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MicroRNAs involved in the toxic effects of sodium  
arsenite on chicken skin fibroblasts

Abstract

Background and purpose: Arsenic is a naturally occurring metalloid 
and environmental pollutant, which has shown its bidirectional regulatory 
effect on cell proliferation. Research on the toxic effects of sodium arsenite 
(SA) on chicken skin fibroblasts (CSFs) is limited. Research indicates that 
microRNAs and mRNAs can regulate apoptosis. Therefore, this study aimed 
to explore whether SA exerts toxic effects on CSFs through microRNAs and 
mRNAs.

Materials and methods: CSFs were treated with different concentra-
tions (0-120 μmol/L) of SA for 12 h, 24 h, 48 h and 72 h, and the cell vi-
ability was detected by MTT assay. Transmission electron microscopy, flow 
cytometry, comet assay, and western blotting, were employed to detect cell 
morphology, apoptosis, DNA damage and protein levels, respectively, and 
the toxic effect of SA on CSFs was studied. Transcriptome sequencing and 
bioinformatics tools were used to analyze the expression and function of 
differentially expressed microRNAs (DEmiRNAs) and differentially ex-
pressed genes (DEGs).

Results: The proliferative, critical, and semi-inhibitory concentrations 
(IC50) of SA on CSFs were 0.10, 0.25, and 16.35 μmol/L, respectively, 
within 24 hours. 16.35 μmol/L SA caused abnormal cell morphology, in-
creased DNA damage, and induced apoptosis via the endoplasmic reticulum 
stress (ERS) and death receptor pathways. In this study, transcriptome se-
quencing and bioinformatics analysis suggested that 16.35 μmol/L SA might 
promote CSFs apoptosis through the microRNA-mRNA network.

Conclusions: At a concentration of 0.10 μmol/L, SA promoted cell 
proliferation. Concentrations exceeding 0.25 μmol/L inhibited cell prolif-
eration and induced apoptosis through the ERS and death receptor path-
ways. MicroRNAs played a role in the toxic effects of SA on CSFs by inter-
acting with target genes. 

INTRODUCTION

Arsenic (As), a metalloid element found in nature, exists in both in-
organic and organic forms within ecosystems. The most prevalent 

and toxic form of arsenic in the environment is inorganic trivalent arse-
nite (1). Generally, low doses of arsenic are beneficial to organisms and 
are widely used to promote animal growth (2). However, high doses of 
arsenic are detrimental. Kao et al. found that low doses of arsenic stim-
ulated cell proliferation and induced cancer in bladder epithelial cells, 
while high doses exhibited toxicity by triggering cell death (3). Hoang 
et al. studied leukemic stem cells and demonstrated that arsenic trioxide 
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induced apoptosis by upregulating ROS-induced stress 
on DNA repair mechanisms (4). Yamaguchi et al., using 
mouse skin fibroblasts, found that 10 ppm arsenate hin-
dered cell proliferation and disrupted the cell cycle (5). 
Additionally, arsenic accumulates in the skin by binding 
to thiol-rich epidermal keratin (6). As a result, the skin is 
one of the most sensitive organs to As exposure and is 
often the first site of arsenic poisoning symptoms. Arsenic 
can also enter the bodies of chickens through skin con-
tact, food ingestion, and other routes, accumulating in 
target organs like the skin and leading to skin lesions. 
However, the toxic effects of As on chicken skin have not 
been thoroughly studied. Inorganic arsenic is easier than 
organic arsenic to enter living organisms and bind to sulf-
hydryl groups (-SH), making it easy to accumulate in 
skin, hair, and other parts (7–10). Trivalent inorganic 
arsenic is the most toxic and usually exists in the form of 
arsenite, with sodium arsenite (SA) being a common ar-
senite. SA can induce oxidative damage, inflammation 
and apoptosis, and has toxic effects on cells (11–13). 
Therefore, it is essential to further investigate the dose-
effect relationship of sodium arsenite (SA) on chicken skin 
cytotoxicity and to explore the mechanisms underlying 
its toxic effects.

In recent years, in animal husbandry, arsenic-contain-
ing feed additives have been used to promote the growth 
of livestock and poultry and to prevent diseases. Drinking 
water also contains significant amounts of arsenic, which 
can be ingested by chickens through food and water, ac-
cumulating in the skin and other commonly used tissues. 
This accumulation has a series of effects on the skin, a 
target organ of arsenic, leading to skin lesions in chickens. 
Skin fibroblasts are the predominant type of mesenchy-
mal cells in connective tissue, and studies have shown that 
fibroblasts have the ability to "reprogram" the skin and 
play a key role in skin wound healing and repair (18). 
Therefore, the toxic effects of SA on the morphological 
structure, DNA damage and apoptosis of chicken skin 
fibroblasts (CSFs) were studied.

MicroRNAs (miRNAs) are small RNA molecules, ap-
proximately 20-25 nucleotides in length (19). They regu-
late gene expression by altering the targeted mRNA's 
stability and/or translation efficiency (20). miRNAs are 
crucial for various cellular processes and are known to 
affect significant biological processes, including apoptosis 
(21). Arsenic can regulate the expression of miRNAs in 
cells, thereby influencing cell growth. For example, 
Zhang observed that arsenic sulfide impeded the invasion 
and migration of gastric cancer cells through the induc-
tion of miR-4665-3p (22). In another study, S Zhang et 
al. found that arsenic trioxide suppressed the growth and 
migration of breast cancer cells by downregulating miR-
27a (23). Additionally, Zhang et al. reported that arsenic 
trioxide induced apoptosis in retinoblastoma cells by 
modulating the expression of miR-376a (24). These stud-
ies demonstrate that arsenic can influence miRNA ex-

pression profiles in various cells, and miRNAs play a 
crucial regulatory role in arsenic-induced apoptosis. How-
ever, it remains unclear whether the miRNA expression 
profile is altered during SA-induced apoptosis in CSFs 
and whether miRNAs are involved in regulating this 
apoptosis process.

In conclusion, studies on the microRNA-mRNA net-
work of SA regulating the morphological structure, DNA 
damage, and apoptosis of chicken skin fibroblasts (CSFs) 
are scarce. Therefore, we aim to analyze the effects of SA 
on the morphological structure, DNA damage, and apop-
tosis of CSFs by constructing a microRNA-mRNA regu-
latory network.

MATERIALS AND METHODS

Recovery and culture of CSFs: The CSFs samples were 
procured from Shanghai Saibaikang Co., Ltd. These were 
chest skin samples from chickens (Gallus gallus domesti-
cus). Samples were cultured in iCell primary fibroblast 
medium (ICell Bioscience Inc, China), with FBS (Hy-
clone, USA), in a 37°C, 5% CO2 incubator.

MTT assay

Cell proliferation was detected by MTT assay (25). The 
CSFs density in logarithmic growth phase was adjusted 
to 3×104 cells/mL and inoculated in 96-well cell culture 
plates with 100 μL per well and 3 replicate wells per con-
centration gradient. Sodium arsenite (Sigma, USA) was 
diluted with complete medium and cells were treated with 
different concentrations (0-120 μmol/L) of SA. The cells 
were incubated in 37°C, 5% CO2 for 12 h, 24 h, 48 h, 
and 72 h. 10 μL of MTT (Sigma, USA) was added to the 
wells for 4 h of incubation in the dark. Cell culture me-
dium was removed, they were then dissolved in 200 μL 
DMSO, shaken for 10 min, and the absorbance value at 
492 nm was detected (Thermo MK3, USA). The mea-
sured absorbance values were used to analyse the effects 
of cell proliferation and inhibition.

TEM preparation

Cells were collected after 24 h of treatment with 0, 
0.10, 0.25 and 16.35 μmol/L SA, fixed with fixatives for 
observation with electron microscopy, and they were post-
fixed with 1% osmic acid. Samples were sequentially de-
hydrated in graded ethanol (50%, 70%, 80%, 90%, 95%, 
100%, 100%) and 100% acetone, each step lasting 15 
min. Protocol 1:1 acetone with embedding medium 812 
and incubate for 2-4 hours. Protocol additional acetone 
and embedding medium 812 in a 2:1 ratio and infiltrate 
overnight. Samples were then embedded in pure embed-
ding medium 812 for 5-8 hours, set in embedding plates, 
and processed at 37°C. After 48 h polymerization at 
60°C, samples were sectioned ultrathin, stained with ura-
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nyl acetate and lead citrate solution for 15 min, and then 
dried for electron microscopy (JEOL, Japan).

Detection of apoptosis by flow cytometry: After treat-
ing the cells with 0, 0.10, 0.25 and 16.35 μmol/L SA for 
24 h, cells were digested with trypsin without EDTA, 
then washed with 1*PBS (4°C), and mixed with 500 μL 
of 1× Binding Buffer. 5 μL of Annexin V-FITC (Kkey 
Biotech, China) was added and incubated for 15 min at 
room temperature in the dark. Following this, 5 μL PI 
(propidium iodide) was added for staining and incubated 
for 10 min at room temperature, also in the dark. Cells 
were then resuspended in PBS and analyzed by flow cy-
tometry (BD, USA), with the excitation wavelength (Ex) 
and the emission wavelength (Em) of 488 nm and 530 
nm, respectively. 

Comet assay

DNA damage was detected by the comet assay (26). 
Cells were collected after 24 h of treatment with 0, 0.10, 
0.25 and 16.35 μmol/L SA. 150 μL of 1% normal melting 
point agarose (NMA) (preheated at 56°C) was dropped 
onto the slide, immediately covered, and then kept at 4°C 
for 10 min. 10 μL of PBS (containing 1000 cells) and 100 
μL of 0.8% low melting point agarose (LMA) were added 
onto the slides at 37°C to form the second and third gel 
layers. After 1 h of cell lysis at 4°C, the slides were washed 
twice with PBS and alkylated for 20 min at room tem-
perature. Electrophoresis was conducted at room tem-
perature, 1 V per centimeter, and 300 mA for 20 min. 
The slides were then neutralized with Tris-HCl (pH 7.5) 
for 15 min and stained with 50 μL of 30 μg/mL ethidium 
bromide (EB) solution in the dark for 20 min and ob-
served by fluorescence microscope. The analysis was per-
formed using CASP comet analysis software (Beijing 
Baile Liangcheng Technology Co., Ltd., China), with 50 
cells per sample counted, using the comet tail DNA con-
tent (TDNA%) as a descriptor.

Fluo-3 AM fluorescent probe method

Fluo-3 AM fluorescent probe method was used to de-
tect fluorescent calcium ions. Cells were harvested after 
24 h of treatment with 0, 0.10, 0.25 and 16.35 μmol/L 
SA. An equal volume of 20% Pluronic F127 solution was 
mixed with the Fluo-3 AM/DMSO solution, then di-
luted with HBSS to make a 5 μM Fluo-3 AM working 
solution. This solution was added to the cells and incu-
bated for 20 min at 37°C. Then, fluorescent calcium ion 
detection was performed with a fluorescence microscope 
(Mshot, China) with the excitation wavelength of 465-
495 nm and the emission wavelength of 515-555 nm. The 
change in the concentration of calcium ions in the cell is 
reflected by the change in fluorescence intensity.

Quantitative Real-time PCR

Cells were collected after 24 h of treatment with 0, 
0.10, 0.25 and 16.35 μmol/L SA. Total RNA was ex-
tracted using a total RNA extraction kit (Conway cen-
tury, China) as per the manufacturer’s instructions. The 
extracted RNA was reverse transcribed into cDNA using 
a reverse transcription kit (Beijing GMO Biological Tech-
nology Co., LTD, China). Primer sequences (Table 1) 
were sourced from Shanghai Shenggong Biosynthesis 
(Shanghai, China). Gene transcription levels were ana-
lyzed using the SYBRGreen PCR kit on a real-time PCR 
detector. GAPDH was employed as an internal reference 
gene. The relative expression of each target gene was ana-
lyzed using the 2-DDCt method.

Protein quantitative detection by 
Western Blot

Cells were harvested after 24 h of treatment with 0, 
0.10, 0.25, and 16.35 μmol/L SA. Proteins were extracted 
using 400 μL of RIPA lysate (Biyuntian, China) contain-
ing 1 mM PMSF serine protease inhibitor. The protein 
samples were separated by sodium dodecyl sulphate-poly-

Table 1. Primers used in qRT-PCR.

Gene symbol Forward primer (5'-3') Reverse primer (5'-3')

GRP78 AGACTTTGACCAGCGTGTTATG TCTACTTCCCGTCTTAGTTTCTGTA

IRE1a TATCCAATGAGCGTACATCAGCA CAGATCACTGGGAGCACGAAA

JNK TGATCCATCAGAAGCCGAAGC TGCCCACGTATAACCCCATT

PERK ACTGGGCGAGGATGTTGTCT TGAGTTCGGCGTAACAGGAGA

TNFR1 CCACCATCTGTTCCTCTGCTA TGCTCCATCTCAATTCGCTCTA

FAS ACTCTTCCACCTGCTCCTCATC TTCGTGCAGCACTGACCACT

FADD CAACTGATCGCAAGTTACAACG GCTGGCTTCTCCCTCCTCTAT

Caspase10 ATGGCAGCGTTCAGAAGACC CATTGCTTGGCAGTGAAGTAGG

Caspase3 AAGATGGACCACGCTCAG TCTCGGTGGAAGTTCTTATTG

GAPDH CAGAACATCATCCCAGCGTC GGCAGGTCAGGTCAACAAC
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acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane. 
The membrane was blocked in 5% non-fat dry milk for 2 
h and then incubated overnight at 4°C with diluted pri-
mary antibodies: anti-GRP78 (HUABIO, HA722202, 
China; dilution 1:1000) and anti-GAPDH (wanleibio, 
WL01114, China; dilution 1:2000). Following this, the 
membrane was incubated with sheep anti-rabbit IgG-
HRP secondary antibody (Abclonal, China) for 1 h. The 
ECL color development solution was then applied to the 
PVDF membrane, and the image was captured using a 
chemiluminescence imager (Tanon, China).

Total RNA extraction and transcriptome 
sequencing

Cells were collected after 24 h of treatment with 0 and 
16.35 μmol/L SA. Total RNA was extracted using the 
Trizol reagent (Invitrogen, USA). The cDNA library was 
constructed from this RNA. The mRNAs were reverse 
transcribed into cDNA and synthesized into double-
stranded DNA. This DNA was then PCR-amplified with 
specific primers(BGI, China), and the PCR product was 
heat-denatured to yield single-stranded DNA. The DNA 
was circularized with cross-linking primers to create a 
single-stranded circular DNA library, which was se-
quenced on the DNBSEQ-T7 platform with a PE150 read 
length. Transcriptome sequencing results were used to 
screen the differentially expressed genes (DEGs) of the SA 
IC50 group compared to the control group.

Screening of DEmiRNAs/DEGs

DEmiRNAs: Sequencing data was obtained and the 
DEseq2 method was employed to screen DEmiRNAs, 
with screening conditions set at |log2FC| ≥ 1 and Q value 
(padj.) ≤ 0.05. DEGs: Raw data underwent quality control 
(QC) to filter out low-quality reads containing connectors 
with unknown base N content greater than 5%. Clean 
reads were obtained and compared to a reference sequence 
using HISAT2. Gene expression levels were calculated 
using RSEM, and differential expression analysis was per-
formed using DEseq.2. The screening condition for DEGs 
was |log2FC| ≥ 1 and Q value (Adjusted P value) ≤ 0.05.

GO/KEGG pathway functional enrichment 
analysis of DEmiRNAs and DEGs

Gene Ontology (GO) enrichment analysis: Candidate 
genes were matched to entries in the Gene Ontology da-
tabase. The number of genes in each entry was counted, 
and a hypergeometric test was applied to identify candi-
date genes significantly enriched in relation to all back-
ground genes of a species. The P value was calculated 
using R's hypergeometric distribution function: phyper 
(https://stat.ethz.ch/R-manual/R-devel/library/stats/
html/Hypergeometric.html). P values were then cor-
rected, and multiple checks performed, using the Q value 

correction package. GO elements with a Q value (cor-
rected p-value) ≤ 0.05 were considered significantly en-
riched among candidate genes.

Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis

This analysis mirrored the GO functional enrichment 
analysis method. A final Q value ≤ 0.05 was considered 
indicative of significant enrichment of differentially ex-
pressed genes.

Construction of DEmiRNAs-DEGs 
network map

A combined analysis of DEmiRNAs and DEGs was 
conducted to identify hub genes. The intersection of 
miRNAs(down)-genes(up) and miRNAs(up)-genes(down) 
was predicted using HIPLOT PRO. The DEmiRNAs-
DEGs network map was constructed using Cytoscape 
(version v3.9.1).

Statistical analysis

GraphPad Prism 9.5 software was utilized for statisti-
cal analysis. Data are presented as mean ± standard de-
viation. An unpaired t-test was used, with P < 0.05 con-
sidered significant and P < 0.01 considered extremely 
significant. Enrichment analysis was conducted using the 
Phyper feature of R software. The obtained P value was 
corrected by FDR to obtain the Q value, and a Q value ≤ 
0.05 was deemed significantly enriched.

RESULTS

Effect of SA on the biological function  
of CSFs

At four time points, SA promoted cell proliferation at 
low concentrations and inhibited cell proliferation at 
higher concentrations (Figure 1A). The IC50 value at 24 
h (16.35 μmol/L) was higher than at 48 h (6.99 μmol/L), 
with notable variation in concentration ranges. Subse-
quently, the control group (0 μmol/L), proliferation group 
(0.1 μmol/L), critical group (0.25 μmol/L), and IC50 
group (16.35 μmol/L) under 24 h conditions were select-
ed for further experiments. TEM observations showed 
that the morphological structure of cells in the control 
and proliferating groups was intact and clear (Figure 1B: 
c, d); the critical group displayed mild abnormalities, with 
a few mitochondria exhibiting solidified and expanded 
cristae (Figure 1B: e, f); the IC50 group cells exhibited 
severe abnormalities in morphology and structure, with 
more pronounced intracellular vacuoles, and the nucleus, 
chromatin, mitochondria, and endoplasmic reticulum ap-
peared apoptotic (Figure 1B: g, h).

Flow cytometry results indicated that, compared with 
the control group, the percentage of apoptotic cells in the 
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proliferation group significantly decreased (P < 0.01), 
while in the critical and IC50 groups, it significantly in-
creased (P < 0.01) (Figure 1C). Comet assay findings 
showed no trailing and no DNA damage in both control 

and proliferating cells, classifying them as grade 0 dam-
age; the critical group exhibited slight trailing and mild 
DNA damage, classified as grade 1 damage; the IC50 
group cells displayed pronounced comet-like trailing and 

Figure 1. Effect of SA on the biological function of CSFs. A: Cell proliferation was detected by MTT; B: Changes in organelles observed by TEM (The 
arrows point to the cell nucleus (N), mitochondria (M), and rough endoplasmic reticulum (RER). The scales are 5μm and 1μm); C: CSFs apoptosis 
was detected by flow cytometry (annexin V−/PI−: living cells; annexin V+/PI−: early apoptotic cells; annexin V+/PI+: late apoptotic cells; annexin 
V−/PI+: necrotic cells); D: DNA damage detected by comet assay (Scale: 50 μm); E: Calcium ion concentration detected by Fluo-3 AM fluorescent 
probe; F: The mRNA expression and protein levels were measured by qRT-PCR and western blot(a: Control, b: Proliferation, c: Criticality d: IC50).
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the most severe DNA damage, classified as grade 3 dam-
age (Figure 1D, Table 2). These results suggest that high 
doses of SA can cause substantial DNA strand damage in 
CSFs.

The results of the Fluo-3 AM fluorescence probe for 
the detection of fluorescent calcium ions showed: the pro-
liferation group had no significant change in fluorescence 
signal compared to the control group; the critical group 
exhibited slightly brighter fluorescence intensity and a 
higher amount of fluorescence; the IC50 group displayed 
the brightest fluorescence intensity and the highest num-

ber of fluorescence (Figure 1E). The qRT-PCR and West-
ern Blot results showed that the mRNA expression and 
protein levels of GRP78, a marker of endoplasmic reticu-
lum stress (ERS), did not change significantly in the pro-
moter and critical groups compared to the control group 
(Figure 1F). However, these were highly upregulated in 
the IC50 group (P < 0.001). The expression of ERS apop-
tosis-related genes IRE1a, JNK, and PERK was also 
highly upregulated in the IC50 group (Figure 1F). This 
indicates that SA concentrations above 0.25 μmol/L can 
induce ERS and regulate apoptosis in CSFs by mediating 

Table 2. The level of DNA damage in CSFs treated with SA for 24 h.

Group Treatment time DNA tail (%) Degree of DNA damage (grade)

Control 24 h 2.86±2.40 0

Promote 24 h 1.24±1.86 0

Critical 24 h 13.51±2.76** 1

IC50 24 h 41.31±4.68** 3

**Compared with the control group, P<0.01.

Figure 2. Effect of SA on mRNA expression pattern in CSFs. A: Volcano plot of DEGs in IC50 group vs. control group; B: GO enrichment 
analysis of the DEGs; C: KEGG enrichment analysis of DEGs.
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ERS apoptosis-related genes. The qRT-PCR results also 
showed that the expression of death receptor pathway 
apoptosis-related genes TNFR1, FAS, FADD, Caspase10, 
and Caspase3 was significantly upregulated in the IC50 
group compared with the control group (Figure 1F). This 
suggests that SA can also regulate apoptosis in CSFs by 
mediating death receptor pathway apoptosis-related genes.

Effect of SA on mRNA expression  
pattern in CSFs

Relative to the control group, the IC50 group exhibited 
a total of 2766 DEGs, with 1415 genes upregulated and 
1351 genes downregulated (Figure 2A). GO enrichment 
analysis of these DEGs indicated primary functions in the 
cytoplasm, predominantly in biological processes such as 
transcriptional regulation of DNA template, positive 
regulation of transcription by RNA polymerase II, nega-

tive regulation of transcription by RNA polymerase II, 
and molecular functions including DNA binding, DNA-
binding transcription factor activity, and DNA binding 
(Figure 2B). KEGG analysis revealed significant enrich-
ment of the DEGs in the IC50 group across 14 signaling 
pathways, including ribosomal, chemical carcinogenesis, 
NAFLD, cytochrome P450 metabolism of xenobiotics, 
oxidative phosphorylation, glutathione metabolism, and 
the interconversion of pentose and glucuronide. Pathways 
with a high number of DEGs included ribosomes, 
NAFLD, and oxidative phosphorylation (Figure 2C).

Effect of SA on microRNA expression 
pattern in CSFs

Small RNA sequencing analysis in the CSFs post SA 
treatment in the IC50 group identified 16 DEmiRNAs, 
with an equal number (eight each) of upregulated and 

Figure 3. Effect of SA on microRNA expression pattern in CSFs. A: Cluster heat-map analysis of the DEmiRNAs(the horizontal axis is the log2 
(expression value + 1) of the sample, and the vertical axis is the DEmiRNAs, the redder the color, the higher the expression, the bluer the color, 
the lower the expression); B: GO enrichment analysis of DEmiRNAs target genes; C: KEGG enrichment analysis of DEmiRNAs target genes.
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downregulated miRNAs. Among these, 13 were known 
miRNAs (gga-miR-122b-3p, gga-miR-128-2-5p, gga-
miR-147, gga-miR-1559-3p, gga-miR-22-5p, gga-miR-
383-5p, gga-miR-7, gga-miR-92-5p, gga-miR-146b-5p, 
gga-miR-1563, gga-miR-184-3p, gga-miR-205a, gga-
miR-210a-3p), and 3 were newly discovered (novel-gga-
miR1624-3p, novel-gga-miR1661-5p, novel-gga-miR815-
5p). Clustering analysis of DEmiRNAs indicated distinct 
expression patterns in cells from the IC50 and control 
groups, with each group forming its own cluster (Figure 
3A). GO enrichment analysis of the predicted target genes 
showed that target genes of DEmiRNAs were enriched in 
the categories of biological processes, cellular compo-
nents, and molecular functions. In biological processes, 
significant enrichment was observed in transcriptional 
regulation DNA template, RNA polymerase II positive 
transcriptional regulators, and RNA polymerase II nega-
tive transcriptional regulators; in cellular components, 
enrichment was found in transcription factor complex, 
cell nucleus, and host cell nucleus; in molecular functions, 
the enrichment was in sequence-specific DNA binding, 

DNA-binding transcription factor activity, and DNA 
binding. These findings suggest that the enriched target 
genes are closely associated with transcriptional functions 
(Figure 3B). KEGG enrichment analysis of the predicted 
target genes of DEmiRNAs were significantly enriched 
across 20 pathways, including those regulating stem cell 
pluripotency, parathyroid hormone synthesis, secretion, 
and action, TGF-b, axon guidance, Hippo, AMPK, lon-
gevity regulatory pathway-multispecies, Wnt. Notably, 
the TGF-b, Hippo, Wnt, and calcium signaling path-
ways, associated with apoptosis, suggest that miRNAs can 
regulate apoptosis through interactions with target genes 
in the presence of SA (Figure 3C).

Construction of microRNA-mRNA 
regulatory networks by co-analysis

In analyzing the interaction between miRNAs and 
target genes, we observed an overlap of 594 genes between 
the target genes of down-regulated miRNAs and up-
regulated genes (Figure 4A), and an overlap of 486 genes 

Figure 4. The microRNA-mRNA regulatory network. A: The overlap of miRNAs(down)-genes(up); B: The overlap of miRNAs(up)-genes(down); 
C: DEmiRNAs-DEgene network map (V-shaped for miRNAs, round for genes; red for upregulated expression, green for downregulated expression).
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between the target genes of up-regulated miRNAs and 
down-regulated genes (Figure 4B). These findings enabled 
the construction of miRNAs(down)-genes(up) and 
miRNAs(up)-genes(down) target regulation networks, 
grounded in the negative regulatory relationships between 
miRNAs and their target genes. In the CSFs post SA 
treatment, differentially expressed miRNAs constituted 
a comprehensive regulatory network, comprising 782 
miRNAs(down)-genes(up) regulatory axes involving 8 
down-regulated miRNAs and 594 up-regulated genes, 
and 581 miRNAs(up)-genes(down) regulatory axes in-
volving 8 up-regulated miRNAs and 486 down-regulated 
genes. This suggests that SA may selectively target these 
miRNAs-genes for cellular regulation (Figure 4C).

DISCUSSION

In this study, MTT assays were used to assess the pro-
liferation and inhibition of CSFs exposed to different 
concentrations of SA for 12, 24, 48, and 72 h. The results 
showed that SA exerted bidirectional regulation in CSFs, 
and the effect was most obvious at 24 h. The specific re-
sults showed that SA concentration was 0.00-0.25 
μmol/L, which could induce the proliferation of CSFs, 
and the best promotional effect was at 0.10 μmol/L. Con-
centrations above 0.25 μmol/L resulted in toxic effects, 
with a IC50 of 16.35 μmol/L.

In order to further illustrate the toxic effect of SA on 
CSFs, TEM was implemented in this study to observe the 
changes in CSFs after SA poisoning. According to TEM 
observations, low doses of SA did not induce cellular 
edema, but high SA doses did. Specifically, cellular edema 
marked cellular damage. Moreover, CSFs treated with a 
high SA dose demonstrated a marked increase in hetero-
chromatin, which may deactivate transcriptional func-
tions. These cells also showed degranulated RER and a 
lower number of ribosomes, suggesting inhibition of pro-
tein production and significant toxicity on the internal 
structure of CSFs. These observations were consistent 
with the MTT results, indicating that SA at concentra-
tions above 0.25 μmol/L would have a cytotoxic effect on 
CSFs, affect cell proliferation, destroy the internal struc-
ture of cells, and cause damage to CSFs.

Additionally, flow cytometry was employed to assess 
apoptosis in each group following SA treatment. The re-
sults indicated that after 24 h, 0.10 μmol/L SA signifi-
cantly reduced the apoptosis rate in CSFs, while concen-
trations above 0.25 μmol/L significantly increased the 
apoptosis rate, indicating an apoptosis-promoting effect. 
However, different species exhibit varying susceptibility 
to arsenic and different responses to arsenic toxicity (27–
29). This variation may be attributed to differences in 
arsenic absorption capacity, which can result in varying 
levels of arsenic accumulation in cells and, consequently, 
different degrees of toxic effects.

When arsenic compounds enter living organisms, they 
attack DNA strands, causing breaks. Arsenic also readily 
binds to sulfhydryl groups, affecting protease activity, 
interfering with DNA synthesis and repair, and ultimate-
ly leading to DNA damage (30, 31). In this study, cells in 
the control and proliferation groups showed no DNA 
damage. However, as the SA concentration increased, the 
DNA strands in cells exhibited significant damage, with 
a cell damage rate of 41.31±4.68 (P<0.01). These findings 
suggest that high doses of SA can induce DNA damage 
in CSFs. This is consistent with the findings of Yamanaka 
et al., who demonstrated that arsenic compounds could 
cause DNA strand breaks in cells (32).

To determine whether SA-induced apoptosis of CSFs 
involves the ERS pathway, we measured changes in intra-
cellular calcium concentration, as well as GRP78 mRNA 
and protein expression levels, in each group following SA 
treatment. The results showed that high concentrations 
of SA significantly increased intracellular calcium levels 
and elevated GRP78 mRNA and protein expression. 
These findings indicate that SA concentrations above 0.25 
μmol/L trigger ERS. In severe cases, ERS can lead to 
apoptosis. This study also demonstrated that the expres-
sion of ERS-related apoptosis genes, including IRE1a, 
JNK, and PERK, was upregulated after treatment with 
SA at concentrations above 0.25 μmol/L, suggesting that 
ERS contributes to the increased apoptosis rate in CSFs 
caused by SA.

To explore whether SA-induced apoptosis in CSFs in-
volves the death receptor pathway, we examined the ex-
pression of apoptosis-related genes in each group following 
SA treatment. The results revealed that the expression of 
death receptor pathway-related genes, including TNFR1, 
FAS, FADD, and Caspase3, was upregulated, with Cas-
pase10 expression significantly increased after treatment 
with 0.25 μmol/L SA. After treatment with 16.35 μmol/L 
SA, the genes FAS, FADD, Caspase10, Caspase3, and 
TNFR1 were all significantly upregulated. These findings 
suggest that the increase in apoptosis rate in CSFs induced 
by SA is associated with the death receptor pathway. SA 
appears to mediate the death receptor pathway by promot-
ing the expression of related genes, thereby increasing 
apoptosis. This is consistent with the findings of Zhao et 
al., who reported that the death receptor pathway contrib-
utes to excessive apoptosis in the immune organs of chick-
ens with subchronic arsenic poisoning (33).

MicroRNAs (miRNAs) play a crucial role in regulat-
ing various biological processes, including development, 
cell proliferation, differentiation, and apoptosis, by regu-
lating the expression of their target genes through post-
transcriptional regulation (34). Previous studies have 
shown that miRNAs are involved in the regulation of 
arsenic-induced apoptosis, leading us to hypothesize that 
miRNAs may be one of the mechanisms through which 
SA induces apoptosis in CSFs. In this study, we identified 



M. Jin et al. MicroRNAs involved in the toxic effects of sodium arsenite on chicken skin fibroblasts

72 Period biol, Vol 126, No 1–2, 2024.

2,766 DEGs such as CNN2, PSMD4, and CSF1, and 16 
DEmiRNAs, including miR-146b-5p, miR-147, miR-
184-3p, miR-383-5p, miR-7, miR-22-5p, and miR-205a 
in the IC50 group compared to the control group through 
sequencing. Some of the DEGs and DEmiRNAs identi-
fied were closely associated with apoptosis (35–40). These 
findings suggest that SA can alter the expression of miR-
NAs and mRNAs in CSFs, and it is speculated that 
DEmiRNAs may contribute to SA-induced apoptosis in 
CSFs by interacting with target genes.

Gene Ontology (GO) enrichment analysis of the 
DEmiRNAs and DEGs revealed that DEGs were highly 
enriched in cellular processes, metabolic processes, and 
catalytic activities. KEGG enrichment analysis showed 
that DEGs were significantly enriched in pathways re-
lated to ribosome function, oxidative phosphorylation, 
and glutathione metabolism, all of which are closely 
linked to the toxic effects of SA. The target genes of the 
DEmiRNAs were most significantly enriched in GO cat-
egories such as transcriptional regulation by RNA poly-
merase II, transcription factor complexes, nucleus, se-
quence-specific DNA binding, and DNA-binding 
transcription factor activity. These findings suggest that 
SA may induce apoptosis by disrupting DNA transcrip-
tion in CSFs, leading to DNA damage. Furthermore, 
KEGG pathway enrichment analysis of the DEmiRNAs 
revealed that their target genes were significantly enriched 
in the TGF-b, Hippo, Wnt, and calcium signaling path-
ways, all of which are closely related to apoptosis (41–43). 
These results indicate that SA may engage intracellular 
signaling pathways through the microRNA-mRNA net-
work, resulting in abnormal cell morphology, DNA dam-
age, and the promotion of apoptosis.

CONCLUSIONS

This paper focused on the toxic effects of SA on the 
morphological structure, DNA damage, and apoptosis of 
CSFs through a microRNA-mRNA network. Our find-
ings indicate that SA at a concentration of 0.1 μmol/L 
enhanced cell proliferation. However, concentrations ex-
ceeding 0.25 μmol/L inhibited cell proliferation, and at 
16.35 μmol/L, SA caused significant internal cellular dam-
age, inducing apoptosis, DNA damage, and endoplasmic 
reticulum stress. By utilizing sequencing technology and 
qRT-PCR experiments, we analyzed the functional clas-
sification and signaling pathways of Sanhuang chicken 
skin cells' response to arsenic toxicity post SA treatment. 
The construction of a microRNA-mRNA regulatory net-
work for SA in regulating the morphological structure, 
DNA damage, and apoptosis of CSFs provides a funda-
mental theoretical framework for further investigating the 
toxic effects of arsenic on chicken skin cells.
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