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Abstract

Arsenic and related derivatives are pervasive metalloid contaminants in the
environment, capable of infiltrating the biosphere via air, water, and soil. Crops
and their derivatives are susceptible to contamination, which is conveyed to the
human body via the food chain. Furthermore, arsenic can be directly inhaled
or ingested through the respiratory and digestive tracts. Consequently, food
safety concerns related to arsenic and its constituents, along with the associ-
ated health risks, have garnered heightened scrutiny. Exposure to arsenic can
result in both acute and chronic toxicity, inflicting harm on various organs and
systems. Numerous studies have demonstrated that arsenic and its compounds
contribute to arsenic poisoning via DNA methylation and the modulation of
non-coding RNAs (ncRNAs), resulting in the onset and progression of nu-
merous disorders. This review will elucidate the mechanisms of DNA methyl-
ation, long non-coding RN As (IncRNAs), microRNAs (miRNAs), and circular
RNAs (circRNAs) in relation to arsenic toxicity.
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1. Introduction

Arsenic (As) is a hazardous metalloid that occurs in the environment in both or-
ganic and inorganic forms [1]. Inorganic forms are frequently observed to be more
reactive and hazardous than their organic counterparts. Inorganic arsenic is the
primary pollutant, predominantly in the +3 or +5 oxidation states. In these phases,

inorganic arsenic forms sulfur complexes or oxygen anions, specifically arsenite
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(As™) and arsenate (As") [2]. Organic compounds such as arsenic betaine, arseno-
sugars, and arsenolipids predominantly occur in fish [3]. Arsenic’s distinctive chem-
ical features facilitate its migration in the environment, allowing it to infiltrate sur-
face water and groundwater systems, thereby contaminating drinking water sup-
plies [4]. The utilization of arsenic-contaminated groundwater for agricultural ir-
rigation may result in the accumulation of arsenic in both soil and crops, ultimately
causing significant worldwide health issues [5]. Approximately 150 million indi-
viduals globally are projected to be at risk of arsenic pollution in their drinking water.
In Bangladesh, China, India, Chile, and Argentina, the arsenic levels in ground-
water are significantly elevated, constituting a huge health concern for tens of mil-
lions of individuals [6]. Arsenic is a multi-organ toxic contaminant, and pro-
longed exposure to inorganic arsenic via drinking water, contaminated food, and
air can adversely impact various organs or systems, including the liver, kidneys,
lungs, bladder, skin, nervous system, cardiovascular system, and reproductive sys-
tem, significantly influencing chronic diseases in humans [7] [8]. The processes un-
derlying arsenic toxicity remain incompletely elucidated; nevertheless, an increas-
ing body of research indicates that arsenic can affect gene expression related to its
toxicity via epigenetic pathways [9] [10].

Epigenetic modifications are inheritable alterations that influence gene expres-
sion without changing the DNA sequence and are crucial for appropriate devel-
opment and gene control [11]. Several significant epigenetic mechanisms have been
recognized: DNA methylation, RNA methylation, histone modification, and non-
coding RNA (ncRNA) control. NcRNAs primarily consist of long non-coding
RNAs (IncRNAs), microRNAs (miRNAs), and circular RNAs (circRNAs) [12]. Re-
cently, DNA methylation, miRNAs, IncRNAs, and circRNAs have emerged as fo-
cal points in the investigation of arsenic toxicity mechanisms. Their particular regu-
lation systems remain unclear. This work is to synthesize recent research findings
and clarify the mechanisms of DNA methylation, miRNAs, IncRNAs, and circR-
NAs in arsenic toxicity. It enhances the comprehensive understanding of arsenic’s
harmful effects on many tissues and organs, serving as a significant reference for
environmental toxicology and health risk evaluation. It may uncover novel thera-
peutic targets and offer innovative treatment techniques for arsenic toxicity and

arsenic-induced ailments.

2. Roles of DNA Methylation in Arsenic Toxicity

DNA methylation, a principal type of epigenetic modification, constitutes a chem-
ical alteration of DNA in eukaryotes [13]. The process is facilitated by DNA me-
thyltransferase (DNMT), which attaches a methyl group to the 5th carbon of the
cytosine ring, resulting in the formation of 5-methylcytosine (m°C), utilizing S-
adenosylmethionine (SAM) as the methyl donor [14]. This alteration is typically
concentrated in particular DNA sequence areas, such as CpG islands [15]. DNA
methylation can modify chromatin architecture, DNA conformation, and stabil-

ity, influencing DNA-protein interactions and significantly contributing to gene
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regulation and animal development [16]. In humans, DNA methylation is primar-
ily catalyzed by DNMT3A and DNMT3B, which facilitate the de novo methylation
process, whereas DNMTT1 is responsible for preserving the established methyla-
tion state [17]. DNA methylation is categorized into genome-wide DNA methyl-
ation and promoter region DNA methylation. Studies indicate that DNA methyl-
ation patterns represent the most prevalent epigenetic modifications linked to ar-
senic exposure [6]. Arsenic can directly or indirectly modulate the expression and
activity of DNMTs, leading to modified methylation levels throughout the ge-
nome or in the promoter regions of particular genes [18]. Furthermore, arsenic
may disrupt normal DNA methylation by competing for methyl groups provided
by SAM [1].

2.1. Roles of DNA Methylation in Arsenic-Induced Hepatorenal
Toxicity

The liver is among the organs most impacted by arsenic exposure and metabolism,
with chronic arsenic consumption potentially resulting in liver damage [19]. Nu-
merous investigations have verified that arsenic exposure can result in substantial
changes in hepatic DNA methylation. In the livers of C57BL/6] (B6) and 129X1/Sv]
(129) mouse strains subjected to acute NaAsO, intoxication, inter-strain varia-
tions in the expression levels of DNMT's and genome-wide DN A methylation lev-
els were observed. However, both demonstrated genome-wide DNA hypomethyl-
ation following weeks of arsenic exposure [20]. Arsenic exposure may induce hy-
permethylation of critical gene promoter regions in the liver. For instance, DNA
repair genes like ERCC2 and RPA1, along with gene promoter areas of the Wnt
signaling pathway such as c-MYC and WNT2B, exhibited notable hypermethyla-
tion in arsenic-exposed human liver (L-02) cells [21]. Subsequent examination of
NaAsO;-induced liver fibrosis models indicated that 12,083 genes exhibited hy-
permethylation, encompassing promoter-specific hypermethylation of ferropto-
sis-related genes such as SLC7A11 and CDKN1A, potentially linked to arsenic-
induced pathological alterations in the liver [22]. Alongside the promoter hyper-
methylation phenomena, substantial decreases in total DNA methylation levels
were noted in the livers of fish, mice, and rats subjected to continuous exposure
to inorganic arsenic [23]. Arsenic has been demonstrated to influence cell cycle
regulating genes, including P21, by modifying DNA methylation. Subsequent re-
search indicated that human hepatocellular carcinoma cells (HepG2) exhibited a
decrease in overall DNA methylation levels following prolonged low-dose expo-
sure to NaAsO, (10 - 20 days). Simultaneously, the expression of DNMT1 and
DNMT3B was upregulated, but DNMT3A expression was marginally downregu-
lated [23]. The epigenetic effects of arsenic exhibit notable gender and genera-
tional disparities. Cross-generational genetic studies indicate that the ingestion of
arsenic-laden water during pregnancy and lactation in FO-generation female rats
resulted in pronounced DNA methylation dysregulation in the liver of F1-gener-

ation male rats. Conversely, F2-generation females exhibited increased sensitivity
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[24].

The kidneys are the primary organs for arsenic absorption, accumulation, and
excretion, making them vulnerable to arsenic-induced damage; arsenic exposure
may precipitate various forms of renal failure [25]. A case-control study of indi-
viduals with chronic kidney disease (CKD) revealed a positive correlation between
LINE-1 methylation levels and the severity of CKD. The concentration of urine
arsenic was strongly linked with the methylation level of LINE-1. This indicates
that arsenic exposure may contribute to the onset of chronic kidney disease via
alterations in DNA methylation status [26]. A separate study revealed that Human
Kidney Proximal Tubular Epithelial (HK-2) Cells exhibited pathological charac-
teristics of fibrosis following exposure to NaAsO,, alongside a notable upregula-
tion of DNMT3a and DNMT3Db expression [27].

2.2. Roles of DNA Methylation in Arsenic-Induced Reproductive
Toxicity

Research indicates that arsenic exposure from gestation to the neonatal phase dis-
rupts normal organ development and may result in miscarriage, stillbirth, and
congenital anomalies of the reproductive organs [28]. A genome-wide investiga-
tion of neonatal cord blood in the New Hampshire Birth Cohort revealed that
even minimal prenatal arsenic exposure influenced CpG island methylation in ne-
onatal cord blood. Subsequent study demonstrated a linear correlation between
the methylation levels of various CpG islands and maternal urine arsenic concen-
trations. The effect was more pronounced in males than in females, indicating
gender disparities [29]. Maternal urinary arsenic levels correlated with the meth-
ylation of promoter regions of genes including P16, P53, and LINE-1 in cord
blood [30]. A Mexican study indicated that prenatal arsenic exposure correlated
with diminished DNA methylation levels at specific CpG loci (CpG15, CpG19,
and CpG21) of the CI8ORF8 gene [31]. In utero, arsenic exposure can result in
global DNA hypomethylation, hypomethylation of Cyclin D1, and hypermethyl-
ation of Tp53 [32]. Furthermore, prenatal arsenic exposure shown a negative cor-
relation with gestational age and birth weight, an effect mediated by the DNA
methylation of DNMT3A [33]. Prenatal arsenic exposure impacts the fetus and
may induce enduring epigenetic alterations in its progeny. Research indicates that
prenatal maternal arsenic exposure influences juvenile growth and development
by increasing IGFBP3 levels via the methylation of 12 particular CpG loci [34].
Research on animals has demonstrated that maternal arsenic exposure during ges-
tation may directly influence DNA methylation patterns and traits of offspring
[35] [36]. Arsenic exposure during gestation led to diminished sperm quality and
histopathological abnormalities in FO generation mice, while also dramatically de-
creasing methylation levels of the genes Igf2 DMR2 and H19 DMR in the F1 and
F3 generations [37]. Chronic arsenic exposure has been documented to modify
DNA methylation and induce DNA mutations in murine testicular mesenchymal

cells. A study on arsenic lineage revealed that rats subjected to chronic exposure
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to As,O; experienced genotoxic damage (FO-F3) and displayed intergenerational
alterations in testicular and ovarian DNA methylation levels [38]. Research has
demonstrated that exposure to NaAsO, during gestation disrupts fetal germ cell
development and modifies the DNA methylation of particular transposons, in-
cluding LIMdA and IAPE, in zygotic sperm [39]. Furthermore, arsenic obstructs
DNA methylation pathways, including LINE-1, by depleting the methyl donor
SAM, resulting in the increase of LINE-1 expression. The anomalous activation of
LINE-1 correlates with sperm damage [40]. Paternal non-occupational arsenic ex-
posure was observed to increase DNA methylation levels of MEG3 in spermatozoa
and exhibited a substantial positive correlation with urine arsenic levels [41]. Con-
sequently, prolonged parental arsenic exposure may result in comprehensive al-
terations in DNA methylation and exhibit transgenerational genotoxic effects,

perhaps linked to the emergence of reproductive anomalies [42].

2.3. Roles of DNA Methylation in Arsenic-Induced Toxicity in
Other Organs

Prolonged exposure to arsenic is accompanied by significant changes in DNA
methylation, which not only can have harmful effects on the liver, kidneys, repro-
ductive system, but also on the skin, cardiovascular system, neurological system,
and other bodily organs (Table 1). The skin is among the most vulnerable organs
to arsenic toxicity in humans, with exposure frequently resulting in aberrant pig-
mentation, hyperkeratosis, and perhaps skin cancer. Arsenic-exposed skin tissues
exhibit general hypomethylation and promoter hypermethylation of particular
genes (e.g., p16, p53, MLH1) [43]. A study of three generations of arsenic-exposed
patients with skin lesions revealed reduced genome-wide DNA methylation levels
in blood cells [44]. Conversely, 183 differentially methylated genes were linked to
skin lesions in the peripheral blood leukocytes of arsenic-exposed women, with
182 exhibiting hypermethylation [45]. Research indicates that particular DNA meth-
ylation patterns correlate with arsenic exposure from coal combustion. For in-
stance, hypermethylation of DNA at p15INK4b, ERCC1, and ERCC2 correlates
with skin cancer generated by arsenic from coal burning [44]. Furthermore, the
methylation levels of specific CpG sites in the RPL34, SERPINAY, and DUT genes
were markedly increased in a population at skin cancer due to arsenic exposure.
This suggests that these sites could serve as potential molecular markers for arse-
nic exposure and skin cancer risk [46]. Epidemiological research indicates that
exposure to hazardous metals, such as arsenic, correlates with cognitive impair-
ment, with DNA methylation potentially playing a crucial role in this relationship.
Arsenic exposure leading to DNA hypomethylation in the cerebral cortex, which
correlates with memory deficits [47]. Research on individuals exposed to arsenic
has revealed 73 CpG loci correlated with blood arsenic concentrations, including
two loci, cg05226051 in TDRD3 and ¢g18886932 in GAL3ST3, linked to cognitive
deterioration [48].

Research indicates that aberrant DNA methylation alterations may correlate
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with atherosclerotic cardiovascular disease (CVD) occurrences [49]. Schmidt et
al. that identified modified methylation areas and gene locations in mice with ar-
senic-induced atherosclerosis [49]. A survey of American Indians with chronic arse-
nic exposure revealed that variations in methylation patterns at particular CpG
sites partially elucidated the correlation between arsenic exposure and heart dis-
ease risk [50]. Prolonged exposure to arsenic-laden drinking water has been linked
to a higher prevalence of diabetes. Research indicates that exposure to NaAsO,
can alter the methylation levels of CpG sites (-1743 and -1734) within the pro-
moter region of the key gene (Glut2) involved in insulin metabolism. This could
result in compromised islet function [15]. Inorganic arsenic is converted in vivo
by methylation into comparatively less hazardous organic derivatives, includ-
ing monomethyl arsenic (MMA), dimethyl arsenic (DMA), and trimethyl arsenic
(TMA) [51]. DMAY has been shown to develop bladder epithelial carcinoma (UC)
in rats consuming water containing DMAY [52]. In DMA"-induced UC in rats, 40
genes that were highly methylated and down-regulated were found, including
CPXM1, OPCML, TBX20, and KCND3 [53]. Likewise, diminished expression oc-
curred due to hypermethylation of the p16 and death-associated protein kinase
(DAPK) promoters in urinary tract epithelial tumors from individuals exposed to
arsenic [54]. A study of NaAsO,-treated SV-HUCI cells demonstrated increased
DNA methylation levels of the WIF1 gene in bladder cancer [55]. Population-
based bladder cancer studies have revealed markedly elevated methylation levels
at the promoter sites of RASSF1A and PRSS3 [55]. Consequently, DNA methyla-

tion is pivotal in arsenic-induced bladder carcinogenesis.

Table 1. Role of DNA methylation in arsenic toxicity.

Research objects Arsenic compounds Poisoning methods Poisoning duration Mechanisms of toxicity Refs

Mice 5 mg/kg NaAsO:

L-O2 cells 0.2 uM As;0Os

0, 5,10, 15 1/L
LX-2 cells pmol/

There were differences in DNMTs and
Gastric gavage 6 or 24 hours genome-wide DNA methylation levels [20]
between different types of mice
High DNA methylation in the
- 48 hours promoter regions of genes such as [21]
ERCC2, RPAL, ¢-MYC, and WNT2B

High methylation of the promoter
24 hours regions of the ferroptosis-related genes [22]

NaA:
AAs0: SLC7A11 and CDKN1A
0.5 uM-50 uM 24 h 10, 20
HepG2 cells Na:st a - daysours o Overall hypomethylation (23]
Two weeks before  Differential methylated CpG sites and
, 1, 10, 245, 2300 o . . . .
Mice . Drinking water pregnancy until the dysregulation of differential methylated [24]
ppb arsenic . . .
birth of F1 mice regions
100 1,10 Ch in DNA methylation-related
HK-2 cells pg/m i 72 hours anges in methylation-relate (27]
ng/ml NaAsO: enzymes
Prenatal arsenic Decreased DNA methylation at specific
Human - - ] [31]
exposure CpG sites of the CI8ORF8 gene
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Continued
The methylation levels of the
. L from days 8 to 18 | o
Mice 85 ppm NaAsO: Drinking water imprinting genes Igf2 DMR2 and H19  [37]
of pregnancy
DMR have decreased
L Generational change in sex gland DNA

Rat 1 ppm As203 Drinking water 16 weeks . [38]

methylation
0.01, 10 mg/L Alter the DNA methylation of specific
Rat Drinki t 30d 39
. NaAsO: riing watet s transposons LIMdA and IAPE [39]

DNA hypermethylation in the

Human - Coal burning - promoter regions of the p15INK4b, [44]
ERCC1 and ERCC2 genes

Human - Drinking water - Hypermethylation [45]
The methylation levels of specific CpG

Human - Drinking water - sites in the RPL34, SERPINA9 and [46]
DUT genes have increased

o Changes in the TDRD3 and GAL3ST3

Human - Drinking water - i [48]
CpG sites

SV-HUC-1 cells 24,10 pm NaAsO: - 48 hours High methylation of the DAPK gene [54]
The DNA methylation level in the

Mice 50 ppm NaAsO: Drinking water 2 weeks promoter region of the WIFI gene has  [55]

increased

3. Roles of ncRNAs in Arsenic Toxicity

NcRNAs are RNA molecules that do not encode proteins and comprise more than
90% of the RNA found in the human genome [56]. NcRNAs are categorized based
on their length, structure, and location, with miRNAs, IncRNAs, and circRNAs
being the most intensively researched [57]. NcRNAs are generally recognized for
their ability to interact with diverse proteins, DNA, and other RNAs, hence influ-
encing the activities of these targets and regulating several biological processes
[58]. Recent investigations have demonstrated that miRNAs, IncRNAs, and circR-
NAs are implicated in arsenic poisoning [58].

3.1. Roles of miRNAs in Arsenic Toxicity

miRNAs are a category of brief, non-coding, endogenous RNA molecules that
modulate gene expression by interacting with the 3" untranslated region (3’-UTR)
of target mRNAs. This interaction results in translational repression or mRNA
degradation, hence regulating gene expression at the post-transcriptional stage.
MiRNAs participate in various biological processes, encompassing cell develop-
ment, proliferation, and death [59]. Arsenic and its compounds are known to be
toxic to various organs, including the kidneys, skin, and liver, with toxicity linked
to dysregulation of different miRNAs, suggesting that miRNAs could function as
potential biological markers for the prevention, diagnosis, and treatment of arse-
nic toxicity [19].
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3.1.1. Roles of miRNAs in Arsenic-Induced Hepatorenal Toxicity
Numerous miRNAs have been documented to participate in arsenic-induced tox-
icity through intricate processes (Figure 1). In NaAsO,-treated rats, arsenic was
observed to modulate the expression of miR-155, Dicer1, and SOD1 through AUF1I,
instigating oxidative stress that results in liver damage. Moreover, miR-155 re-
leased by NaAsO,-transformed L-02 cells can be conveyed to adjacent cells, insti-
gating an inflammatory response [60]. The impact of arsenic on the liver also im-
plicates the Nrf2 pathway. Balaji et al discovered that arsenic modulates autoph-
agy and apoptosis-related proteins, affecting Nrf2/HO-1/Sirt1/miR-34a levels and
enhancing autophagy in the liver [61]. miR-21 is implicated in numerous fibrotic
diseases. NaAsO, promotes the induction of miR-21 in L-02 cells via activating
the EPK signaling pathway through PTEN, resulting in cellular autophagy [62].
miR-21 may potentially modulate M2 polarization or the HIF-1a/VEGF signaling
pathway in macrophages, which is implicated in arsenic-induced liver fibrosis [63].
Moreover, miR-191 expression was seen to be increased in the livers of NaAsO,-
treated animals, potentially mediating arsenic-induced hepatic insulin resistance
through the insulin receptor substrate 1 (IRS1)/protein kinase B (AKT) pathway
by disrupting glucose transport protein 4 (GLUT4) function [64]. miR-1294 was
markedly upregulated in arsenic trioxide-treated hepatocellular carcinoma (HCC)
cells, targeting TEAD1/PIM1 to trigger apoptosis [65]. Exposure to arsenic trig-
gers cellular pyroptosis, resulting in hepatotoxicity. Treatment with NaAsO, en-
hances the expression of miR-150-5p in human hepatic stellate cells (LX-2).
This subsequently influences the SOCS1 and NF-«B/NLRP3 pathways, intensi-
fying cellular pyroptosis [66]. Prior research has demonstrated that As,Os can in-
duce changes in renal morphology, such as tubular dilatation and glomerular con-
gestion. Research on populations exposed to arsenic has demonstrated that miR-
21 and miR-145 correlate with hepatic injury, while miR-191 is significantly
linked to renal impairment [67]. miRNA 181a-5b is a mitochondrial microRNA
produced in the kidney that targets the cytochrome c1 gene (CYC1) and aug-
ments inflammatory response functionality. The research findings indicate that
the overexpression of miR-181 expression in As,Os-treated rats correlates with
renal injury [68]. A study including adolescents demonstrated a negative correla-
tion between urine arsenic content and the expression of miR-21 and miR-221,
microRNAs potentially implicated in the pathogenesis of arsenic-induced pro-
teinuria [69]. A research of arsenic-exposed miners revealed a correlation between
peripheral blood levels of miR-155 and miR-200b and urine arsenic metabolites,
with miR-200b levels indicating increased quantities of urinary arsenic metabo-
lites [70]. Prior research has demonstrated that arsenic exposure aggravates renal
damage in diabetic nephropathy (DN) rats. In diabetic nephropathy mice, persis-
tent treatment of NaAsO, modified autophagy and intensified the course of dia-
betic nephropathy. The miRNA-mRNA axis comprising let-7a-1-3p, let-7b-3p,
let-7f-1-3p, miR-98-3p/Cdc42, Mapkl, and Rhoa is considered a crucial pathway
in the process of diabetic nephropathy development due to excessive arsenic ex-
posure [71].
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Figure 1. The mechanism of miRNAs in arsenic-induced toxicity to various organs. Arse-
nic toxicity and miRNA expression in skin, brain, lung, liver, kidney, pancreas and other
organs caused by different pathways ultimately lead to organ damage, fibrosis, malignant
transformation, GAD and insulin resistance.

3.1.2. Roles of miRNAs in Arsenic-Induced Reproductive Toxicity

Exposure to arsenic during gestation might hinder fetal growth, elevate the likeli-
hood of spontaneous abortion, and result in various health complications [72].
Northern Mexico impacts a significant population due to elevated arsenic concen-
trations in drinking water (>50 pg/L). A comprehensive miRNA analysis of neo-
natal umbilical cord blood revealed 12 miRNAs correlated with maternal urinary
arsenic concentrations, with miR-107 and miR-20b linked to the beginning of di-
abetes [73]. In NaAsO,-exposed pregnant mice, hepatic expression of several miR-
NAs was altered, exhibiting increased levels of miR-205, miR-203, miR-215, and
miR-34a, alongside decreased levels of miR-217 [74]. In a similar vein, Chen et al.
examined the livers of arsenic-exposed mice across various developmental stages
(spermatogenesis, gestation, and lactation) and discovered 86 differentially ex-
pressed miRNAs, with miR-192-5p and miR-21a-5p significantly upregulated,
while miR-7083-5p and miR-7052-5p were significantly downregulated [75]. mi-
croRNAs can be conveyed via extracellular vesicles and particles (EVPs), which
are crucial for maternal-offspring contact and the healthy development of the kid.
The study indicated that arsenic exposure during pregnancy and prenatally cor-
related with the total miRNA content of breast milk extracellular vesicles in a birth
cohort, revealing 13 miRNAs adversely connected with arsenic exposure [76]. Re-
search on miRNA expression in arsenic-induced prostate cancer is scarce. The
expression of nine miRNAs was markedly diminished in As-CSCs cells subjected
to prolonged arsenic exposure. Specifically, miR-143 may serve as a potential di-

agnostic and therapeutic target for arsenic-induced prostate cancer [77]. None-
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theless, miR-34a, let-29b, miR-193b, and miR-7 are known to be upregulated in

arsenic-transformed prostate stem cells (As-CSCs) and epithelial cells [74].

3.1.3. Roles of miRNAs in Arsenic-Induced Toxicity in Other Organs

In West Bengal, India, miR-21 and miR-155-5p were enhanced in patients with
chronic arsenic exposure resulting from groundwater contamination in individu-
als with skin impairments [78]. Research indicates that miR-21 participates in the
NaAsO2-induced malignant transformation of HaCaT cells and Epithelial-Mes-
enchymal Transition (EMT) via the IL-6/STAT3 pathway [79]. Conversely, miR-
96-5p levels were markedly diminished to modulate DTL and facilitate transfor-
mation in HaCaT cells induced by NaAsO; [80]. The malignant transformation of
arsenic-treated HaCaT cells was also linked to miR-141 and miR-200a. A case-
control study with elevated arsenic exposure demonstrated that miR-663 expres-
sion levels were considerably diminished in malignant tissues compared to non-
cancerous tissues [81]. miRNAs are implicated in the modulation of heavy metals’
effects on cerebral function. For instance, miR-124 mitigates arsenic toxicity in
nerve cells, inhibit endoplasmic reticulum stress, and is significantly correlated
with neurocognitive development in children [67]. The expression of miR-219 is
influenced by neurotoxic agents such as arsenic. Research indicates that miR-219
targets calpain II and modulates NaAsO,-induced structural damage in the hip-
pocampus, as well as learning and memory deficits [82]. Moreover, inorganic ar-
senic decreased miR-425-3p levels in rats treated with NaAsO,. miRNA promotes
the NLRP3/Caspase-1/GSDMD pathway by targeting NF-«B signaling molecules,
resulting in the release of IL-14and IL-18, which induces neuronal cell death and
exacerbates generalized anxiety disorder (GAD) [83].

The lung is a significant target organ for arsenic toxicity, and arsenic is in-
tricately linked to the onset of several pulmonary illnesses. Research indicates
that the overexpression of miR-195-5p is involved in the cytotoxic effect of
NaAsO, treatment on human normal bronchial epithelial (BEAS-2B) cells [84].
It was similarly discovered that the overexpression of miR-301a, reliant on the
IL-6/STAT3/miR-301a/SMAD4 signaling pathway, contributes to arsenic-induced
transformation of BEAS-2B cells [85]. Moreover, arsenic exposure diminishes
miR-31 expression, thereby modulates the AT sequence-rich binding protein 2
(SATB2), resulting in malignant cellular transformation [86]. Prolonged exposure
of BEAS-2B cells to low levels of As®* (250 nM) led to the regulation of miR-21 on
PTEN via AKT activation and enhanced glycolysis, correlating with myofibroblast
differentiation and lung fibrosis [87]. Changes in miRNAs generated by arsenic
exposure have been documented to aggravate cardiotoxicity. As,O; markedly aug-
mented the function of miRNAs in QT interval prolonging. miR-423-5p and miR-
454-5p were correlated with arsenic metabolites in the plasma of individuals from
regions with elevated arsenic concentrations in Mexico, and these miRNAs were
linked to cardiovascular disease [88]. Moreover, it was demonstrated that miR-
155, miR-126, and CVD were substantially correlated. Consequently, miR-126-3p
has been recognized as an early biomarker for CVD [89]. miRNAs provide a post-
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transcriptional regulatory function in preserving normal pancreatic S-cell activity

and in the etiology of type 2 diabetes (T2D). Exposure to NaAsO, markedly altered

the expression of ten miRNAs in pancreatic S-cells (INS1832/13), with four being

upregulated and six down-regulated [90]. miR-149 was upregulated in Min6 cells

as a result of diminished insulin secretion following NaAsO, exposure, indicating

the role of miRNAs in arsenic-induced pancreatic toxicity [77]. Moreover, miR-

181a-3p-irs2, miR-181a-3p-sirtl, and others may contribute to the onset of insulin

resistance in diabetic mice subjected to elevated arsenic exposure [91]. The miR-

200 family has been shown to exhibit diminished expression in various cancer

forms, including urothelial carcinoma. It was observed that miR-200a/b/c, and

miR-205 were diminished in the urine of individuals exposed to arsenic [92]. There-

fore, arsenic alters the expression patterns of miRNAs, thereby influencing the in

vitro and in vivo toxic processes it induces (Table 2).

Table 2. Role of miRNAs in arsenic toxicity.

Research  Tissues Arsenic Poisoning Poisoning Trends of X .
] Doses K . Mechanisms of toxicity Refs
object orcells  compounds methods times miRNAs
. miR-155 inhibits SOD1 protein expression by
. . 0, 25, 50, 100 Drinking . R B . .
Rat Liver tissue NaAsO» i X 24 weeks miR-155 1 acting on the 3’UTR region of SOD1, leading to [60]
m, ater
8 w liver injury
Rat Hepat NaAsO 15 ma/k I 28 d iR-34a | Arsenic regulates the levels of Nrf2/HO- (61]
a epatocytes NaAs m, oral ays miR-34a
patocyt : &8 Y 4 1/Sirt1/miR-34a, leading to hepatic autophagy
Mice Liver tissue  NaAsO, 0,10 0r20  Drinking 0,3,6,12 miR-21 1 miR—21' promotes arsenic—indu‘ced l%ver fibrosis by (63]
ppm water months regulating the HIF-1a/VEGF signaling pathway
Mi Liver i NaAsO 0.20 Drinking 12 th iR-191 1 miR-191 participates in hepatic insulin resistance (64]
ice iver tissue NaAs R m months  miR-
v : PP water by inhibiting the IRS1/AKT pathway
Arseni t tosis of cells through th
Human LX-2cells NaAsO. 10 pmol/L - 24 hours miR-150-5p 1 r.semc promiotes pyroptosis of ces through the [66]
miR-150-5p/SOCS1/NF-xB/NLRP3 pathway
miR-191 regulates inflammatory factors such as IL-
Human Urine Arsenic 27.85ug/L  Coal burning - miR-1911 2, IL-6, and TGF-p, and plays a role in renal [67]
dysfunction
0.0076 O tional iR-200b lat ic-related metabolit:
Human Urine Arsenic N ccupationa 3 months miR-200b 1 Tm . reguiates arsem'c related metaborites [70]
mg/m exposure involved in renal dysfunction
(let-7a-1-3p
let-7b-3 Arseni leads t 1 fibrosis, th h
Human Urine NaAsO: 10,25 mg/L - 14 weeks ¢ P rsen.lc exposure fed S © renal fibrosts, throug [71]
let-7f-1-3p the miRNA-mRNA axis
miR-98-3p) |
iR-155-5 lat tei d fact:
Human Skin tissue  Arsenic - - - miR-155-5p 1 .rm . P regu.a ory- p.ro cins and factors are [78]
involved in arsenic toxicity
miR-96-5p up-regulate DTL, leading to
Human HacaT cells NaAsO, 0.1 ymol/L - 3 or 7 weeks miR-96-5p | proliferation and malignant transformation of [80]
HaCaT cells
Drinki iR-425-3 lates NF-xB t 1
Rat Brain tissue NaAsO» 50, 100 pg/L rnang 21 days miR-425-3p | m . p reguates © cause neurona [83]
water pyroptosis and promotes the onset of GAD
BEAS-2B . The IL-6/STAT3/miR-301a/SMAD4 cascade
Human As;0Os 0.25 uM - 6 months  miR-301a 1 . ) [85]
cells promotes arsenic-induced cell transformation
BEAS-2B A ic th h the miR-31/SATB2 pathway, lead
Human NaAsO; 2 uM - 6 weeks miR-31 | rsean rough the mi . / pathway, feads [86]
cells to malignant transformation of cells
. X 0,5,10,20  Drinking . miR-21 induces pulmonary fibrosis through the
Mice Lung tissue NaAsO; 6 months miR-21 1 [87]
ppm water PTEN/P-AKT pathway
iR-155 1 There was a signiflicant association between As
miR-
Human Heart Arsenic >10 pg/L - - R-126 | levels and serum expression levels of miR-155 and  [89]
miR-

miR-126

Note: The symbols of for |indicate the upregulation or downregulation of miRNAs.
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3.2. Roles of IncRNAs in Arsenic Toxicity

LncRNAs are a category of ncRNA molecules exceeding 200 nucleotides in length
[93]. LncRNAs have been demonstrated to participate in several cellular activities,
including proliferation, apoptosis, and migration, as well as in arsenic-induced
toxicological reactions [94]. Consequently, modified IncRNA expression profiles

are intricately linked to arsenic-induced toxic damage (Table 3).

3.2.1. Roles of IncRNAs in Arsenic-Induced Hepatorenal Toxicity

Arsenic exposure has been demonstrated to alter the expression of many IncRNAs
and is implicated in liver damage, fibrosis, and hepatocellular cancer. Fibrosis-
associated IncRNA H19, HOTAIR, and MALAT1 were increased in the livers of
arsenic-exposed mice [95]. NaAsO,-stimulated HCC tissues exhibited elevated ex-
pression levels of both hypoxia-inducible factor-2a (HIF-2a) and MALAT], syn-
ergistically enhancing the cell invasion and metastasis ability. Furthermore, the
buildup of HIF-2a may facilitate aberrant cell proliferation by influencing the ex-
pression of cell cycle-associated proteins (e.g., p21) [96]. In L-02 cells treated with
NaAsO,, MALAT1 can infiltrate LX-2 cells by exosomes. It also participates in
liver fibrosis by modulating the miRNA-26b/COL1A2 pathway [97]. Another
HOTAIR situated at the HOXC locus, arsenic exposure, facilitates NaAsO,-in-
duced liver fibrosis via the HOTAIR/RORyt/miR-17-5p/IL-17 pathway [98]. Ar-
senic exposure severely impacted hepatic lipid metabolism. NaAsO, elevated the
antisense RNA of the proto-oncogene PU.1 (IncRNA PU.1 AS) in murine liver.
By regulating the expression of Zeste chromosomal enhancer homologous pro-
tein 2 (EZH2)/Sirtuin 6 (Sirt6)/sterol regulatory element-binding protein-1c
(SREBP-1c¢), thereby influencing triglyceride synthesis [62]. IncRNA UCAL, a sig-
nificant epigenetic regulator associated with cancer, interacts with EZH2 to mod-
ulate NFATc2, therefore mitigating cell cycle arrest in arsenic-induced hepatotox-
icity [99]. MEGS3 is a long non-coding RNA situated on chromosome 14, playing
a role in the regulation of the cell cycle, apoptosis, proliferation, and autophagy
[100]. MEG3 and PKM2 can affect As,Os-induced epithelial-mesenchymal tran-
sition in hepatocellular cancer [100]. Moreover, arsenic exposure elevated the ex-
pression of IncRNA PANADR, HOTAIR, and LincRNA-p21, correlating with var-

iations in urine arsenic levels across workers [101].

3.2.2. Roles of IncRNAs in Arsenic-Induced Reproductive Toxicity

Research on animals has shown that arsenic accumulates in the testes, causing
damage to sperm DNA, which subsequently hinders male reproductive function
and elevates the chance of infertility [102]. NcRNAs are essential regulators of
gene expression and epigenetic processes during spermatogenesis. Growth arrest-
specific 5 (Gas5), a IncRNA, is implicated in multiple biological processes, such as
cell cycle regulation, growth arrest, and apoptosis. Prenatal exposure to arsenic
(50 ppb) has been demonstrated to modify the expression of the glucocorticoid
receptor (GR) and Gas5 in the developing murine brain, potentially resulting in

outcomes such as learning disabilities, memory impairments, heightened depres-
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sive-like behaviors, and enduring changes in the set point of GR feedback. De-
creased nuclear GR levels were seen in male mice at all gestational time points
examined, whereas no alterations were observed in female mice. Additionally, to-
tal cellular Gas5 levels were reduced in arsenic-exposed male mice, but no altera-
tions in Gas5 levels were seen in arsenic-exposed female mice during gestation
days 16 to 18. The data indicate that arsenic exposure in male mice may affect GR

levels in the brain’s telencephalon by modulating Gas5 levels [103].

3.2.3. Roles of IncRNAs in Arsenic-Induced Toxicity in Other Organs
LncRNAs have been identified as pivotal in brain development, neuronal differ-
entiation, survival, and regeneration. In the hippocampus tissues of rats ex-
posed to NaAsO,, 177 differently expressed IncRNA molecules were discovered.
These IncRNAs exhibited high enrichment in neurodegenerative processes,
Huntington’s disease, and several pathways associated with nerve injury. Re-
search indicated that arsenic can induce nerve damage in rats via the IncRNA-
ENSRNOT00000022622/miR-206-3p/Bdnf pathway [104]. The research has
found that H19, associated with lung cancer and lung fibrosis. NaAsO, reduced
let-7a by modulating H19, c-Myc, and Argl, resulting in lung fibrosis in mice
[105].

LncRNAs demonstrate various regulation mechanisms in arsenic-induced
apoptosis. for example, MEG3 modulates inorganic arsenic-induced apoptosis in
A549 cells by up-regulating pro-apoptotic genes, including CASP7, CCND3, and
APAF1, while down-regulating anti-apoptotic proteins, such as BCL2A1 and
apoptosis inhibitory factor 5 (API5) [106]. The recently discovered IncRNA- Alu-
mediated p21 transcriptional regulator (APTR), also affects arsenic-induced
apoptosis and proliferation inhibition. All transcripts of APTR and transcript
NR_134251.1 exhibited a dose-dependent increase in NaAsO,-treated 16HBE
cells [107]. Likewise, TUGL, as is a IncRNA that modulates cellular proliferation,
is elevated in arsenic-exposed individuals. Arsenic promotes apoptosis in HBE
cells by upregulating TUGI through the activation of the p53 signaling pathway
[108]. The reprogramming regulator (linc-ROR) is a IncRNA situated on chro-
mosome 18q21.31. Following the treatment of HBE cells with NaAsO, for 40 gen-
erations, The linc-ROR was activated through the regulation of nuclear transcrip-
tion factor 2 (Nrf2), collaboratively participate in arsenic-induced carcinogenesis
and progression [109]. Research report, arsenic promotes the expression of pro-
grammed cell death ligand one (PD-L1), suppresses T cell effector function, and
facilitates lung tumor development in mice. Subsequent investigations demon-
strated that Inc-DC collaborated with STAT3 to augment the elevation of PD-L1
expression in NaAsO,-induced malignant transformation of BEAS-2B cells [110].

Kcnglotl is a IncRNA that is essential for cardiac development and is linked to
arsenic-induced myocardial damage. Research has demonstrated that the IncRNA
Kenqlotl/miR-34a-5p/Sirtl pathway plays a crucial role in As,O;-induced cardi-
omyocyte apoptosis [111]. However, Long non-coding RNA nuclear-enriched

transcript 1 (NEAT1) promotes As;Os-induced damage in H9¢2 cells via the miR-
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124/NF-kB signaling pathway [112]. The IncRNA DICER1-ASI is an antisense
transcript of DICERI, functioning as a ribonuclease and regulating gene expres-
sion. NaAsO, treatment of A549 cells was demonstrated to downregulate DICER1-
AS]1, thereby modulating the cell cycle and suppressing cell growth. Likewise, As,Os
can impede breast cancer cell proliferation by downregulating DICER1-AS1 [113].
Consequently, IncRNAs are pivotal in modulating cancer cell proliferation, apop-
tosis, and metastasis. As,O; was discovered to activate the IncRNA ovarian tumor
domain containing 6B antisense RNA1 (IncRNA OTUD6B-AS1) through ROS-
mediated MTF1. IncRNA OTUD6B-ASI through the modulation of miR-6734-
5p and mitochondrial NADP+-dependent isocitrate dehydrogenase 2 (IDH2),
hence amplifying As,0s-induced cytotoxicity in T24 cells (a human bladder can-
cer cell line) [114]. Figure 2 presents the regulatory mechanisms of IncRNA in the

arsenic-induced toxicity of various organs.

Table 3. Role of IncRNAs in arsenic toxicity.

R« h Ti A i Poisoni Poisoni
ese.arc 1ssues reenic Doses olsoning Olsor?mg Trends of IncRNAs Mechanisms of toxicity Refs
object or cells compounds methods duration
361224 HIF-2a and MALAT1 jointly enhance
Human L-02 cells NaAsO, 2.0 uM - h’ > 777" MALAT1 1 the invasive and metastatic abilities of ~ [96]
ours
cells
Drinki HOTAIR down-regulates miR-17-5p
rinkin,
Mice  Hepatic tissue NaAsO, 20 ppm ) 8 9 months HOTAIR 1 thereby activating HSC to promote [98]
ater
W liver fibrosis
Drinki IncRNA PU.1 AS/EZH2/Sirt6/SREBP-
rinkin,
Mice  Hepatic tissue NaAsO; 50 mg/L ) & 5 weeks IncRNA PU.1 AST  Ic pathway, affects the synthesis of [62]
ater
W triglycerides
Arsenic regulates MEG3, and PKM2
Human L-02 cells As:O3 5 mmol - 24 hours MEG3 1 o [100]
inhibits EMT
Arsenic may participate in rat
Rat Hippocampal NaAsO, 0,2, 10, 50 mg/L Drinking 12 weeks IncRNA-ENSRNOT-  neurological injury through bthe (104]
tissues water 00022622 | ENSRNOT000000226-22/miR-206-
3p/Bdnf axis
Drinki Arsenic through the H19/c-
rinkin
Mice  Lungtissues NaAsO, 0, 10, 20 ppm ‘ & 12 months H19 1 Myc/Argl/let-7a signaling pathway, [105]
water
leads to liver fibrosis
MEG3 lat tosis b
Human A549 cells Arsenic 30, 60, 90 umol/L - 48 hours MEG3 1 .regu ates apoptosis by [106]
regulating downstream target genes
HBE. A549 Linc-ROR and Nrf2 jointly participate
Human I ’ NaAsO; 2.5 umol/L - 24 hours  linc-ROR 1 in the process of arsenic-induced lung  [109]
cells
tumors
Arsenic promotes cell apoptosis
Mice  Cardiomyocytes As,Os 2.5,5uM - 48 hours  IncRNA Kcnglotl | through the IncRNA Kenglotl/miR-  [111]
34a-5p/Sirtl signaling pathway
Arsenic promotes cell damage
Rat HO9¢2 cells As:0Os 10 uM - 24 hours  IncRNA NEATI| through the IncRNA NEAT1/miRNA- [112]
124/NF-xB pathway
0, 20, 40, 60 IncRNA DICERI- IncRNA DICER1-ASI1 can inhibitthe
Human A549 cells NaAsO; - 48 hours X K [113]
pmol/L AS1]| proliferation of cells
IncRNA OTUD6B- As;Os enhances cytotoxicity through
Human T24 cells As:03 10, 20 umol/L - 6 hours ASI 1 the MTF1/IncRNA OTUD6B- [114]

AS1/miR-6734-5p/IDH2 pathway

Note: The symbols of 1 or | indicate the upregulation or downregulation of IncRNAs.
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Figure 2. The mechanism of IncRNAs in arsenic-induced toxicity to various organs. IncRNA
is involved in arsenic-induced toxicity of nerve, lung, heart, liver, bladder and other organs
through different pathways, as well as IncRNA expression, which ultimately leads to organ
injury, apoptosis, proliferation, fibrosis.

3.3. Roles of circRNAs in Arsenic Toxicity

circRNAs are a novel category of ncRNAs that are gradually gaining prominence
in epigenetic regulation studies. They are generated through reverse splicing of
precursor mRNAs (pre-mRNAs) and possess a distinctive covalently closed loop
structure, with their 3’ and 5’ ends interconnected by phosphodiester linkages
[115]. In contrast to linear RN As, circRN As have significant stability and resistance
to breakdown by nucleic acid exonucleases, leading to an extended half-life within
the cells [116]. circRNAs possess roles that extend well beyond their initial char-
acterization as mere “splicing by-products”. They are extensively engaged in the
regulation of biological processes like the cell cycle, cell differentiation, and apop-
tosis [117]. circRN As employ multiple methods of action, the most traditional be-
ing their function as “miRNA sponges,” which impede the regulation of target
genes by binding to miRNAs, hence indirectly enhancing gene expression. circR-
NAs may directly interact with RNA-binding proteins (RBPs) to regulate gene
transcription and splicing, and some circRNAs may function as templates for pro-

tein translation [118].

Roles of circRNAs in Arsenic-Induced Various Organs Toxicity

The research has found that numerous circRNAs have been recognized as potential
biomarkers and modulators of diverse functions in various cells and tissues (Table
4). circMTOL, a tissue-specific circRNA, functions as a miR-9 “sponge” in HCC,
enhancing the production of the oncogene p21 and thereby impeding hepatocellu-
lar carcinoma (HCC) progression [119]. Recent findings indicate that prolonged
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arsenic exposure can facilitate the malignant transformation of normal cells through
the regulation of circRNAs. Arsenic activates circ100284 in L-02 and HaCaT cells,
functioning as a sponge for miR-217 and promoting the cell cycle by upregulating
Cyclin D1 and CDK4 through EZH2, resulting in aberrant proliferation and ma-
lignant transformation [120]. In arsenic-treated SV-HUC-1 cells, circ100284 acti-
vates Aurora kinase B through the miR-217/HSP70 methylation pathway, hence
enhancing bladder cancer cell proliferation [121]. Furthermore, arsenic-induced
upregulation of circLRP6 expression in HaCaT cells, along with circLRP6’s binding
to miR-455, resulted in the upregulation of Zinc Finger E Box Binding Homology
Box Protein 1 (ZEB1), hence facilitating the EMT process in the cells [122]. Arsenic
exposure downregulates circ008913, which functions as a miR-889 sponge, prompt-
ing cells to adopt cancer stem cell (CSC) characteristics by modulating the expres-
sion of DAB2IP/ZEBI and skin stem cell markers (e.g., K5, CD34), a critical mech-
anism in arsenic-induced skin carcinogenesis [123]. Prior research indicates that
NaAsO; enhances circP50 expression in A549 cells. The knockdown of circP50
suppresses the phosphorylation and acetylation of the p53 pathway, modulates
downstream target genes, and eventually enhances the proliferation of A549 cells
[124]. Conversely, in arsenic-induced malignant transformation of BEAS-2B cells,
the expression of circBRWD1 was markedly downregulated among numerous
dysregulated circRNAs. circBRWD1 modulates the mRNA stability of c-JUN, c-
MYC, and CDKS®, hence facilitating cell-cycle progression and cellular prolif-
eration, which contributes to lung cancer [125]. Moreover, a notable elevation of
hsa_circ_0005050 was detected in populations chronically exposed to arsenic.
Knockdown of hsa_circ_0005050 increased NaAsO,-induced cell viability in A549
cells, but it had the contrary impact on 16HBE cells [126].

circRNAs have demonstrated potential involvement in the cardiovascular
toxicity of arsenic [127]. A substantial alteration in the expression of numerous
circRNAs was observed in mouse myocardial tissues subjected to NaAsO, treat-
ment, with the up-regulation of mm9_circ_009519 and down-regulation of
mm9_circ_016007 [128]. This indicates that circRNA may play a role in arsenic-
induced myocardial injury. Furthermore, circRNA-32011 exhibited down-regula-
tion in arsenic-exposed primary cardiomyocytes, and this down-regulation corre-
lated with diminished cardiomyocyte survival and a reduced Bcl-2/Bax ratio, in-
dicating that circRNA-32011 may exert an inhibitory influence on arsenic-in-
duced cardiomyocyte apoptosis [129]. circRNAs, similar to miRNAs and IncRNAs,
are garnering increasing attention in breast cancer research. The expression of
circDHX34 was elevated following NaAsO, treatment of hormone-independent
breast cancer cells MDA-MB-231. The knockdown of circDHX34 may augment
cell proliferation and suppress apoptosis via modulating apoptosis-related genes,
including CASP8, CASP9, BCL2, and BCL2L1, indicating that circRNAs can fa-
cilitate apoptosis [130]. Moreover, circPDE3B was markedly increased in arsenic-

induced bladder carcinogenesis, modulating SOCS1 to activate
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Table 4. Role of circRNAs in arsenic toxicity.

R h Arseni Poisoni Poisoni Trends of
es?arc Tissues or cells reenic Doses olsomng OISOI?lng lren o Mechanisms of toxicity Refs
objects compounds methods duration circRNAs
circ100284 upregulates Cyclin D1 and CDK4
Human  L-02 cells NaAsO: 2uM - 24 hours circ100284 1 through the miR-217/EZH2 axis, promoting [120]
malignant transformation of cells
The combination of circLRP6 and miR-455
Human  HaCaT cells NaAsO; - - 48 - 72 hours  circLRP6 1 upregulates ZEB1 and promotes the EMT [122]
process of cells
¢irc008913, through the miR-
Human  HaCaT cells NaAsO; 1.0 uM - 48-72 hours  circ008913 | 889/DAB2IP/ZEBI axis, leads to the [123]
acquisition of CSC characteristics by the cells
20, 40, 60 ircP50 leads t tosi inly through
Human  A549 cells NaAsO; - 48 hours circP50 1 ere eads to apoptosis mainy throug [124]
umol/L p53 pathway
. circBRWDI1 regulate of its targeted mRNA,
Human  BEAS-2Bcells NaAsO, 0.75 uM - 48 hours circBRWD1 | . A R [125]
leading to malignant transformation of cells
circRNA-32011 regulates apoptosis genes
Mice myocardial cells As;O;3 10 umol/L - 24 hours circRNA-32011 | Bcl-2 and Bax, Thereby inhibiting apoptosis  [129]
of cardiomyocytes
MDA-MB-231 ircDHX34 t tosis of cells b
Human NaAsO; 3,6 uM - 72 hours circDHX34 1 elre . promo. €5 apoptosis of cells by [130]
cells regulating apoptosis genes
circPDE3B targets STAT3 and NF-«B,
Human  SV-HUC-1 cells NaAsO, 0.5 uM - 48 hours circPDE3B 1 accelerating the malignant transformation of [131]
cells
circ100284 can activate Aurora kinase B by
inducing HSP70 methylation through
Human  SV-HUC-1 cells NaAsO, 2 uM - 24 hours circ100284 1 m. ucing methy’a 10n. roug [121]
miRNA-217, thereby promoting the
proliferation of bladder cancer cells
Note: The symbols of 1 or |indicate the upregulation or downregulation of circRNAs.
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Figure 3. The mechanism of circRNAs in arsenic-induced toxicity to various organs. Arsenic
has toxic effects on skin, heart, lung, liver, mammary gland, bladder and other organs through
different ways, and eventually leads to malignant transformation, apoptosis, proliferation and
so on. circRNA was up-regulated or down-regulated under arsenic treatment.
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Figure 4. Summary diagram of miRNAs, IncRNAs and circRNAs involved in the toxic ef-
fects of arsenic on various organs such as the brain, liver, kidneys, lungs, heart, breast and
bladder.

the NF-kB/NLRP3 pathway and expediting the malignant transformation of hu-
man bladder epithelial cells [131]. circHIPK3 has been discovered to modulate
vascular dysfunction and growth via miRNAs. For instance, As,O; may safeguard
rheumatoid arthritis-associated synoviocytes by obstructing the circHIPK3/miR-
149-5p/FOXO1/VEGF functional module of angiogenesis [132]. Figure 3 pre-
sents the regulatory mechanism of circRNAs in the arsenic-induced toxicity of
various organs. Figure 4 lists the miRNAs, IncRNAs and circRNAs involved in

the toxicity of arsenic to various organs.

4. The Synergistic Role of DNA Methylation and ncRNAs in
Arsenic Toxicity

In the investigation of arsenic toxicity mechanisms, DNA methylation and non-
coding RNAs do not function separately. Research indicates that alterations in
DNA methylation patterns due to arsenic exposure significantly impact the ex-
pression profile of miRNAs [133]. Reactive oxygen species (ROS) generated by
arsenic metabolism can activate DNMT1, elevate the methylation of the miR-
199a-5p gene promoter, activate the miR-199a-5p/HIF-1a/COX-2 pathway, and
mediate pathological processes including angiogenesis [134]. Furthermore, in ar-
senic-induced human bronchial epithelial cells, Specific Protein 1 (Sp1) sup-
presses miR-199a-5p via mechanisms involving DNA methylation and Sp1-medi-

ated transcriptional repression. This inhibition promotes the arsenic-induced
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metabolic shift from mitochondrial respiration to PKM2-dependent aerobic gly-
colysis [133]. Research on uterine arsenic exposure has demonstrated that reduced
global DNA methylation correlates with alterations at specific gene loci (e.g., Cy-
clin D1, Tp53), resulting in substantial modifications in the production levels of
certain miRNAs, including miR-205, miR-203, miR-34a, and miR-217. The dysreg-
ulated miRNAs are intimately associated with multiple disease processes, includ-
ing tumorigenesis, pancreatic damage, and diabetes [32]. A study on pregnant
mice exposed to arsenic in the placenta confirmed that alterations in DNA meth-
ylation are closely associated with the aberrant expression profile of miRNAs in
the liver, thereby influencing the target genes of miRNAs and serving as a signifi-
cant epigenetic mechanism for adverse outcomes induced by arsenic via the pla-
centa [134]. Arsenic exposure drives carcinogenesis by inducing promoter hyper-
methylation to silence key tumor-suppressive miRNA families. For instance, short-
term exposure to sodium arsenite suppresses let-7 family expression via DNAm,
thereby disinhibiting the oncogene Ras and activating the NF-xB pathway to fa-
cilitate cellular transformation in HaCaT cells [135]. Similarly, in models of chronic
arsenic exposure, DNAm-mediated downregulation of the miR-200 family leads
to the upregulation of ZEB1, a master regulator that drives EMT and subsequent
lung tumorigenesis [136].

Previous studies have strongly demonstrated that DNA methylation in regula-
tory sequences is associated with changes in the expression of long non-coding
RNA genes. Studies have shown that exposure to arsenic can induce PANDAR in
workers at arsenic smelting plants, and PANDAR is activated in the arsenic-in-
duced DNA damage response [137]. The methylation of PANDAR is significantly
correlated with the inhibition of its RNA expression. LncRNAs and circRNAs can
modulate the DNA methylation levels of target genes by direct or indirect inter-
actions with DNMTSs or other genes implicated in this mechanism. Nonetheless,
it remains ambiguous whether circRNAs may modulate DNA methylation in re-

lation to arsenic toxicity, and the precise process is still not elucidated.

5. Summary and Outlook

Millions globally are persistently exposed to arsenic by the ingestion of contami-
nated drinking water. The majority of studies have predominantly employed in
vitro and animal models to investigate the toxicity of arsenic on diverse organ
systems which differ from the situation among people in arsenic-contaminated
areas. Environmental arsenic exposure, metabolic capacity, age, and food may in-
fluence the epigenetic phenotype in individuals. Consequently, extensive research
in populations residing in arsenic-contaminated regions should be undertaken to
more accurately elucidate the harmful effects. Changes in DNA methylation pat-
terns, a significant form of epigenetic modification, resulting from arsenic expo-
sure may influence gene expression and contribute to the initiation and progres-
sion of arsenicosis. The precise mechanism of this process remains unclear, ne-

cessitating additional research to elucidate how DNA methylation governs arse-
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nic-induced expression of critical genes. NcRNAs (IncRNAs, circRNAs) not only
interact with DNA and proteins but also bind to RNAs, particularly miRNAs,
hence disrupting critical arsenic toxicity signaling networks. The involvement of
other non-coding RNAs, including piRNAs and snRNAs, in arsenic toxicity re-
mains ambiguous. Research increasingly indicates that a complex regulatory net-
work between ncRNAs and DNA methylation, with ncRNAs regulated by epige-
netic mechanisms, such as DNA methylation, influencing DNA methylation sta-
tus. Eevertheless, research on the collaborative effects of IncRNAs, circRNAs, and
DNA methylation in relation to arsenic exposure remains nascent, yet their po-
tential significance should not be overlooked. Epigenetic research on arsenic tox-
icity could uncover novel therapeutic targets and offer innovative treatment tech-

niques for arsenic poisoning and arsenic-related disorders.
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