Assay System (Promega, Madison, 
WI, USA), and normalized to renilla luciferase activity.

Animal model

7-week-old C57BL/6J male mice were purchased from 
Jackson Laboratory (Bar Harbor, ME, USA). All mice were 
housed at 24 ± 2°C with 55% ± 5% humidity and 12 h light/
dark cycle. To induce liver fibrosis, mice (model group) 
received intraperitoneal injections of 10% CCL4 in olive oil 
(6 μL/g/mouse) twice a week for 6 weeks. Negative con-
trol mice (NC group) were injected intraperitoneally with 
an equal volume of olive oil. In addition, sh-circ lentivirus 
(1 × 109 pfu/100 μL) was injected into mice (model + sh-circ 
group) through the tail vein every two weeks for 6 weeks. 
Mice were anesthetized with 10% chloral hydrate, and after 
the livers were isolated, one part was fixed in 4% paraformal-
dehyde and the other part was stored at -80°C for pathologi-
cal index detection. The experimental operations on mice 
were approved in advance by the Experimental Animal Care 
and Use Committee of The First Affiliated Hospital of Xi'an 
Jiaotong University.

Masson staining

Liver tissue isolated from mice was fixed in 4% paraform-
aldehyde and embedded in paraffin, then sectioned. Mas-
son staining of liver tissue sections was performed using 
Trichrome Stain Kit (Abcam, ab150686). Sections were 
dewaxed and hydrated in distilled water and then incubated 
in preheated Bouin's Fluid for 1 h. Next, sections were 
stained with Weigert's Iron Hematoxylin for 5 min, and Bie-
brich Scarlet/Acid Fuchsin Solution and Phosphomolybdic/
Phosphotungstic Acid Solution for 15 min each. After rins-
ing in distilled water, the slices were quickly dehydrated 
in 95% alcohol and absolute alcohol, cleared in xylene 

https://starbase.sysu.edu.cn/index.php
https://starbase.sysu.edu.cn/index.php


264	 Journal of Bioenergetics and Biomembranes (2024) 56:261–271

and sealed with synthetic resin. The stained sections were 
observed and photographed under microscope (Olympus).

Statistical analysis

All data were expressed as mean ± standard deviation and 
analyzed on GraphPad Prism software. Differences between 
two groups were assessed by Student's t-test. Differences 
between three and more groups were detected by ANOVA. 
P < 0.05 represents a statistically significant difference.

Results

Circ_0044226 is increased in TGF‑β1‑stimulated LX‑2 
cells

We first used TGF-β1 to induce LX-2 cell activation. Com-
pared with untreated group, TGF-β1 resulted in significantly 
enhanced viability of LX-2 cells in a dose-time dependent 
manner (Fig. 1A and D). Meanwhile, a gradual elevation 
of α-SMA levels, a marker of hepatic stellate cell activa-
tion, was observed (Fig.  1B and E). The expression of 
circ_0044226 was markedly increased in TGF-β1-treated 
LX-2 cells (Fig. 1C and F). In the next experiments, LX-2 

cells were treated with 10 ng/mL TGF-β1 for 48 h to estab-
lish a hepatic stellate cell activation model.

Knockdown of circ_0044226 inhibits LX‑2 cell 
proliferation, promote autophagy and apoptosis

In order to investigate the role of circ_0044226 in activated 
hepatic stellate cells, lentiviruses that inhibit circ_0044226 
expression (sh-circ) and negative control lentiviruses 
(sh-NC) were used to infect LX-2 cells. RT-qPCR results 
showed that the expression level of circ_0044226 in LX-2 
cells was successfully reduced by sh-circ, and sh-circ-2 
had the highest efficiency, which was used for subsequent 
experiments (Fig. 2A). Compared with the untreated group, 
TGF-β1 significantly enhanced the proliferation of LX-2 
cells, which was attenuated by circ_0044226 inhibition 
(Fig. 2B). TGF-β1 induced LC3-II/I and Beclin-1 expres-
sion (Fig. 2C, D, and F) and inhibited p62 expression in 
LX-2 cells (Fig. 2C and E), indicating that TGF-β1 promoted 
autophagy. However, infection with sh-circ lentivirus further 
enhanced autophagy in TGF-β1-treated LX-2 cells (Fig. 2C-
F). In addition, inhibition of circ_0044226 increased apopto-
sis rate, Bax/Bcl2 ratio and cleaved-caspase3 protein levels 
in TGF-β1-treated LX-2 cells (Fig. 2G-J). These data sug-
gest that silencing circ_0044226 reduces the proliferation of 

Fig. 1   TGF-β1 promotes LX-2 cell activation and circ_0044226 
expression. LX-2 cells were stimulated by TGF-β1 (5, 10, 15 ng/
mL) for different times (24, 48, 72 h). A, D LX-2 cell viability was 

assayed by the CCK-8 method. B, E Western blot analysis of the acti-
vation marker α-SMA. C, F The expression level of circ_0044226 
was determined by RT-qPCR. *P < 0.05 vs. untreated group
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activated hepatic stellate cells and facilitates their autophagy 
and apoptosis.

Knockdown of circ_0044226 enhances ERs in LX‑2 
cell

Given the importance of ERs in cell proliferation, 
autophagy and survival, we next explored the effect of 
circ_0044226 on ERs in LX2 cells. The results showed 
that treatment with TGF-β1 increased GRP78, ATF6 and 
CHOP, and raised phosphorylation levels of PERK and 
IRE1 (Fig. 3A-F), implying that TGF-β1 induced ERs 
in LX-2 cells. Furthermore, we found that deletion of 
circ_0044226 further promoted ERs in TGF-β1-treated 

LX-2 cells (Fig. 3A-F). It has been reported that SEC61G is 
involved in regulating ERs (Zhang and Guo 2022). Our RT-
qPCR and Western blot experiments revealed that SEC61G 
was markedly upregulated after transfection with its over-
expression plasmid (supplementary figure). Overexpres-
sion of SEC61G suppressed ERs in TGF-β1-treated LX-2 
cells (Fig. 3A-F). Since down-regulating circ_0044226 
and overexpressing SEC61G showed opposite effects on 
ERs, we hypothesized whether circ_0044226 modulates 
ERs through SEC61G. Rescue experiments showed that 
upregulation of SEC61G partially reversed the effects of 
circ_0044226 inhibition on ERs (Fig. 3A-F). It is thus clear 
that circ_0044226 is able to regulate ERs which may be 
related to the expression of SEC61G.

Fig. 2   Effects of knockdown circ_0044226 on proliferation, 
autophagy and apoptosis of activated LX-2 cells. A RT-qPCR was 
performed to detect the interference efficiency of circ_0044226. B 
After TGF-β1 stimulation, LX-2 cell proliferation capacity was eval-

uated by CCK-8 assays. C-F Autophagy proteins were analyzed by 
Western blot. G Apoptosis rate was measured by flow cytometry. H-J 
Analysis of apoptosis-associated proteins by Western Blot. *P < 0.05 
vs. untreated group; #P < 0.05 vs. control group
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Circ_0044226 regulates SEC61G expression 
by sponging miR‑4677‑3p

CircRNAs often regulate the expression of target genes 
by competitively binding microRNAs, so we predicted 
microRNAs that potentially bind to circ_0044226 and 
SEC61G with the Starbase website. miR-4677-3p was 
found to have common motifs with both circ_0044226 and 
SEC61G. In order to confirm the binding of miR-4677-3p 
to circ_0044226 and SEC61G, the wild and mutant lucif-
erase reporter plasmids of circ_0044226 and SEC61G were 
constructed (Fig. 4A). miR-4677-3p mimics and inhibi-
tors were applied to up- and down-regulate miR-4677-3p 

expression in LX-2 cells, respectively (Fig.  4B). The 
results of the dual luciferase reporter experiment showed 
that miR-mimic diminished the luciferase activity in circ-
WT and SEC61G-WT groups compared with NC-mimic 
group, while there was no significant change in circ-MUT 
and SEC61G-MUT groups (Fig. 4C and D). Further exper-
iments showed that knockdown of circ_0044226 promoted 
miR-4677-3p expression and inhibited SEC61G expression 
in LX-2 cells (Fig. 4E-G). And inhibiting miR-4677-3p 
promoted SEC61G expression in LX-2 cells, and reversed 
the effect of deleting circ_0044226 on SEC61G (Fig. 4E-
G). It indicates that circ_0044226 regulates SEC61G 
expression by sponging miR-4677-3p.

Fig. 3   Circ_0044226 regulates ERs via SEC61G. A The protein 
expression of ERs-related proteins (GRP78, p-PERK, PERK, p-IRE1, 
IRE1, ATF6 and CHOP) was analyzed by Western blot after LX-2 
cells were treated with interfering lentivirus of circ_0044226, over-
expression plasmid of SEC61G or TGF-β1. B The protein level of 

GRP78. C The phosphorylation level of PERK. D The phosphoryla-
tion level of IRE1. E The protein level of ATF6. F The protein level 
of CHOP. *P < 0.05 vs. untreated group; #P < 0.05 vs. control group; 
&P < 0.05 vs. sh-circ group
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Circ_0044226 affects LX‑2 cell function 
through SEC61G and ERs

To further determine the molecular mechanism by which 
circ_0044226 regulates LX-2 cell function, SEC61G 
overexpression plasmid and ERs inhibitor (4-PBA) were 
used to perform cell function rescue experiments. CCK-8 
assay showed that SEC61G overexpression or 4-PBA sig-
nificantly enhanced the proliferation of TGF-β1-treated 
LX-2 cells (Fig. 5A). Meanwhile, SEC61G overexpression 
or 4-PBA inhibited LC3-II/I and Beclin-1 expression, and 
promoted p62 expression (Fig. 5B-E). Furthermore, over-
expression of SEC61G or 4-PBA decreased cell apoptosis 
rate (Fig. 5F) and Bax/Bcl2 ratio (Fig. 5G and H), inhib-
ited the expression of cleaved-caspase3 (Fig. 5I). More 
importantly, SEC61G upregulation or 4-PBA diminished 
the effect of circ_0044226 on LX-2 cell proliferation, sur-
vival and autophagy (Fig. 5A-I). The above results illus-
trate that circ_0044226 is involved in the regulation of 
hepatic stellate cell function through SEC61G and ERs.

Inhibition of circ_0044226 attenuates CCL4‑induced 
liver fibrosis in mice

For further validating the role and molecular mechanism 
of circ_0044226 in vivo, we injected sh-circ lentivirus into 
CCL4-induced liver fibrosis mice via tail vein. As shown 
by Masson staining, inhibition of circ_0044226 reduced the 
accumulation of collagen in model group (Fig. 6A). The 
protein level of Collagen I was also significantly reduced 
in the liver tissue of the model + sh-circ group (Fig. 6B and 
C). This suggests that inhibition circ_0044226 mitigate 
CCL4-induced liver fibrosis in vivo. Administration of sh-
circ lentivirus greatly reduced circ_0044226 and SEC61G 
levels and increased miR-4677-3p levels in vivo (Fig. 6D-G). 
ERs indicators GRP78 and CHOP were found to be highly 
expressed in the model group, and their expression was fur-
ther increased after removing circ_0044226 (Fig. 6H and 
I). In addition, eliminating circ_0044226 also increased the 
levels of autophagy protein LC3-II/I and apoptotic protein 
cleaved-caspase3 (Fig. 6J-L). All the above results indicate 

Fig. 4   Circ_0044226 regulates SEC61G by sponging miR-4677-3p. 
A Sequence information of miR-4677-3p with circ_0044226 and 
SEC61G. B Expression of miR-4677-3p in LX-2 cells after treat-
ment with mimics or inhibitors of miR-4677-3p. C Luciferase activ-
ity after transfecting circ_0044226 wild or mutated reporter plasmids. 
D Luciferase activity after transfecting SEC61G wild or mutated 

reporter plasmids. E Expression of miR-4677-3p was detected by 
RT-qPCR after treating LX-2 cells with the lentivirus of interfering 
circ_0044226 or/and inhibitor of miR-4677-3p. F The mRNA level 
of SEC61G was detected by RT-qPCR. G SEC61G protein expres-
sion was determined by western blot. *P < 0.05 vs. control group; 
#P < 0.05 vs. NC-mimic group; &P < 0.05 vs. sh-circ group
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that deleting circ_0044226 could alleviate liver fibrosis by 
enhancing ERs through miR-4677-3p/SEC61G axis.

Discussion

Liver fibrosis is a prevalent pathological phenomenon in 
various chronic liver diseases, and the initiation of hepatic 
stellate cells represents a key event in the development of 
liver fibrosis (Higashi et al. 2017). In the present study, 
we used TGF-β1 to stimulate LX-2 cell activation with a 
subsequent increase of the marker α-SMA. The activated 

hepatic stellate cells actively contribute to the progres-
sion of liver fibrosis and facilitate the reestablishment of 
intrahepatic architecture by extensive cell proliferation 
and ECM secretion, notably collagen I. Circ_0044226 is a 
newly identified circRNA associated with the progression 
of pulmonary fibrosis (Qi et al. 2020). It was observed that 
knockdown of circ_0044226 led to diminished prolifera-
tion of TGF-β1-stimulated LX-2 cells. In a mouse model 
of CCL4-induced liver fibrosis, Collagen I was reduced in 
mouse liver tissue after tail vein injection of a lentivirus 
that inhibited circ_0044226 expression, and improved liver 
histopathology was clearly observed by Masson staining. 

Fig. 5   Circ_0044226 affects LX-2 cell function through SEC61G and 
ERs. A Effect of SEC61G overexpression plasmid or ERs inhibitor 
4-PBA on TGF-β1-treated LX-2 cell proliferation. B-E Autophagy-
associated proteins were detected by Western blot after LX-2 cells 

were treated with overexpression plasmid of SEC61G, 4-PBA and 
TGF-β1. F Flow cytometry was used to analyze cell apoptosis. G-I 
Apoptosis-related proteins were analyzed. *P < 0.05 vs. control 
group; #P < 0.05 vs. sh-circ group
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Fig. 6   Inhibition of circ_0044226 attenuates CCL4-induced liver 
fibrosis in mice. A Collagen accumulation in mouse liver tissue was 
assessed by Masson staining. B and C Protein levels of Collagen I 
were detected by Western blot in isolated mouse liver tissue. D and 
E The expression levels of circ_0044226 and miR-4677-3p were 

analyzed by RT-qPCR in mouse liver tissue. F-I Western blot anal-
ysis of SEC61G, ERs proteins GRP78 and CHOP. J-L Detection of 
autophagy protein LC3-II/I and apoptotic protein cleaved-caspase3. 
*P < 0.05 vs. NC group; #P < 0.05 vs. model group
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Studies have shown that promoting apoptosis of activated 
hepatic stellate cells improves the pathological status of 
liver fibrosis mice (Cai et al. 2020). Our findings sug-
gest that downregulation of circ_0044226 induced apop-
tosis in activated LX-2 cells. These results indicate that 
circ_0044226 could potentially be targeted for the treat-
ment of liver fibrosis.

The involvement of ERs in the pathogenesis of fibrosis 
has been observed in various organs such as the kidney, 
heart, liver, gastrointestinal tract, and lung (Tanjore et al. 
2013). Jiang S et al. demonstrated that ERs contribute to the 
differentiation of synovial myofibroblasts in joint capsule 
fibrosis and may serve as a potential therapeutic target for 
joint contracture (Jiang et al. 2018). Furthermore, inhibi-
tion of ERs has shown to improve renal fibrosis, suggest-
ing a novel approach for preventing renal fibrosis in chronic 
kidney diseases (Liu et al. 2018). Similarly, ERs have been 
implicated in the progression of liver fibrosis (Koo et al. 
2016). Recent studies have shown that ERs mediated hepatic 
stellate cell necroptosis, thereby ameliorating liver fibrosis 
(Sun et al. 2022). Our results showed that downregulation 
of circ_0044226 enhanced ERs. And inhibition of ERs 
promoted the proliferation and survival of activated LX-2 
cells. These data suggest that circ_0044226 plays a role in 
liver fibrosis progression by regulating ERs. In our work, 
it is additionally important to note that TGF-β1 promoted 
ERs in LX-2 cells, which may result from protein synthe-
sis overload after cell activation (Oakes and Papa 2015). 
Similarly, TGF-β1 was found to induce autophagy in LX-2 
cells. This may be an adaptive change of activated LX-2 
cells to achieve their own metabolic needs and renewal of 
certain organelles (Mizushima and Komatsu 2011). Knock-
down of circ_0044226 was followed by enhanced ERs and 
autophagy in activated LX-2 cells, which may be associated 
with increased apoptosis, as mentioned in other articles (Hu 
et al. 2018; Zhu et al. 2022).

Mechanistically, circ_0044226 binds to miR-4677-3p 
as a competitive endogenous RNA and disarms the inhibi-
tory effect of miR-4677-3p on SEC61G expression. 
Knockdown of circ_0044226 resulted in reduced bind-
ing of circ_0044226 to miR-4677-3p, leading to suppres-
sion of SEC61G expression. Previous studies reported that 
SEC61G was overexpressed in hepatocellular carcinoma and 
that knockdown of SEC61G inhibited cell proliferation and 
induced apoptosis (Gao et al. 2020b). Here, we explored the 
role of SEC61G in hepatic stellate cells for the first time. 
SEC61G expression is increased in CCL4-induced liver 
fibrosis mice. And SEC61G expression was suppressed after 
knockdown of circ_0044226. Down-regulation of SEC61G 
in lung cancer cells activated ERs and attenuated the malig-
nant behavior of lung cancer cells (Zhang and Guo 2022). 
In this study, overexpression of SEC61G inhibited ERs and 
promoted LX-2 cell proliferation and survival, as well as 

inhibited autophagy, reversing the effect of knockdown 
circ_0044226 on LX-2 cell function.

In conclusion, we found that inhibition of circ_0044226 
reduced SEC61G expression by releasing miR-4677-3p, 
which enhanced ERs, inhibited proliferation in activated 
hepatic stellate cells and promoted their autophagy and 
apoptosis. In addition, circ_0044226 downregulation mark-
edly alleviated CCL4-induced liver fibrosis in mice. There-
fore, circ_0044226 could be a hopeful therapeutic target for 
liver fibrosis.
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