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Abstract
Endemic arsenism is a major disease concern in China, with arsenic poisoning and induced potential
lesions key issues on a global level. The liver is the main target organ where arsenic is metabolized;
chronic exposure to arsenic-induced liver �brosis is also closely related to autophagy, however, the exact
mechanisms are remain unclear. In this study, we explored the effects of NaAsO2 on apoptosis and
autophagy in human hepatic stellate cells(HSC). We established a �brosis model in the HSC line, LX-2
which was exposed to NaAsO2 for 24h, 48h, and 72h. Cells were then transfected using an autophagy
double-labeled RFP-GFP-LC3 adenoviral plasmid. Laser confocal microscopy indicated signi�cant
infection e�ciencies and autophagy in LX-2. Flow cytometry was also used to investigate the effects of
different NaAsO2

 doses on apoptosis. NaAsO2 treatment upregulated the expression of autophagic
markers, including microtubule-associated protein light chain A/B(LC3), ubiquitin binding protein(SQSTM-
1/P62), autophagy related genes(ATGs), recombinant human autophagy effector protein (Beclin-1), and B
cell lymphoma-2(BCL-2), but downregulated mammalian target of rapamycin(mTOR). Also, α-smooth
muscle actin(α-SMA) expression was signi�cantly upregulated in all NaAsO2 groups. Furthermore, mTOR
silencing via 3-methyladenine(3-MA) altered NaAsO2 induced autophagy, LC3, Beclin-1, and SQSTM-
1/P62 expression were all upregulated in both NaAsO2 and 3-MA-iAs groups. Altogether, NaAsO2 induced
HSC autophagy via apoptotic pathways. 3-MA inhibited LX-2 activity and reduced NaAsO2-induced
autophagy which may inhibit �brosis progression caused by this toxin.

1. Introduction
Endemic arsenic disease is a serious environmental and geochemical issue endangering human
health1.According to 2016 statistics, nearly 150 million people in more than 70 global regions were
variably threatened by high arsenic groundwater levels2. Inorganic arsenic (iAs) is a ubiquitously
distributed environmental and industrial toxicant, designated a class I carcinogen by the International
Cancer Research Institute and the United States Environmental Protection Agency3. Arsenic has two
oxidation states in the environment. iAs as a potential environmental carcinogen is not only associated
with multiple cancers (skin4, lung5, liver6, kidney7, and bladder8), but is also detrimental to multiple organ
systems, including the liver and kidneys, cardiovascular, respiratory, and reproductive systems9. The liver
is the most important target organ of arsenic metabolism10. Epidemiological studies have linked chronic
iAs exposure to an increased risk of liver disease, �brosis, cirrhosis, and liver carcinogenesis11–13. Arsenic
carcinogenic mechanisms mainly relate to oxidative stress, DNA and chromosome damage, apoptosis,
necrosis, and methylation. Importantly, in recent years, studies have also reported that autophagy plays a
vital role in arsenic-related carcinogenic mechanisms14.

Autophagy is a conserved, tightly regulated process with key roles in protein and organelle quality control
via intracellular molecule capture, degradation, and recycling15. The process is characterized by
macroautophagy, microautophagy, and chaperone-mediated autophagy mechanisms16. Signi�cantly,
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arsenic exposures affects cellular autophagy in a dose-dependent manner17. Multiple autophagy-related
genes (ATGs) and signaling pathways co-regulate autophagy processes and biological functions18.
Currently, 42 ATGs have been identi�ed, with autophagy processes closely related to key signaling
molecules, including, Beclin-1, VMP1, Atg5–Atg12, Atg4, and LC3, and also regulated by signal
transduction pathways, including molecular target of rapamycin (mTOR), and phosphatidylinositol 3
kinase/protein serine threonine kinase (PI3K-Akt)19,20. In this study, a comprehensive and reliable
autophagy quantitative analytical method was required to investigate these complex mechanisms,
therefore, we developed a double �uorescence RFP-GFP-LC3 system. The biggest advantage of the
system is that no drug interventions are required, only a hunger-induced (serum-free medium) starvation
mechanism is necessary to visually determine changes in autophagic activity and autophagic �ow
(autophagic �ux). Thus using this strategy, autophagy was observed by �uorescence, indicating the
successful construction of an RFP-GFP-LC3 lentivirus system in this study.

The effects of arsenic poisoning on liver �brosis have been characterized but underlying mechanisms are
unclear21. Autophagy as a fundamental degradation pathway in eukaryotic cells also induces liver
�brosis; hepatic stellate cell (HSC) activation contributes to liver �brosis where autophagy processes
provide energy for HSC activation by degrading lipid droplets, thereby promoting �brosis22. In rat lungs, a
high arsenic exposure (up to 10 µg/L) to drinking water triggered in�ammation, oxidative damage, and
inhibited autophagy23. Moderate autophagy helped cell survival and protected cells from dysfunction24,
but excessive autophagy resulted in the gradual consumption of cell capacity, resulting in autophagic
death25.

3-Methyladenine (3-MA) is a phosphatidylinositol 3-kinases (PI3K) inhibitor. PI3K plays key roles in
several biological processes, including controlling mTOR activation which is a key autophagy regulator.
Also, 3-MA inhibits autophagy by blocking autophagosome formation by inhibiting class III PI3Ks26.
Similarly, 3-MA plays a dual role in autophagy; prolonged 3-MA treatment promotes autophagy under
nutrient-rich conditions, whereas 3-MA inhibits starvation-induced autophagy27. The inhibitor also
prevents liver �brosis by downregulating autophagy levels and inhibiting liver �brosis progression caused
by carbon tetrachloride (CCL4)28. However, it is currently unclear if 3-MA inhibits arsenic-mediated
�brosis, therefore we investigated this phenomenon in this study.

In this study, we assessed HSC responses to different iAs3+ doses to characterize the full range of chronic
arsenic exposure levels. Then, we investigated changes in autophagy protein levels during iAs3+-induced
�brosis. Finally, we silenced mTOR using 3-MA to alter iAs3+-induced autophagy. Our data may be used
as a platform to explore changes in autophagy related-proteins during iAs-induced �brosis in human
HSCs, and importantly, lays a foundation for further liver �brosis investigations.

2. Materials And Methods

2.1. Reagents and antibodies
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The following reagents were used in this study. Sodium arsenite (iAs3+, analytical grade) (No.3 Chemical
Reagent Factory, Beijing, China). RFP-GFP-LC3 lentivirus (Jikai Gene Biology Co. Shanghai China). The
double �uorescence RFP-GFP-LC3 autophagy system was used in this research. The primary advantage
of the system is the absence of any drug intervention to induce autophagy, instead, hunger (serum-free
medium) induces changes in autophagy activity and autophagy �ow (autophagic �ux) and visualized
under �uorescence microscopy. Once the system was authenticated, control and arsenic exposure groups
were tested under normal and starvation conditions. Concomitant with changes in autophagy, we
observed transcription and translation changes in autophagy-related genes, demonstrating that
autophagy after arsenic exposure was independent of hunger, but that arsenic affected autophagy.

The real-time monitoring of RFP-GFP-LC3 adenovirus; RFP labeled and tracked LC3, whereas weakened
GFP indicated lysosome and autophagosome fusion to form an autophagic lysosome. As GFP
�uorescence was acid sensitive, GFP quenching occurred when the autophagosome and lysosome fused,
therefore only red �uorescence was detected. This �uorescent protein expression system clearly indicated
levels of autophagy �ow and was an indispensable tool for our autophagy studies. Fetal bovine serum
(FBS) and Dulbecco's modi�ed eagle medium (DMEM) (American Hyclone Co.), Bicinchoninic acid assay
(BCA) protein quanti�cation kit (Thermo Scienti�c, USA). Electrotransfer and electrophoresis solution
(Solarbio Co. Beijing, China). Annexin V-PE apoptosis detection kit I (Becton Dickinson) Annexin V-PE is a
sensitive probe used to identify apoptotic cells. It binds to negatively charged phospholipid surfaces, with
a higher speci�city for phosphatidylserine (PS) than other phospholipids. Puri�ed recombinant Annexin V
was conjugated to phycoerythrin (PE). Annexin V-PE is routinely used to characterize primary cells or cell
lines undergoing apoptosis. RevertAid First Strand cDNA Synthesis kit and QuantiNova SYBR Green PCR
Kit (Thermo Scienti�c). Chromogenic agents (Invitrogen, USA). Chemiluminescence western blot
detection kit (Thermo Scienti�c). Anti-GAPDH, anti-mTOR, anti-LC3, anti-Beclin 1, anti-BCL-2, anti-BCL-XL,
anti-TMEM-49, anti-SQSTM-1/P62, and anti-α-SMA (Abcam Co, UK).

2.2. Cell culture
LX-2 cells (Punosai Life Technology Co. Wuhan China) were cultured at 37°C in 5% CO2 and 95% air at
100% humidity in Dulbecco’s Modi�ed Eagle’s Medium (DMEM) plus 10% heat-inactivated FBS, 100 mg
mL−1 penicillin, and 100 mg mL−1 streptomycin (Thermo Scienti�c). Cell media was changed once every
two days. When cells reached 80–90% con�uence, they were trypsinized in 0.25% trypsin and passaged
into 6-well plates for iAs trioxide exposure.

2.3. Cell treatments and groups
LX-2 cells were seeded into 96-well plates at 5,000 cells per well. iAs3+ were added at different
concentrations when cell con�uence reached 60% (Table 1).
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Table 1
Cell groups

Group Arsenic concentration

high iAs3+group 5.00 µmol/L

middle iAs3+ group 0.50 µmol/L

low iAs3+ group 0.05 µmol/L

control group 0.00 µmol/L

infected only group 0.00 µmol/L

2.4. Cell infections
Before infection, LX-2 cells were resuspended at 1 × 105/mL in 6-well plates for 16–24 h. The �rst well
was the control (cells only). The virus was defrosted and diluted in cold PBS to 1×107 TU/mL (MOI = 10)
(TU/mL = number of bioactive virus particles per mL and MOI = multiplicity of infection). Virus was
added to cells after 8–12 h, with growth in complete medium up to 72 h. Then, 2 µg/mL puromycin was
added to wells and cultures maintained for 3–5 days, until all control cells died, At this point, live cells in
remaining wells were assumed to be stably transfected with RFP-GFP-LC3. The medium was replaced
with medium plus 0.5 µg/mL puromycin until cell fusion reached approximately 80%. At this point, cells
were digested with pancreatic enzymes to ensure stable infection. At 14 days, cells were collected and
assumed to be fully stable cell lines. RFP and GFP signals were observed using �uorescence microscopy
(Borris Technologies, Co. Beijing, China). RFP was used to tag and track LC3, whereas weakened GFP
indicated lysosome and autophagosome fusion to form autophagosomes/lysosomes. Fluorescence
infection rates were detected by �ow cytometry.

2.5. Apoptosis determination using �ow cytometry
Flow cytometry (Bio-RAD,America)was used to analyze cell death processes. The Annexin V-�uorescein
isothiocyanate (V-FITC) apoptosis detection kit (BioVision, USA) was used according to manufacturer's
instructions. When the cell density reached 70–80%, the old medium was removed and different sodium
arsenite concentrations in new medium added for 48 h. Cells were then harvested, washed in 1 ×
phosphate buffered saline (PBS; pH 7.4–7.5), and suspended in 500 µL 1 × Annexin V binding buffe. To
this, 5 µL Annexin V-FITC and 5 µL propidium iodide (PI) ( Trevigen ,America)were added and cells
incubated for 5 min in the dark. Finally, cells were processed by �ow cytometry.

2.6. Quantitative real-time PCR (qRT-PCR analysis)
Total RNA was isolated from LX-2 cells using the RNAiso kit (Takara, China) following manufacturer’s
instructions. Total RNA was reverse-transcribed to cDNA using the Primer Script™ RT Master Mix kit
(Takara Bio, Beijing, China). Then, qRT-PCR was performed using the SYBR ® Premix Ex Taq™II (2×) mix
(Takara Bio) using a CFX 96-type RT �uorescence quantitative PCR instrument (Bio-Rad, USA). GAPDH
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was used as a reference gene. Cycle thresholds were determined for each sample and each gene
ampli�cation. Based on the 2−ΔΔCt method, relative target gene expression was calculated. Primer
sequences are shown (Table 2).

Table 2
Primers for quantitative real-time PCR

Gene Forward (5’–3’) Reverse (3’–5’)

LC3 AAGGCGCTTACAGCTCAATG CTGGGAGGCATAGACCATGT

Beclin-1 CCATGCAGGTGAGCTTCGT GAATCTGCGAGAGACACCATC

SQSTM-1/P62 GCACCCCAATGTGATCTGC CGCTACACAAGTAGTCTGG

BCL-2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC

BCL-XL GAGCTGGTTGACTTTCTC TCCATCTCCGATTCAGTCCCT

ATG4 ACCAGAGTAAGGGCACCTCT CCTCCTAATGCCCAAGACTG

ATG5 CGAGATGTGTGGTTTGGACGA AATGCCATTTCAGTGGTGTGC

ATG8 GGCTCCCAAAGCTCGGATAG TACAGCTGACCCATTGTGGC

GAPDH CACCCACTCCTCCACCTTTG CCACCACCCTGTTGCTGTAG

Note: LC3; microtubule-associated protein light chain A/B; Beclin-1; recombinant human autophagy
effector protein; SQSTM-1/P62; ubiquitin binding protein; BCL-2; B cell lymphoma-2; BCL-XL;
recombinant human B-cell leukemia/lymphoma-2 XL; ATG4; autophagy related 4; ATG5; autophagy
related 5; ATG8; autophagy related 8; GAPDH; glyceraldehyde-3-phosphate dehydrogenase

2.7. Western blotting
After treatments, total protein was extracted using ice-cold RIPA lysis buffer (plus phenylmethylsulfonyl
�uoride) and concentrations determined by bicinchoninic acid assay (BCA) protein quanti�cation kit
(Thermo Scienti�c). Protein samples (30 µg) were separated using 6%, 10% or 12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, with proteins transferred to 0.22-µm polyvinylidene �uoride
membranes (Sangon Biotech, Shanghai, China). After blocking in 5% skimmed milk for 1 h at 37°C, blots
were incubated with primary antibodies; LC3 antibody (dilution 1:1000), Beclin-1 (dilution 1:2000),
SQSTM-1/P62 (dilution 1:1000), BCL-2 (dilution 1:500), and GAPDH (dilution 1:10000) overnight at 4°C.
Then blots were rinsed three times with Tween (Sangon Biotech) plus PBS and incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies (Sangon Biotech) (1:8000) for 1 h.
Immunoreactivity was visualized using an alkaline phosphatase color development kit (Sangon Biotech).
Image analysis software ImageJ v1.51 (National Institutes of Health, USA) was used to calculate relative
protein expression.

2.8. GFP and RFP �uorescence analysis
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Cell lines infected for 14 days were harvested and cultured in confocal dishes (Sangon Biotech). Each
dish was incubated with different NaAsO2 and 3-MA concentrations for 48 h. 3-MA is an autophagy
pathway inhibitor and was used to assess whether NaAsO2 affected LX-2 autophagy. All subsequent
arsenic cell assays were based on autophagy under �uorescence after transfection. A laser confocal
microscope was used to capture GFP and RFP signals.

2.9. Statistical analysis
All experiments were performed at least 3 times. All data were represented as the mean ± standard error
of the mean (SEM). Statistically signi�cant differences between groups were analyzed using a single-
factor analysis of variance (ANOVA) followed by two sided Student's t-test in the SPSS.22.0. P values <
0.05 were considered statistically signi�cant.

3. Results

3.1. The effects of NaAsO2 on LX-2 morphology
LX-2 cells in the blank group grew well after 24 h; cells were fusiform or star-shaped, with clear
boundaries (Figure 1a). In high dose iAs3+ groups after 24 h, cell numbers decreased with culture time
and cell morphology had changed: cells were no longer stretched but were more circular in morphology
(Figure 1b).LX-2 cells in In high dose iAs3+ groups after 72h, cell lost original morphology, and cell
numbers decreased dramatically (Figure 1c).

3.2. Autophagy observations
RFP-GFP-LC3 punctae in RFP-GFP-LC3-LX-2 cells were detected using laser confocal microscopy: in the
control group, RFP-GFP-LC3 punctae were uniformly distributed in the cytoplasm (Figure 2a, b).
Autophagosome/lysosome fusion is shown (Figure 2c). After serum-free medium was added to induce
starvation, red and green �uorescent punctae were increased, with red �uorescence more abundant than
green. (Figure 2d, e), indicating autophagy. In Figure 2F, yellow �uorescence represented autophagy and
red represented autophagic lysosomes, thus starvation conditions had induced autophagy. In the
absence of drugs, hunger-induced autophagy was observed under �uorescence, indicating the successful
construction of an autophagy model using lentiviral RFP-GFP-LC3.

3.3. The effects of NaAsO2 on early apoptotic rates in LX-2
cells stably expressing RFP-GFP-LC3
When compared with the blank (apoptotic rate = 2.35% ± 0.07%) and infected group (apoptotic rate =
2.15% ± 0.07%), the apoptotic rate in the infected + low iAs3+ group was 8.35% ± 0.64%, infected +
medium iAs3+group, 15.95% ± 1.48%, and 23.70% ± 0.85% in the infected + high iAs3+group. Thus, as
arsenic concentrations increased, apoptosis rates increased in a dose-dependent manner. Apoptosis rates
between groups were statistically signi�cant (P < 0.05) (Table 3 and Figure 3).
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Table 3
The effects of NaAsO2 on apoptotic rates in LX-2 cells after lentivirus infection  (x̄±s %, n = 3).

Group Apoptosis rate (%)

Control group 2.35 ± 0.07

infected only group 2.15 ± 0.07

Infected + low iAs3+ 8.35 ± 0.64*

Infected + medium iAs3+ 15.95 ± 1.48*

Infected + high iAs3+ 23.70 ± 0.85*

Note: n = 3 represents the same cell, and the same treatment was repeated three times; * indicates
statistically signi�cant differences when compared with the blank group.

3.4. The effects of NaAsO2  on LC3, Beclin-1, ATG4, ATG5,
and ATG8 mRNA expression in LX-2 cells stably expressing
RFP-GFP-LC3
To determine whether iAs3+ induced autophagy, we examined LC3, Beclin-1, ATG4, ATG5, and ATG8
expression levels in LX-2 cells after exposure to NaAsO2.

The effects of iAs3+ on LC3, Beclin-1, ATG4, ATG5, and ATG8 mRNA expression in LX-2 cells after
lentivirus infection are shown (Table 4). When we compared the blank and infection alone group, LC3
mRNA expression was signi�cantly increased in the infection alone group. Thus, to better characterize
autophagy, our transfection model may have also impacted other autophagy-related genes, thus after
qRT-PCR, we used the transfection group as another control group. Similar to LC3, Beclin-1, ATG4, and
ATG5 mRNA expression levels increased in infection groups. ATG8 mRNA was unaffected by
transfection.
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Table 4
The effects of NaAsO2 on LC3, Beclin-1, ATG4, ATG5, and ATG8 mRNA expression in LX-2 cells after

lentivirus infection (x̄±s n = 3).
Group LC3 Beclin-1 ATG4 ATG5 ATG8

Blank group 1.25 ± 0.21 1.10 ± 0.53 1.13 ± 0.63 1.00 ± 0.04 1.01 ± 0.15

Infection group 20.09 ±
6.50a

22.46 ±
0.66a

2.38 ± 0.48a 2.26 ±
0.25a

1.43 ± 0.15

Infected + high As3+ 36.57 ±
9.68ab

13.38 ±
2.27a

3.39 ± 0.17a 1.65 ±
0.15ab

1.75 ± 0.08a

Infected + medium
iAs3+

4.14 ±
0.00bc

20.80 ±
6.95a

4.67 ±
1.38ab

2.62 ±
0.42ac

2.89 ±
0.61abc

Infected + low iAs3+ 14.19 ±
6.17ac

24.31 ±
7.09ac

5.23 ±
0.64abc

2.56 ±
0.21ac

2.34 ±
0.55ab

F 17.45 11.29 17.64 26.97 11.52

P 0.00 0.00 0.00 0.00 0.00

Note: compared with blank group, ap < 0.05; compared with infection group, bp < 0.05; compared with
infected + high iAs3+, cp < 0.05.

In all transfection groups, LC3 mRNA expression levels tended to initially decrease, then increase with
increasing As3+ doses (infected + low iAs3+: 14.19 ± 6.17; infected + medium iAs3+: 4.14 ± 0.00; infected +
high As3+: 36.57 ± 9.68, p < 0.05) (Table 4).

Beclin-1 mRNA expression levels tended to decrease with increased iAs3+ dose (infected + low iAs3+:
24.31 ± 7.09; infected + medium iAs3+: 20.80 ± 6.95; infected + high As3+: 13.38 ± 2.27, p < 0.05). ATG4,
ATG5, and ATG8 mRNA expression levels tended to initially increase, then decrease with increased iAs3+

dose (p < 0.05) (Table 4).

3.5. The effects of NaAsO2 on BCL-2 and BCL-XL mRNA
expression in LX-2 cells stably expressing RFP-GFP-LC3
To con�rm iAs3+ induced apoptosis and to identify a relationship between autophagy and apoptosis, we
investigated expression of the apoptosis-related genes, BCL-2 and BCL-XL in LX-2 cells after treatments.
When compared with the blank and infection alone group (these groups exhibited no apoptosis-related
gene expression differences when infected), BCL-2 mRNA levels in infected + high and medium iAs3+

groups were increased. BCL-XL mRNA levels were decreased in the infected + high iAs3+ group (p < 0.05)
(Table 5).
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Table 5
The effects of NaAsO2 on BCL-2 and BCL-XL mRNA expression in LX-2 cells after lentivirus infection (x̄±s

n = 3).
Group BCL-2 BCL-XL

Blank group 0.75 ± 0.35 1.04 ± 0.24

Infection group 0.78 ± 0.22 1.12 ± 0.18

Infected + high iAs3+ 6.93 ± 1.53ab 0.52 ± 0.21ab

Infected + medium iAs3+ 2.81 ± 0.82abc 0.71 ± 0.17b

Infected+ low iAs3+ 1.33 ± 0.34c 0.81 ± 0.18

F 27.18 4.67

P 0.00 0.00

Note: compared with blank group, ap < 0.05; compared with the infection group, bp < 0.05; compared
with infected + high iAs3+ group, cp < 0.05; compared with infected + medium iAs3+ group, dp < 0.05.

3.6. The effects of NaAsO2 on LC3, Beclin-1, SQSTM-1/P62,
TMEM-49, and mTOR protein expression in LX-2 cells
To further con�rm autophagosome accumulation and apoptosis induced by arsenic, the translational
levels of the autophagic markers, LC3, Beclin-1, SQSTM-1/P62, and TMEM-49, and the apoptosis marker,
mTOR were examined in LX-2 cells by western blotting.

The effects of iAs3+ on LC3, Beclin-1, SQSTM-1/P62, TMEM-49, and mTOR protein expression in LX-2
cells after lentivirus infection were analyzed. When we compared the blank with the infection alone group,
LC3 and Beclin-1 expression levels were both signi�cantly increased. SQSTM-1/P62, TMEM-49, and
mTOR levels were unaffected.

In all infection groups, when compared with the infection alone group, LC3 and mTOR expression levels
tended to decrease in a dose-dependent manner. Beclin-1, SQSTM-1/P62, and TMEM-49 expression levels
tended to increase �rst, then decrease with increased iAs3+ dose (p < 0.05) (Table 6, Figure 4).
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Table 6
The effect of NaAsO2 on LC3, Beclin-1, SQSTM-1/P62, TMEM-49, and mTOR expression in LX-2 cells

(x̄±s, n = 3).
Group LC3 Beclin-1 SQSTM-

1/P62
TMEM-49 mTOR

Blank group 0.04 ±
0.01

0.25 ± 0.01 0.21 ± 0.06 0.37 ± 0.03 0.81 ± 0.02

Infection group 0.20 ±
0.06a

0.53 ± 0.03 0.20 ± 0.06 0.37 ± 0.01 0.93 ± 0.02

Infected + high iAs3+ 0.09 ±
0.01b

0.44 ± 0.05 0.24 ± 0.07 0.42 ± 0.02 0.57 ±
0.11ab

Infected + medium
iAs3+

0.15 ±
0.00a

0.83 ± 0.03a 0.37 ± 0.04ab 0.58 ±
0.03abc

0.47 ±
0.07ab

Infected+ low iAs3+ 0.16 ±
0.0ac

1.20 ±
0.02abc

0.45 ±
0.01abc

0.49 ±
0.00abcd

0.50 ±
0.08ab

F 11.08 11.75 8.31 30.40 17.18

P 0.00 0.00 0.00 0.00 0.00

Note: compared with blank group, ap < 0.05; compared with infection group, bp < 0.05; compared with
infected + high iAs3+ group, cp < 0.05; compared with infected + medium iAs3+group, dp < 0.05.

3.7. The effects of NaAsO2 on BCL-2 and BCL-XL protein
expression in LX-2 cells
The effects of iAs3+ on BCL-2 and BCL-XL protein expression in LX-2 cells after lentivirus infection were
also investigated. When we compared the blank with the infection alone group, BCL-XL levels were
increased and BCL-2 levels unaffected. In all infection groups, when compared with the infection alone
group, BCL-XL levels were �rst decreased, then increased with increasing iAs3+ dose (p < 0.05). BCL-2
levels were increased signi�cantly in a dose dependent manner (p < 0.05) (Table 7, Figure 5).
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Table 7
The effects of sodium arsenite on BCL-2 and BCL-XL expression in LX-2 cells after lentivirus infection

(x̄±s, n = 3)
Group BCL-2 BCL-XL

Blank group 0.30 ± 0.01 0.43 ± 0.01

Infection group 0.28 ± 0.07 0.56 ± 0.03a

Infected + high iAs3+ 1.30 ± 0.01ab 0.84 ± 0.05ab

Infected + medium iAs3+ 0.90 ± 0.01abc 0.53 ± 0.03ac

Infected+ low iAs3+ 0.82 ± 0.01abc 0.38 ± 0.00bcd

F 22.25 61.74

P 0.00 0.00

Note: compared with blank group, ap < 0.05; compared with infection group, bp < 0.05; compared with
infected + high iAs3+ group, cp < 0.05; compared with infected + medium iAs3+group, dp < 0.05.

3.8. The effects of NaAsO2 on α-SMA expression in LX-2
cells stably expressing RFP-GFP-LC3
To clarify if arsenic-induced autophagy was related to �brosis, we assessed α-SMA expression in LX-2
cells after lentivirus infection. When we compared the blank with the infection alone group, α-SMA level
were unaffected by infection. In all iAs3+ infection groups, when compared with the infection alone group,
α-SMA levels were upregulated (p < 0.05) (Table 8, Figure 6).
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Table 8
The effects of sodium arsenite on α-SMA expression in LX-2 cells after lentivirus infection (x̄±s, n = 3)
Group α-SMA

Blank group 0.40 ± 0.07

Infection group 0.48 ± 0.04

Infected + high iAs3+ 0.62 ± 0.01a

Infected + medium iAs3+ 0.78 ± 0.10abc

Infected + low iAs3+ 0.68 ± 0.06ab

F 12.13

P 0.00

Note: compared with blank group, ap < 0.05; compared with the infection group, bp < 0.05; compared
with infected + high iAs3+ group, cp < 0.05; compared with infected + medium iAs3+group, dp < 0.05.

3.9. The effects of the autophagy inhibitor, 3-MA combined
with NaAsO2 on LC3, Beclin-1, and SQSTM-1/P62 mRNA
levels in LX-2 cells stably expressing RFP-GFP-LC3
3-MA is an autophagy inhibitor and was used to evaluate arsenic-induced autophagy in LX-2 cells. Our
data showed that except for the infected group, LC3 mRNA expression increased in all dose groups.
Beclin-1 expression increased in the high dose trivalent arsenic, trivalent MA groups. SQSTM-1/P62
expression increased in trivalent arsenic high dose groups(p < 0.05). Beclin-1 expression levels increased
in the trivalent arsenic high dose group and the 3-MA trivalent arsenic high dose group. SQSTM-1/P62
expression levels were upregulated in the trivalent high dose groups (p < 0.05). When compared to the 3-
MA group, LC3 expression in the high dose 3-MA trivalent group was upregulated (Table 9).
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Table 9
The effects of 3-MA combined with NaAsO2 on LC3, Beclin-1, and SQSTM-1/P62 mRNA expression levels

in LX-2 cells after lentivirus infection (x̄±s, n = 3).
Group LC3 Beclin-1 SQSTM-1/P62

Blank group 1.00±0.57 1.05±0.37 1.08±0.48

Infection group 3.59±0.30 1.68±0.96 2.12±0.04

3-MA group 8.49±0.48ab 5.68±0.59ab 4.93±0.31a

Infected + high iAs3+ 36.57±8.25abc 8.29±1.20abc 2.17±0.04c

3-MA + high iAs3+ 9.51±0.57ab 11.20±0.44abc 11.64±4.57abc

F 102.98 265.08 28.13

P 0.00 0.00 0.00

Note: Compared with blank group, aP < 0.05; compared to the infection group, bp < 0.05; compared to
the 3-MA group, cp < 0.05.

3.10. The effects of 3-MA combined with NaAsO2 on LC3,
Beclin-1, and SQSTM-1/P62 expression in in LX-2 cells
stably expressing RFP-GFP-LC3
When compared with the blank group, LC3 levels were increased in each dose group except the infected
group. Higher Beclin-1 levels were observed in the high iAs3+, 3-MA + high iAs3+ groups. SQSTM-1/P62
levels were increased in in high iAs3+group (p < 0.05).

When compared to the 3-MA group, elevated LC3 levels were observed in 3-MA + high iAs3+ group. Beclin-
1 levels were increased in high iAs3+ and 3-MA + high iAs3+ groups. SQSTM-1/P62 levels were also
elevated in 3-MA + high iAs3+ (p < 0.05) (Table 10, Figure 7).
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Table 10
The effects of 3-MA combined with NaAsO2 on LC3, Beclin-1, and SQSTM-1/P62 protein expression levels

in LX-2 cells after lentivirus infection (x̄±s, n = 3).
Group LC3 Beclin-1 SQSTM-1/P62

Blank group 0.29 ± 0.01 0.84 ± 0.07 0.75 ± 0.04

Infection group 0.38 ± 0.00 0.81 ± 0.03 0.83 ± 0.05

3-MA group 0.81 ± 0.06ab 0.95 ± 0.04 0.74 ± 0.02b

Infected + high iAs3+ 1.01 ± 0.02ab 1.25 ± 0.03abc 0.96 ± 0.03abc

3-MA + high iAs3+ 1.49 ± 0.29abc 1.41 ± 0.12abc 0.83 ± 0.02c

F 27.80 29.59 14.69

P 0.00 0.00 0.01

Note: Compared with blank group, aP < 0.05; compared to the infection group, bp < 0.05; compared to
the 3-MA group, cp < 0.05.

4. Discussion

4.1. LX-2 cell lines stably expressing RFP-GFP-LC3 lentivirus
vectors contribute to autophagy observations
In recent years, autophagy has been associated with key roles in several human diseases29. Increasingly,
studies have con�rmed autophagy maintains cellular and tissue homeostasis by regulating various
physiological processes, including cytokine formation, pathogen clearance, antigen presentation,
in�ammatory responses, and innate and adaptive immune responses30. Autophagy is a complex multi-
step process, comprising initiation, nucleation, extension and closure, and lysosomal fusion31. Thus, the
accurate dissection of autophagy is crucial for studying autophagic biological functions. In our study, we
constructed an autophagic bi-functional lentiviral RFP-GFP-LC3 vector for stable transfection into cell
lines. The molecular premise was that red and green punctae would represent autophagic mechanisms.
Thus, characteristic autophagosomes could be �uorescently displayed at different stages in the
autophagy pathway. The establishment of stable cell lines expressing RFP-GFP-LC3 provided a reliable
cellular platform for detecting and assessing autophagic �ux. Our approach was highly bene�cial for
studying the autophagic effects of arsenic-induced HSCs and lays the foundation for the identi�cation of
mechanisms underpinning arsenic induced liver �brosis.

4.2. The effects of NaAsO2 on autophagy levels in LX-2
cells
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The liver is an important detoxi�cation organ and is vulnerable when processing poisonous
substances32. During hepatic �brosis, HSCs invade target cells due to a variety of external factors,
transforming them into myo�broblasts. α-SMA is present only in the liver and in large vascular smooth
muscle. When HSCs are stationary, they do not express α-SMA, exhibit low proliferative activity, and low
synthetic collagen capabilities. However, when the liver is damaged via in�ammation or mechanical
stimulation, HSCs activate and transform into myo�broblast-like cells, and express α-SMA33 which is an
important marker of HSC activation. Inorganic As causes liver injury, especially liver �brosis34. Tao et al.
observed that chronic NaAsO2 ingestion caused liver �brosis and oxidative stress in Sprague-Dawley rats,

along with collagen deposition, and HSC activation21. In our study, in LX-2 cell lines induced by iAs3+ for
48 h, α-SMA expression increased signi�cantly, suggesting iAs3+ induced HSC activation in vitro,
consistent with previous �ndings. Thus, an in vitro HSC induced iAs3+ model was successfully
established.

Autophagy activity and biological functions are regulated by several ATGs and associated proteins,
including LC3, SQSTM-1/P62, Beclin-1, ATG4, ATG5, ATG8, and ATG1235. LC3 is involved in the formation
of autophagy lysosomes and dissociates from lysosomal structures to digest damaged materials. P62 is
a marker of autophagic �ux which combines autophagy substrates with autophagy lysosomes for
degradation36. Therefore, LC3 and P62 are typical autophagy biomarkers. Wu et al. reported that arsenic
induced autophagy in pancreatic islets was evidenced by elevated LC3-II levels and depressed P62 levels,
both in vivo and in vitro37. Based on our data, after trivalent and pentavalent arsenic treatment, LC3
mRNA expression levels were increased, and the highest increase was observed in the high trivalent
arsenic dose group. In addition, the autophagy related gene, ATG5 strictly controls autophagy and plays a
crucial role in autophagosome formation; previous studies have shown that ATG5 and ATG4 gene
expression levels promote autophagy38. In our study, ATG4, ATG5, and ATG8 gene levels were
upregulated in each iAs3+ dose group. Moreover, Beclin-1 is a key regulator of autophagy; it promotes the
transformation of LC3-I to LC3-II, thereby re�ecting autophagy activation39. Previous evidence has
suggested mTOR is a regulatory autophagy inhibitor, promotes Beclin-1 release, and is an important
regulator in anabolism and catabolism, cell growth, and proliferation9. Other studies reported that
arsenite-treated cells depleted mTOR levels which in turn increased lysosomal activity and promoted
autophagy via the formation of autophagy lysosomes25. Our data showed that with increased iAs3+

doses, Beclin-1 and MEM-49 protein expression levels were upregulated and mTOR expression
downregulated.

Common effector proteins associated with apoptosis and autophagy include BCL-2 and BCL-XL, and
ATG5 respectively40. BCL-2 and BCL-XL are well-characterized anti-apoptotic proteins and may be key
factors in regulating autophagy; they inhibit Beclin-1 mediated autophagy by interacting with Beclin-141.
Studies have shown that the JNK-Bcl-2/Bcl-xL-Bax/Bak pathway mediates crosstalk between matrine-
induced autophagy and apoptosis via interplay with Beclin-1 (matrine is an alkaloid extracted from
Sophora �avescens)42. Therefore, BCL-2 and BCL-XL have key roles in apoptosis and autophagy
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interactions. Beclin-1 also inhibits cell proliferation, as observed in several cancers, including, tongue
squamous cell carcinoma43, breast cancer44, hepatocellular carcinoma45, and colorectal cancer.
Autophagy blocking also activated apoptotic pathways and eventually led to apoptosis and death. Li46

reported that in Raji cells induced with As2O3, autophagy vacuoles were formed, increasing autophagy
degradation via P62 substrates, accompanied by upregulated Beclin-1 and downregulated BCL-2
expression. Levine47observed that Beclin-1 combined with BCL-2/BCL-XL to form a constitutive BCL-
2/BCL-XL-Beclin-1 complex which reduced Beclin-1 monomer inhibition of autophagy. Our data showed
that Beclin-1 levels were increased and BCL-2/BCL-XL levels inhibited in a dose-dependent trivalent
arsenic manner, suggesting that with increased Beclin-1 monomers, apoptosis and autophagy were
activated. These results were consistent with our studies, suggesting iAs3+ induced autophagy via
apoptosis pathways.

4.3. The effects of 3-MA on autophagy induced by NaAsO2
in LX-2 cells
3-MA is a commonly used inhibitor of the autophagy pathway48. Reports have shown 3-MA inhibits
phosphoinositide 3-kinase (PI3K) activity and blocks the formation of proautophagosomes,
autophagosomes, and autophagic vacuoles24. In our study, the formation of red and yellow �uorescent
punctae in the 3-MA + trivalent arsenic high dose group was signi�cantly reduced, while green �uorescent
spots were increased, suggesting high-dose sodium arsenite inhibited autophagosome formation and
promoted autophagy. Hence, 3-MA may further inhibit iAs3+-induced autophagy in LX-2 cells. Wang49

reported that arsenic sul�de (AS2S2) induced autophagy in human osteosarcoma cells, with upregulated
LC3 and Beclin-1 expression. Using 3-MA, the inhibitory effects of AS2S2 on cell viability may be
enhanced. When Tris (1,3-dichloro-2-propyl) hydrochloride was used to induce SH-SY5Y cells, 3-MA
reduced Beclin-1, LC3-II, and SQSTM1/P62 expression, and signi�cantly promoted apoptosis.

In our study, Beclin-1 gene and protein expression in LX-2 cells were signi�cantly upregulated in iAs3+

treatment and 3-MA + iAs3+ treatment groups, suggesting iAs3+ affected early-stage autophagy.
Upregulated Beclin-1 was observed in the combined treatment group, further suggesting 3-MA
exacerbated autophagic processes. LC3 mRNA and protein expression levels in trivalent group was
increased and SQSTM-1/P62 protein expression levels increased suggesting autophagy turnover was
inhibited. Therefore, arsenic affects autophagy formation. LC3 and SQSTM-1/P62 gene expression
increased in the 3-MA combined iAs3+ group, suggesting this commination blocked downstream
autophagic �ow by inhibiting autophagosome degradation, consistent with our autophagosome
distribution images.

This study successfully established an LX-2 cell line stably expressing RFP-GFP-LC3, thereby generating a
robust cellular platform to perform autophagy studies. After different arsenite doses were used to induce
LX-2 cells, apoptosis rates increased and the cell cycle was blocked in the G0–G1 phase thereby affecting
cell replication and inducing apoptosis. Alpha-SMA levels were also signi�cantly elevated suggesting
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HSC activation and the formation of hepatic �brosis.Arsenic-induced autophagy occurrence in LX-2 cells
may be mediated through the apoptotic pathway.Finally, 3-Methyladenine is able to reduce autophagage
levels and may inhibit liver �brosis induced by inorganic arsenic. However, further in vitro and in vivo
research is required to explore how the mTOR pathway regulates arsenic-induced autophagy.
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Figures

Figure 1

Morphological changes in LX-2 cells after iAs3+ exposure at different time intervals.

Note: (a) normal LX-2 cells after 24 h. Cells were fusiform or star-shaped, with clear boundaries. (b) 24 h
iAs3+ high dose group exposure. (c) 72 h iAs3+ high dose group exposure.Cell numbers decreased with
culture time, and the cells were no longer stretched but had become more circular



Page 23/27

Figure 2

Autophagic punctae in RFP-GFP-LC3-LX-2 cells examined with �uorescence microscopy.

Note:Control group: a: red �uorescent autophagic punctae; b: green �uorescent autophagic punctae; c: a
and b combined. Normal cultured cells are shown. RFP-GFP-LC3 spots are uniformly distributed in the
cytoplasm. Starvation group: d: autophagic punctae under red �uorescence; e: autophagic punctae under
green �uorescence;f: d and e combined. With serum-free medium added, both red and green �uorescent
spots increased signi�cantly, and more red spots than green spots were observed. The yellow spots
formed after the fusion of green and red spots represent autophagosomes, and red spots represent
autophagic lysosomes, thus indicating that hunger can induce autophagy, and the lysosome fusion path
is unobstructed (Fig. F).
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Figure 3

Apoptosis levels in LX-2 cell exposed to iAs3+.

Note: a: Control group; b:FP-GFP-LC3 infected group; c:RFP-GFP-LC3 infected+high dose iAs3+ group;
d:RFP-GFP-LC3 infected+middle iAs3+group;e:RFP-GFP-LC3 infected+low iAs3+ group.Q4 quadrants
represent apoptosis compared with blank and infection alone groups.The apoptosis rate was not
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changed in Q4 regions.(Figure 3a,b) As arsenic concentrations increased, the apoptosis rate in a dose
dependent manner in infected + iAs3+ (Figure 3c,d,e) .

Figure 4

Western blot data for LC3, Beclin-1, SQSTM-1/P62, TMEM-49, and mTOR protein levels in LX-2 cells after
iAs3+ treatment.

a) Molecular weight markers are shown on the right. b) The relative expression of LC3, Beclin-1, SQSTM-
1/P62, TMEM-49, and mTOR proteins. (Note: different letters represent different comparisons. Compared
with the blank group, aP < 0.05; compared with the infected group, bP < 0.05; Compared with the infection
+ high iAs3+ group, cP < 0.05; and compared with the infection + medium iAs3+ dose group, dP < 0.05.
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Figure 5

Western Blot data showing the sodium arsenite effects on BCL-2 and BCL-XL expression after lentivirus
infection.

a) Molecular weight markers are shown on the right. b) The relative expression of BCL-2 and BCL-XL
proteins (Note: different letters represent different comparisons. Compared with the blank group, aP <
0.05; compared with the infected group, bP < 0.05; compared with the infection + high iAs3+ group
comparison, cP < 0.05; and compared with the infection + medium iAs3+ group, dP < 0.05).

Figure 6

Western blot data showing the iAs3+ effects on α-SMA levels in LX-2 cells after lentivirus infection.
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a) Molecular weight markers are shown on the right. b) The relative expression of α-SMA (Note: different
letters represent different comparisons. Compared with the blank group, aP < 0.05; compared with the
infection group, bP < 0.05; compared with the infection + high iAs3+dose group, cP < 0.05; and compared
with the infection + medium iAs3+ group, dP < 0.05).

Figure 7

Western Blot data for 3-methyladenine (3-MA) combined with iAs and their effects on LC3, Beclin-1, and
SQSTM-1/P62 expression in LX-2 cells after lentivirus infection.

a) Molecular weight markers are shown on the right. b) The relative expression levels of LC3, Beclin-1, and
SQSTM-1/P62. (Note: different letters represent different comparisons. Compared with the blank group,
aP < 0.05; compared with the infected group, bP < 0.05; and compared with the 3-MA group, cP < 0.05.


