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ARTICLE INFO ABSTRACT

Edited by Professor Bing Yan Bivalve mollusks are important aquatic organisms, which are used for biological monitoring because of their

abundance, ubiquitous nature, and abilities to adapt to different environments. MicroRNAs (miRNAs) are small

Keywords: noncoding RNAs, which typically silence the expression of target genes; however, certain miRNAs directly or
Bivélve indirectly upregulate their target genes. They are rapidly modulated and play an essential role in shaping the
E{Z‘;ﬁ‘;‘;ﬁmal pollutant response of organisms to stresses. Based on the regulatory function and rapid alteration of miRNAs, they could
MicroRNA act as biomarkers for biotic and abiotic stress, including environmental stresses and contaminations. Moreover,
Stress mollusk, particularly hemocytes, rapidly respond to environmental changes, such as pollution, salinity changes,

and desiccation, which makes them an attractive model for this purpose. Thus, bivalve mollusks could be
considered a good animal model to examine a system’s response to different environmental conditions and
stressors. miRNAs have been reported to adjust the adaptation and physiological functions of bivalves during
endogenous and environmental stressors. In this review, we aimed to discuss the potential mechanisms under-
lying the response of bivalves to stressors and how miRNAs orchestrate this process; however, if necessary, other
organisms’ response is included to explain specific processes.

1. Introduction

In aquatic ecosystems and aquaculture, there are multiple types of
potential stress: physical (temperature, dissolved oxygen, light, and
sound), chemical (water quality, pollution, metabolic waste, and diet),
and biological [microorganisms (pathogenic and nonpathogenic),
macro-organisms (parasites), stocking density, lateral swimming space
requirements), and procedural (handling, hauling, stocking, disease
treatment, feeding methods (manual and automated)] (Burgos-Aceves
etal., 2020; Kumar et al., 2015). The stress response is a complex process
controlled by multiple systems, including the nervous, immune, circu-
latory, and endocrine systems (Abdel-Mageid et al., 2020a; Abo-Al-Ela,
2018a, 2018b). When stress response is triggered, a cascade of
physico-biochemical changes and neural and neuroendocrine responses

are developed to facilitate adaptation to stressors (Kumar et al., 2015).
Although stress response is critical to cope with biotic and abiotic
stressors, in many cases, particularly chronic stress, such response hin-
ders the normal physiological status and organisms’ health (Guo et al.,
2015; Lacoste et al., 2001b).

MicroRNAs (miRNAs) are endogenous noncoding RNA molecules,
which are 17-22 nucleotides in length and control almost all known
biological processes. The miRNA machinery system is an important
regulator of gene expression at transcriptional and post-transcriptional
levels by inhibiting or enhancing messenger RNA (mRNA) translation
(Abo-Al-Ela and Burgos-Aceves, 2020; Bizuayehu and Babiak, 2014).
miRNAs are rapidly modulated in response to endogenous or exogenous
changes (Burgos-Aceves et al., 2018a, 2018b). A study on Atlantic cod,
Gadus morhua L., demonstrated that miRNAs are the novel biomarkers of
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environmental rearing temperatures: miRNAs related to stress
(miR-155) and inflammation (miR-21) were upregulated in fish reared
at 9 °C; however, the growth-related miRNA-206 was elevated in fish
reared at 4 °C (Magnadottir et al., 2020).

Several miRNAs and their gene targets are conserved and have
similar function across species; however, their function is necessarily not
the same among different species. Note that few miRNAs are specific to
certain organisms (Ha et al., 2008). The low conservation between
vertebrate and invertebrate miRNA decelerated the progress of research
on miRNAs in invertebrate species (Biggar and Storey, 2018). For
aquatic invertebrates, such as crustaceans, many conserved miRNAs
have been examined, particularly those involved in the disease and
immune responses (Huang et al., 2012; Song et al., 2014; Tan et al.,
2013). In marine bivalves, certain progress is accomplished, e.g., a
considerable number of the conserved miRNAs was identified in Cras-
sostrea gigas and C. hongkongensis that involved osmotic stress (Zhao
et al., 2016). However, a lot more remains to be explored in mollusks.

Thus, miRNA stress response is conserved across phylogeny (Biggar
and Storey, 2018). Research is ongoing to annotate and identify miRNAs
that regulate physiological functions in bivalves. This should allow un-
derstanding and identifying different pathways involved in certain
physiological processes, e.g., the let-7 family of miRNA showed a high
conservation in vertebrates and invertebrates (Lee et al., 2007). More-
over, miRNA and mRNA networks have been profiled in the marine
mussel Mytilus galloprovincialis, which suggested that the highly
conserved miRNAs let-7 and miR-100 family plays an essential role in
many metabolic pathways (Yu et al., 2020). miRNAs regulate the in-
duction of estivation in terrestrial snails. Of these miRNAs,
ola-miR-2001-5p, ola-miR-1989-5p, ola-miR-745b-3p, ola-miR-723-5p,
ola-miR-281-5p, ola-miR-190-5p, ola-miR-12-5p, and ola-miR-2a-3p
showed a strong upregulation. These miRNAs were involved in regu-
lating the cell survival mechanisms that constituted anti-apoptosis,
tumor suppression, and muscle maintenance responses. Furthermore,
miR-2 upregulation has been suggested as a conserved invertebrate
response to cellular stresses under harsh environmental conditions
(Hoyeck et al., 2019).

Mollusks are an important bioindicator because they reflect levels of
environmental contamination (Capillo et al., 2018; Pagano et al., 2017).
Bivalve mollusks are exposed to environmental fluctuations, particularly
coastal zones, and they have to adapt to survive (Freitas et al., 2019,
2020a, 2020b; Stara et al., 2020). Hemocytes are primarily involved in
the immune response in such aquatic invertebrates: they exert active
phagocytosis and mediate the expression of immune genes after immune
stimulation (Burgos-Aceves and Faggio, 2017). Moreover, hemocytes
are involved in biomineralization and shell formation (Huang et al.,
2018). Hemocytes mediate physiological responses of bivalve mollusks
against environmental stressors. The open circulatory system of mol-
lusks allows the continuous exposure of hemocytes to the external
environment (Faggio et al., 2016; Pagano et al.,, 2016; Torre et al.,
2013). Invitro approaches using hemocytes as cell models are efficient at
determining the effects of different environmental contaminants in
ecotoxicological studies (Ladhar-Chaabouni and Hamza-Chaffai, 2016).
Molluscan hemocytes can respond to a stressful stimulus within 2 min in
which time their numbers can doubled or increase by three- or four-fold.
The increase in hemocyte numbers continues with continued stress and
is not attributed to the proliferation of hemocytes. Moreover, increases
in hemocyte counts drop after a return to optimal conditions. Fluctua-
tions in cell counts are considered to be attributed to the disappearance
or return of circulating eosinophilic granulocytes (Renwrantz et al.,
2013). Seawater acidification and environmental concentrations of
caffeine may affect the physiological conditions and functionality of
bivalve hemocytes (Munari et al., 2020). Thus, hemocyte numbers can
reflect the magnitude of the body’s response to endogenous or exoge-
nous stressors in individual organisms at any given time (Renwrantz
et al., 2013).

Bivalve hemocytes are frequently used for monitoring the
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genotoxicity of water pollutants (Klobucar et al., 2003; Pavlica et al.,
2001). Recently, many miRNAs, including miR-87, miR-281, miR-723,
miR-745, miR-1542, miR-1989, miR-1994, miR-2176, miR-6833, and
miR-7428, showed a potential implication in stress survival in mollusks
(Hoyeck et al., 2019). Although genomic advances allow the under-
standing of several molecular mechanisms, our knowledge of miRNA
functions in stress-responsive adaptations is far from complete: the
function of several miRNAs remains unclear.

2. MicroRNA modulation during stressors and xenobiotics
2.1. Osmoregulation and osmotic stress

The marine rocky intertidal zone is an area connecting the ocean and
land. This area is characterized by harsh environmental conditions,
including rapid changes in temperature, pH, salinity, oxygen, tidal
levels, and food availability. This fluctuating environment lead to
changes in the transcriptome that is linked to processes of cell division,
metabolism, respiration, and stress responses (Gracey et al., 2008).

2.1.1. Desiccation

Desiccation is a stress factor that affects the bivalves that dominate
the intertidal zone. Oysters, Crassostrea gigas, attempted to adapt to this
environment and miRNAs were reported to play an essential role in this
respect. To illustrate, cgi-miR-365, which is involved in the networks of
biological regulation and metabolic process, is rapidly induced after
desiccation stress in oysters and their hemocytes (Chen et al., 2017).
Moreover, the expression of heat shock protein (HSP) 70 and
CgHSP90AA1 are strongly upregulated, respectively, at different phases
in the tidal cycle in the California ribbed mussel, Mytilus californianus,
and after desiccation stress in the oyster (Chen et al., 2017; Gracey et al.,
2008). CgHSP90AA1 is modulated in relation to the expression of
cgi-miR-365 in which the upregulation of cgi-miR-365 is accompanied
by a high expression of CgHSP90AA1 and increases in norepinephrine.
Moreover, the expression of CgHSP90AA1 is induced by norepinephrine
in oyster hemocytes (Chen et al., 2017). Typically, miRNAs negatively
regulate their target mRNAs (Abo-Al-Ela and Burgos-Aceves, 2020);
however, certain miRNAs show evidence of stimulating gene expression
post-transcription (Vasudevan, 2012). Similarly, CgHSP90AA1 has a
putative binding site of cgi-miR-365, indicating a direct positive inter-
action (Chen et al., 2017). It is possible that norepinephrine increases
HSP70 gene promoter activity through the o-adrenergic signaling
pathway in oyster hemocytes (Fig. 1) (Lacoste et al., 2001a, 2001c).

2.1.2. Low or high salt stress

Salt stress is another component of intertidal environments. Gill
tissues are vital for environmental adaptation, particularly during
osmolality fluctuations. They act as a primary interface between the
external environment and hemolymph or cytoplasm in marine mollusks
(Hosoi et al., 2007). Zhao et al. (2016) examined the effects of low
salinity on miRNA modulation in the gills of two Crassostrea species:
C. gigas and C. hongkongensis. Two differentially expressed miRNAs,
upregulated chk-miR-3205 and downregulated chk-miR-2353, were
identified in C. hongkongensis, and a total of six differentially expressed
miRNAs (scaffold43364_.10952, cgi-miR-92, and cgi-miR-1984 were
upregulated, and cgi-miR-183, cgi-miR-2353, and cgi-miR-184-3p were
downregulated) were identified in C. gigas (Zhao et al., 2016). The
annotation of differentially expressed miRNA target genes suggested a
similar gene function in both C. gigas and C. hongkongensis after osmotic
stress. The Gene Ontology enrichment analysis revealed that targeted
genes are implicated in essential biological processes such as cellular
component movement, microtubule-based processes, intracellular
signal transduction, and catabolic and metabolic processes of purine
nucleoside (Zhao et al., 2016). Note that miR-2353 was downregulated
in both species; however, its function is still unclear. chk-miR-2353
appeared to target the cAMP-responsive element binding protein-like
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Fig. 1. Norepinephrine mediates the stress response in bivalve hemocytes.
Stress induces norepinephrine release that, in turn, stimulates downstream
pathways. Norepinephrine regulates the prophenoloxidase system via a- and
B-adrenergic receptors, activating immune cells, and mediating cytokine release
mediated by cyclic-AMP (cAMP). Adrenoceptor antagonists can suppress the
action of norepinephrine. A strong link was found between serotonin, cAMP,
dependent protein kinase (PKA), and the expression of the ATP-binding cassette
transporter gene ABCB. Serotonin has a negative feedback on cAMP levels, PKA
activities, and ABCB mRNA expression. The ABCB promoter region has several
putative PKA-related regulatory elements. The transcriptional regulation of the
ABCB is mediated through the phosphorylation activity of the cAMP-PKA.
ABCB encodes the P-glycoprotein that is involved in the multixenobiotic
resistance system (MXR). The MXR helps aquatic organisms to cope with and
adapt to polluted environments by preventing cellular accumulation of poten-
tially harmful xenobiotics. MXR mediates cAMP/PKA activities and many
genes, including ABCB involved in stress response in bivalves. Moreover,
norepinephrine can induce the expression of certain microRNA (miRNAs)
related stress, such as miR-365 during desiccation stress in oysters, and thus
mediates the expression of several genes, such as heat shock protein (HSP)
90AA1, which is involved in metabolic processes, biological regulation, and
response to stimulus.

2 (CREBL2) and the ATP grasp domain containing protein 1 (ATPGD1)
genes. Oysters primarily use intracellular-free amino acid metabolism
pathways to adjust their euryhaline adaptation (Zhao et al., 2016). As a
member of this pathway, ATPGD1 catalyzes beta-alanine degradation,
which in turn maintains osmotic equilibrium under hypo-osmotic stress
conditions. This was demonstrated by the significant upregulation of
ATPGD1 on the seventh day of hypo-osmotic stress (Meng et al., 2013).
chk-miR-3205 was reported to target replication factor A protein 1
(RFP1), hygromycin phosphotransferase, von Willebrand factor D, and
EGF domain containing protein (VWDE) genes during osmotic stress
response. RFP1 is involved in the stress response and apoptosis (Morga
etal., 2012; Zhao et al., 2012), and VWDE was putatively linked to both
stress and immunity (Buckley and Rast, 2015; Prado-Alvarez et al.,
2009). Together, these properties allow oysters to adapt to osmotic
changes by adjusting intracellular concentrations of osmolytes and
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regulating cell volume.

Once again but in crustaceans, the miRNAs of gills participate in
adaptation and the response to stressors. Chen et al. (2019) demon-
strated that various miRNAs can be modulated during low salt stress
when certain miRNAs were induced in response to different concen-
trations of salts. For example, let-7c was downregulated in the three low
salinity treatments, of 10, 15, and 20 ppt; however, miR-276b-3p was
upregulated at 15 and 20 ppt (Chen et al., 2019). Let-7c regulates the
proliferation and osteodifferentiation of adipose-derived mesenchymal
stem cells under oxidative stress (Zhou et al., 2019), and it mediates the
proliferation and migration of heat-denatured dermal fibroblasts by
targeting HSP70 (Jiang et al., 2016). Let-7c-3p regulates autophagy
under oxidative stress (Li et al., 2020). Moreover, Chen et al. (2019)
suggested that several genes that play essential roles in the desaturation,
cholesterol biosynthesis, fatty acid elongation (i.e., cytochrome b5
reductase), and catalyzation of the dismutation of reactive oxygen spe-
cies (ROS) into Hy0, or oxygen are modulated by miRNAs. These
expression-mediated miRNAs enable aquatic organisms to adjust the
permeability of and gas exchange in gill membranes, which, in turn,
maintains the osmoregulation of the hemolymph. Furthermore,
miR-2788b was the most abundant miRNA and the only potential reg-
ulatory miRNA of S-adenosylmethionine synthetase (SAM) in the gills of
Portunus trituberculatus under low salinity (Lv et al., 2016). SAM cata-
lyzes the formation of S-adenosylmethionine from methionine and ATP
(Horikawa et al., 1990), and it has a key role in the plant response to salt
stress (Espartero et al., 1994).

2.2. Temperature changes stress

Changes in room temperature are considered a stress factor, espe-
cially during both high and low temperatures. Heat stress can mediate
the expression of certain immune-related miRNAs that enhance the
environmental adaptation of oysters. Moreover, an immune challenge
modulated the expression of immune-related miRNAs and ultimately
modulated the oxidation-reduction (redox) reaction, phagocytosis, and
apoptosis (Zhou et al., 2014). The expression of cgi-miR-1984 was
significantly increased, while scaffold631_909 was significantly down-
regulated in heat-stressed oyster hemocytes challenged with Vibrio
splendidus compared with those in the bacteria group (Zhou et al., 2014).
Interestingly, cgi-miR-1984 was involved in the response to stress that
was induced by low salinity (Zhao et al., 2016). miR-1984 seems to be a
mollusk-specific miRNA (Zhou et al., 2014), and miR-184 and miR-10
are abundant and highly expressed in mollusk hemocytes, suggesting
their role as key mediators in maintaining the physiological function of
hemocytes. Note that mir-10c was increased under heat stress in
genetically improved farmed tilapia, Oreochromis niloticus (Bao et al.,
2018).

2.3. Heavy metal stress

Heavy metals (such as mercury, cadmium, copper, arsenic, chro-
mium, and lead) contamination is problematic in certain geographic
areas (Liu et al., 2019; Merly et al., 2019; Safiur Rahman et al., 2019).
Therefore, heavy metals should be regularly monitored in fresh and
marine ecosystems. They can occur at detectable concentrations without
affecting the health of aquatic organisms and act as a potential health
hazard for marine life and seafood consumers (Merly et al., 2019). The
high concentration of such metals disrupts the normal physiological
process, causes tissue damage, inhibits growth and reproduction, and
modulates early development in aquatic animals including bivalves
(Cherkasov et al., 2006; Ghazy et al., 2017; Khan et al., 2018; Saidov and
Kosevich, 2019). Mollusks exhibit a high concentration of heavy metals,
followed by crustacean and fish (Liu et al., 2019). Oysters are the
hyperaccumulators of zinc and copper, whereas scallop bivalves are the
hyperaccumulator of cadmium (Wang and Lu, 2017). Marine bivalves
are often used to monitor the coastal metal pollution (Mandich, 2018;
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Wang and Lu, 2017).

The blood clam, Tegillarca granosa, was exposed to the toxic levels of
cadmium to identify the regulatory function of miRNAs during heavy
metals stress. Five miRNAs were significantly induced, and 11 were
significantly repressed during cadmium stress in T. granosa hemocytes
(Bao et al., 2014). These miRNAs were putatively linked to genes
implicated in regulating the stress response induced by heavy metals.
Among the differentially expressed miRNAs, Tgr-nmiR-21, Tgr-nmiR-8,
and Tgr-miR-2a were significantly downregulated with the highest
fold-changes by more than six-fold, and Tgr-miR-33-5p,
Tgr-miR-10a-5p, and Tgr-miR-184b were significantly upregulated by
more than five-fold (Bao et al., 2014). Of these miRNAs, miR-21
generally targets genes with a potential impact on melanomagenesis;
moreover, its upregulation results in the evasion of apoptosis, genetic
instability, and increased oxidative stress (Melnik, 2015). However, the
overexpression of miR-21 provides partial protection from HO2-in-
duced ROS activity by interacting with the nuclear factor kappa
light-chain enhancer of activated B cells (NF-xB) (Wei et al., 2014).
Moreover, miR-21 is possibly involved in the pathogenetic mechanisms
underlying heavy metal exposure and albuminuria (Kong et al., 2012).
The miR-21 expression was negatively correlated with total
anti-oxidation competence, superoxide dismutase, and catalase con-
centrations in gastric cancer patients (Tu et al., 2014). In general,
miR-21 and let-7 demonstrated crosstalk during stress, ultimately acti-
vated several pathways such as NF-kB and RAS signaling pathways
(Saibyasachi and Yong, 2012), which allow bivalves to cope with stress
(Fig. 2). There are similar pathways that include other potential miR-
NAs; however, the knowledge of their function and pathways remains
incomplete.

To address the function of these miRNAs, ionocytes are specialized

miR-21
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branchial epithelial cells that regulate the maintenance of osmotic ho-
meostasis (Bizuayehu and Babiak, 2014). Similar to heavy metal stress,
the miR-8 family regulates osmoregulation in zebrafish embryos. miR-8
enables the precise control of ion transport in ionocytes during the early
developmental stages before gill formation (Flynt et al., 2009). More-
over, miR-33-5p promotes osteoblast differentiation (Wang et al., 2016),
and miR-33 and miR-10a-5p are associated with stress factors (Hao
et al., 2016; Jovasevic et al., 2015; Sun et al., 2018). miR-10a-5p and
miR-184b were regulated to maintain normal physiological function
during a bacteria challenge and heat stress in oyster hemocytes and
vertebrates (Hao et al., 2016; Zhou et al., 2014). Thus, in bivalves, heavy
metal stress can modulate osmoregulation.

Predicted miRNA target analyses have revealed a set of miRNAs that
target genes involved in the stress response to heavy metals during
cadmium stress in hemocytes (Bao et al., 2014). Of the regulated miR-
NAs, Tgr-nmiR-21 targets the cation diffusion facilitator proteins that
belong to the family of cation efflux transporters, which possibly play a
regulatory role in metal homeostasis and tolerance (Blaudez et al.,
2003). Similarly, Tgr-nmiR-8, Tgr-miR-10, and Tgr-miR-67 target heavy
metal-transporting  proteins such as glutamine synthetase,
metal-transporting ATPase, disintegrin, metalloproteinase, and
GTPase-activating-like protein (Bao et al., 2014), and they were
modulated during cadmium stress in plants (Williams et al., 2000). The
primary responses in blood clam hemocytes are related to genes that
regulate sulfur acquisition and assimilation (Bao et al., 2014); moreover,
sulfur-containing metabolites are involved in heavy metal homeostasis
and detoxification (Ernst et al., 2008). Similarly, the transsulfuration
pathway is mediated by copper treatment in the hemocytes of the
mussel, Perna canaliculus, which demonstrated decreases in methionine
and cysteine (Nguyen et al., 2018). Mitogen-activated protein kinase

Fig. 2. Proposed schematic representation of
miR-21 upregulation and let-7 downregulation
in bivalve mollusks under stress. Some of these
results were adopted from similar reports on
mammals. Akt: Akt serine/threonine kinase;
CAT: catalase; IL6: interleukin 6; NF-kB: nuclear
factor kappa light-chain enhancer of activated B
cells; PI3K: phosphatidylinositol 3'-kinase;
PTEN: phosphatase and TENsin homolog or
phosphatidylinositol-3,4,5-trisphosphate 3
phosphatase; RAS: rat sarcoma signaling; SOD:
superoxide dismutase; Stat3: signal transducer
and activator of transcription factor 3; T-AOC:
anti-oxidation competence.

Let-7

!Upregulation
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eNOS nitric immune gene
phosphorylation oxide response
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signaling was a target for miRNAs (Bao et al., 2014), which mediates
resistance to acute thermal stress and heavy metal stress (Kefaloyianni
et al., 2005; Kim et al., 2004). Thus, sulfur compound biosynthesis and
metabolic processes and mitogen-activated protein kinase signaling are
primarily involved in heavy metal detoxification, of cadmium in
particular, in T. granosa.

3. Other stressors involve microRNA responses
3.1. Oxidative stress

Oxidative stress is an imbalance between oxidants and antioxidants;
when oxidants increase to levels that exceed the defense mechanisms,
they damage proteins, nucleic acids, and cell membranes (Birben et al.,
2012). The primary player in the oxidative stress is ROS; they include
nonradical molecules such as peroxides and singlet oxygen, as well as
free radicals such as superoxide anion and hydroxyl radical (Rezayian
et al., 2019; Sharma et al., 2012). Imbalance in the ROS level can be
generated from endogenous sources such as during cellular biochemical
reactions and exogenous sources such as exposures to xenobiotics, pol-
lutants, and heavy (Birben et al., 2012; Sharma et al., 2012).

As discussed in the previous sections, ROS have an important role in
the stress response to osmotic stress, temperature, and heavy metals.
ROS can prompt or repress miRNA expression, and thereby modulate
downstream biological function by targeting specific genes (Lin, 2019).
Increasing evidence has demonstrated an interaction between miRNAs
and components of redox signaling (Gong et al., 2018; Lan et al., 2018;
Zhou et al., 2014). miRNAs can regulate important components of
cellular antioxidant machinery such as transcription factors (e.g., NF-kB,
p53, c-Myc, and nuclear factor erythroid 2 related factor 2 (NRF2)) and
kinases (e.g., IKK and Akt) (Lin, 2019). Oxidative stress modulates the
immune function in aquatic organisms and this could affect their health
status (Abo-Al-Ela, 2019; Abo-Al-Ela et al., 2017a, 2017b).

Copper induces oxidative stress in mussel hemocytes (Nguyen et al.,
2018). Glutathione is an important antioxidant, which acts as a
biomarker of oxidative stress (Abdel-Mageid et al., 2020a, 2020b; Rossi
et al., 2006). Copper exposure causes a remarkable reduction of gluta-
thione, which is accompanied by increase in ROS. Moreover, the
transsulfuration pathway has been identified as a potential primary
target pathway that involves the metabolism of cysteine and methio-
nine, which is considered a cysteine source for glutathione (Nguyen
et al., 2018). Furthermore, copper increases the number of apoptotic
hemocytes in a dose-dependent manner, and this is primarily because of
a high percentage of the late apoptotic sub-population. Copper-exposed
hemocytes show a remarkable increase in depolarized dead cells.
Moreover, copper stress results in an increase in alanine and a decrease
in glutamic acid (Nguyen et al., 2018), which has been reported for
various cell types driven into apoptosis (Halama et al., 2013; Rainaldi
et al., 2008).

A similar investigation in the hemocytes of the white shrimp, Lito-
penaeus vannamei, during copper stress disclosed increased ROS pro-
duction, thereby inducing oxidative stress and apoptosis in dose-
dependent and time-dependent manners. In addition to the expression
of copper-zinc superoxide dismutase and catalase, apoptosis-related
genes, such as inhibitors of apoptosis protein and caspase-3, and met-
allothionein, which is a specific biomarker gene of heavy metal pollu-
tion, is markedly upregulated. These genes have been suggested to
provide protection from copper stress and regulate apoptosis because of
superfluous ROS generation (Guo et al., 2017). Several miRNAs were
significantly modulated in the white shrimp under copper stress, and the
differentially expressed miRNAs were reported to target genes involved
in xenobiotic metabolism, immune defense, and apoptosis. The targeted
genes involved immune-related genes; detoxification-related genes such
as cytochrome p450; glutathione S-transferase and HSP60; and
apoptotic-related proteins such as p53 and inhibitor of apoptosis pro-
tein, which supports certain miRNAs and their target genes as essential
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regulators in intricate adaptive response networks (Guo et al., 2018). Of
interest, miR-184 has been demonstrated to putatively target most genes
(Guo et al., 2018), in addition to its role during osmotic stress (Zhao
et al., 2016; Zhou et al., 2014). Furthermore, miR-183 is modulated
during low salinity stress in C. gigas (as discussed in Section 2.1.2) (Zhao
et al,, 2016) and copper stress in white shrimp (Guo et al., 2018).
miR-1175a-3p and miR-1175a-3p and novel-miR-46 were the
highest-expressed miRNAs during low salinity stress, whereas miR-228
and novel-miR-8 were the lowest-expressed miRNAs during copper
stress. These miRNAs are predicted to target immune-related genes.
miR-1175-3p targets prophenoloxidase, which is an essential gene in
nonself-recognition and function of the innate defense system in in-
vertebrates (Cerenius and Soderhall, 2004; Soderhéall and Cerenius,
1998); miR-46 targets Spz3, which is a signaling ligand in innate im-
mune response (Boonrawd et al., 2017); miR-228 targets Relish, which is
a gene that stimulates the expression of several anti-microbial peptides
(Shi et al., 2015); and novel-miR-8 targets the Kazal-type serine pro-
teinase inhibitor, which is an important gene in the immune response,
regulating the Toll signal pathway in Cyclina sinensis hemocytes and is
involved in responses to stress such as heat stress (Ren et al., 2015;
Visetnan et al., 2009). Together, this indicates signal crosstalk and
regulation between immune function and stress response, indicating
that stress is a factor that could facilitate pathogen invasion, thus
causing mortalities.

During hypoxia stress in the mussel, Mytilus galloprovincialis, hemo-
cytes were sensitive to hypoxia and showed increased abilities to pro-
duce ROS (Andreyeva et al., 2019; Sui et al., 2016). Such prolonged
hypoxia could reduce resistance to oxidative stress (Nogueira et al.,
2017). Moreover, hypoxia increases glutathione levels in mussel gills
(Nogueira et al., 2017). Furthermore, miRNAs exhibit a regulatory
function during hypoxia in invertebrates. A large number of miRNAs,
including let-7, miR-101, miR-143, and miR-210, are responsive to
hypoxia (Wang et al., 2019). Furthermore, both miR-101 and miR-143
can target the key glycolytic enzyme hexokinase in mammals (Xu
et al., 2017; Yao et al., 2014) and fish (Sonanez-Organis et al., 2011)
under hypoxia. However, in marine invertebrates, hexokinase appears
to be targeted by miR-24-3p, miR-252b-5p, and miR-3966 during hyp-
oxic conditions (Wang et al., 2019). It seems that both miR-101 and
miR-143 may have other roles during hypoxia in marine invertebrates.
The miR-143 expression may be regulated by p53 (Otsuka and Ochiya,
2014) as a stress response gene induced during hypoxia (Felix-Portillo
et al., 2016; Wang et al., 2019). The hypoxia-inducible factor 1 (HIF1)
transcription factor directly binds to the hypoxia response element of the
miR-210 promoter (Lin, 2019). Importantly, HIF-la expression is
significantly increased in hemocytes and gills of the small abalone
Haliotis diversicolor under hypoxia and heat stress (Cai et al., 2014).

3.2. Mechanism underlying microRNA responses through the neural-
endocrine-immune system

The nervous system and hemocytes are major players in the neuro-
endocrine system with which various molecules, such as neurotrans-
mitters, neuropeptides, hormones, and cytokines, interact to regulate
immune function and responses to environmental stress (Liu et al.,
2018). Norepinephrine is one of the key neurotransmitters in the
neural-endocrine-immune system that is involved in maintaining ho-
meostasis in organisms, including bivalves (Chen et al., 2015).
Furthermore, it increases during stress and infection (Fig. 1 for more
details on the role of norepinephrine in mediating the stress response in
bivalve hemocytes (Abo-Al-Ela, 2020; Chen et al., 2017; Zhou et al.,
2013, 2011). Norepinephrine interacts with members of the multi-
xenobiotic resistance system to mediate responses to stress in bivalve
hemocytes (Fig. 1) (Franzellitti and Fabbri, 2013). The
neural-endocrine-immune system and adaptation mechanism of oysters
are greatly controlled by miRNAs (Chen et al., 2015). Thus, it has been
suggested that miRNAs mediate decreases in the late apoptosis and
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necrosis rates in oyster hemocytes after neurotransmitter stimulation
(Chen et al., 2015).

4. Conclusion and perspectives

Because hemocytes are involved in antioxidant and stress responses
and immune defense, this makes them a model for examining systemic
responses to endogenous and environmental changes. Moreover, he-
mocytes are considered bioindicator tools for monitoring environmental
contamination. The miRNA machinery system regulates most, if not all,
cellular processes. In silico analyses to predict target genes of miRNAs
have helped to provide an overview of the cellular microenvironment;
however, additional studies are required to validate these results and
address future issues related to the effect of stressors on both environ-
mental and human health.

Such field studies prompted biologists to try to address how miRNA
regulates the adaptation of bivalves under stress. However, a handful of
questions require further research: What are the unique miRNAs that
could act as biomarkers to specific pollutants and stressors? How do
different tissues interact to adapt to particular stressors? Additional
research would help to understand the specific mechanisms underlying
the rapid response of bivalve, particularly hemocytes, to biotic and
abiotic stress and how such cells organize systematic responses in the
context of miRNA machinery, particularly since miRNA is most
conserved between species. An improved understanding of these issues
may be of some help to enhance aquatic health and the monitoring of
aquatic environments.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Author contributions

Abo-Al-Ela wrote and revised the manuscript and designed and
prepared the figures. Faggio contributed to the manuscript revision and
added valuable insights into the manuscript. Both authors read and
approved the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Abdel-Mageid, A.D., Zaki, A.G., El Senosi, Y.A., El Asely, A.M., Fahmy, H.A,, El-
Kassas, S., Abo-Al-Ela, H.G., 2020a. The extent to which lipopolysaccharide
modulates oxidative stress response in Mugil cephalus juveniles. Aquac. Res. 51 (1),
426-431. https://doi.org/10.1111/are.14309.

Abdel-Mageid, A.D., Zaki, A.G., El Senosi, Y.A., Fahmy, H.A., El Asely, A.M., Abo-Al-
Ela, H.G., El-Kassas, S., 2020b. Modulatory effect of lipopolysaccharide on immune-
related gene expression and serum protein fractionation in grey mullet, Mugil
cephalus. Aquac. Res. 51 (4), 1643-1652. https://doi.org/10.1111/are.14510.

Abo-Al-Ela, H.G., 2018a. Hormones and fish monosex farming: a spotlight on immunity.
Fish Shellfish Immunol. 72, 23-30. https://doi.org/10.1016/j.fsi.2017.10.038.

Abo-Al-Ela, H.G., 2018b. An introduction to selected innate immune-relevant genes in
fish. Appl. Ecol. Environ. Res. 16 (2), 955-976. https://doi.org/10.15666/aeer/
1602_955976.

Abo-Al-Ela, H.G., 2019. Does vitamin C mitigate the detrimental effect of androgens on
immunity? Res. Vet. Sci. 125, 43-44. https://doi.org/10.1016/j.rvsc.2019.05.011.

Abo-Al-Ela, H.G., 2020. Toxoplasmosis and psychiatric and neurological disorders: a step
toward understanding parasite pathogenesis. ACS Chem. Neurosci. 11 (16),
2393-2406. https://doi.org/10.1021/acschemneuro.9b00245.

Abo-Al-Ela, H.G., Burgos-Aceves, M.A., 2020. Exploring the role of microRNAs in axolotl
regeneration. J. Cell. Physiol. https://doi.org/10.1002/jcp.29920.

Abo-Al-Ela, H.G., El-Nahas, A.F., Mahmoud, S., Ibrahim, E.M., 2017aA. The extent to
which immunity, apoptosis and detoxification gene expression interact with 17

Ecotoxicology and Environmental Safety 208 (2021) 111442

alpha-methyltestosterone. Fish Shellfish Immunol. 60, 289-298. https://doi.org/
10.1016/j.51.2016.11.057.

Abo-Al-Ela, H.G., El-Nahas, A.F., Mahmoud, S., Ibrahim, E.M., 2017b. Vitamin C
modulates the immunotoxic effect of 17a-methyltestosterone in Nile tilapia.
Biochemistry 56 (14), 2042-2050. https://doi.org/10.1021/acs.biochem.6b01284.

Andreyeva, A.Y., Efremova, E.S., Kukhareva, T.A., 2019. Morphological and functional
characterization of hemocytes in cultivated mussel (Mytilus galloprovincialis) and
effect of hypoxia on hemocyte parameters. Fish Shellfish Immunol. 89, 361-367.
https://doi.org/10.1016/j.fsi.2019.04.017.

Bao, J.-W., Qiang, J., Tao, Y.-F., Li, H.-X., He, J., Xu, P., Chen, D.-J., 2018. Responses of
blood biochemistry, fatty acid composition and expression of microRNAs to heat
stress in genetically improved farmed tilapia (Oreochromis niloticus). J. Therm. Biol.
73, 91-97. https://doi.org/10.1016/j.jtherbio.2018.02.007.

Bao, Y., Zhang, L., Dong, Y., Lin, Z., 2014. Identification and comparative analysis of the
Tegillarca granosa haemocytes microRNA transcriptome in response to Cd using a
deep sequencing approach. PLoS One 9 (4), €93619. https://doi.org/10.1371/
journal.pone.0093619.

Biggar, K.K., Storey, K.B., 2018. Functional impact of microRNA regulation in models of
extreme stress adaptation. J. Mol. Cell Biol. 10 (2), 93-101. https://doi.org/
10.1093/jmcb/mjx053.

Birben, E., Sahiner, U.M., Sackesen, C., Erzurum, S., Kalayci, O., 2012. Oxidative stress
and antioxidant defense. World Allergy Organ. J. 5 (1), 9-19. https://doi.org/
10.1097/WOX.0b013e3182439613.

Bizuayehu, T.T., Babiak, 1., 2014. MicroRNA in teleost fish. Genome Biol. Evol. 6 (8),
1911-1937. https://doi.org/10.1093/gbe/evul51.

Blaudez, D., Kohler, A., Martin, F., Sanders, D., Chalot, M., 2003. Poplar metal tolerance
protein 1 confers zinc tolerance and is an oligomeric vacuolar zinc transporter with
an essential leucine zipper motif. Plant Cell 15 (12), 2911-2928. https://doi.org/
10.1105/tpc.017541.

Boonrawd, S., Mani, R., Ponprateep, S., Supungul, P., Masrinoul, P., Tassanakajon, A.,
Rimphanitchayakit, V., 2017. Characterization of PmSpatzle 1 from the black tiger
shrimp Peneaus monodon. Fish Shellfish Immunol. 65, 88-95. https://doi.org/
10.1016/j.1s1.2017.04.005.

Buckley, K.M., Rast, J.P., 2015. Diversity of animal immune receptors and the origins of
recognition complexity in the deuterostomes. Dev. Comp. Immunol. 49 (1),
179-189. https://doi.org/10.1016/j.dci.2014.10.013.

Burgos-Aceves, M.A., Abo-Al-Ela, H.G., Faggio, C., 2020. Physiological and metabolic
approach of plastic additives effects: immune cells responses. J. Hazard. Mater.,
124114 https://doi.org/10.1016/j.jhazmat.2020.124114.

Burgos-Aceves, M.A., Cohen, A., Smith, Y., Faggio, C., 2018a. MicroRNAs and their role
on fish oxidative stress during xenobiotic environmental exposures. Ecotoxicol.
Environ. Saf. 148, 995-1000. https://doi.org/10.1016/j.ecoenv.2017.12.001.

Burgos-Aceves, M.A., Cohen, A., Smith, Y., Faggio, C., 2018b. A potential microRNA
regulation of immune-related genes in invertebrate haemocytes. Sci. Total Environ.
621, 302-307. https://doi.org/10.1016/j.scitotenv.2017.11.285.

Burgos-Aceves, M.A., Faggio, C., 2017. An approach to the study of the immunity
functions of bivalve haemocytes: physiology and molecular aspects. Fish Shellfish
Immunol. 67, 513-517. https://doi.org/10.1016/j.5i.2017.06.042.

Cai, X., Huang, Y., Zhang, X., Wang, S., Zou, Z., Wang, G., Wang, Y., Zhang, Z., 2014.
Cloning, characterization, hypoxia and heat shock response of hypoxia inducible
factor-1 (HIF-1) from the small abalone Haliotis diversicolor. Gene 534 (2), 256-264.
https://doi.org/10.1016/j.gene.2013.10.048.

Capillo, G., Silvestro, S., Sanfilippo, M., Fiorino, E., Giangrosso, G., Ferrantelli, V.,
Vazzana, 1., Faggio, C., 2018. Assessment of electrolytes and metals profile of the
Faro Lake (Capo Peloro Lagoon, Sicily, Italy) and its impact on Mytilus
galloprovincialis. Chem. Biodivers. 15 (5), 1800044 https://doi.org/10.1002/
cbdv.201800044.

Cerenius, L., Soderhall, K., 2004. The prophenoloxidase-activating system in
invertebrates. Immunol. Rev. 198 (1), 116-126. https://doi.org/10.1111/j.0105-
2896.2004.00116.x.

Chen, X., Chen, J., Shen, Y., Bi, Y., Hou, W., Pan, G., Wu, X., 2019. Transcriptional
responses to low-salinity stress in the gills of adult female Portunus trituberculatus.
Comp. Biochem. Physiol. D-Genom. Proteom. 29, 86-94. https://doi.org/10.1016/j.
¢bd.2018.11.001.

Chen, H., Wang, L., Zhou, Z., Hou, Z., Liu, Z., Wang, W., Gao, D., Gao, Q., Wang, M.,
Song, L., 2015. The comprehensive immunomodulation of NeurimmiRs in
haemocytes of oyster Crassostrea gigas after acetylcholine and norepinephrine
stimulation. BMC Genom. 16 (1), 942. https://doi.org/10.1186/512864-015-2150-8.

Chen, H., Xin, L., Song, X., Wang, L., Wang, W., Liu, Z., Zhang, H., Wang, L., Zhou, Z.,
Qiu, L., Song, L., 2017. A norepinephrine-responsive miRNA directly promotes
CgHSP90AA1 expression in oyster haemocytes during desiccation. Fish Shellfish
Immunol. 64, 297-307. https://doi.org/10.1016/.f5i.2017.03.020.

Cherkasov, A.S., Biswas, P.K., Ridings, D.M., Ringwood, A.H., Sokolova, I.M., 2006.
Effects of acclimation temperature and cadmium exposure on cellular energy
budgets in the marine mollusk Crassostrea virginica: linking cellular and
mitochondrial responses. J. Exp. Biol. 209 (7), 1274-1284. https://doi.org/10.1242/
jeb.02093.

Ernst, W.H.O., Krauss, G.-J., Verkleij, J.A.C., Wesenberg, D., 2008. Interaction of heavy
metals with the sulphur metabolism in angiosperms from an ecological point of view.
Plant Cell Environ. 31 (1), 123-143. https://doi.org/10.1111/j.1365-
3040.2007.01746.x.

Espartero, J., Pintor-Toro, J.A., Pardo, J.M., 1994. Differential accumulation of S-
adenosylmethionine synthetase transcripts in response to salt stress. Plant Mol. Biol.
25 (2), 217-227. https://doi.org/10.1007/BF00023239.

Faggio, C., Pagano, M., Alampi, R., Vazzana, L., Felice, M.R., 2016. Cytotoxicity,
haemolymphatic parameters, and oxidative stress following exposure to sub-lethal


https://doi.org/10.1111/are.14309
https://doi.org/10.1111/are.14510
https://doi.org/10.1016/j.fsi.2017.10.038
https://doi.org/10.15666/aeer/1602_955976
https://doi.org/10.15666/aeer/1602_955976
https://doi.org/10.1016/j.rvsc.2019.05.011
https://doi.org/10.1021/acschemneuro.9b00245
https://doi.org/10.1002/jcp.29920
https://doi.org/10.1016/j.fsi.2016.11.057
https://doi.org/10.1016/j.fsi.2016.11.057
https://doi.org/10.1021/acs.biochem.6b01284
https://doi.org/10.1016/j.fsi.2019.04.017
https://doi.org/10.1016/j.jtherbio.2018.02.007
https://doi.org/10.1371/journal.pone.0093619
https://doi.org/10.1371/journal.pone.0093619
https://doi.org/10.1093/jmcb/mjx053
https://doi.org/10.1093/jmcb/mjx053
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1097/WOX.0b013e3182439613
https://doi.org/10.1093/gbe/evu151
https://doi.org/10.1105/tpc.017541
https://doi.org/10.1105/tpc.017541
https://doi.org/10.1016/j.fsi.2017.04.005
https://doi.org/10.1016/j.fsi.2017.04.005
https://doi.org/10.1016/j.dci.2014.10.013
https://doi.org/10.1016/j.jhazmat.2020.124114
https://doi.org/10.1016/j.ecoenv.2017.12.001
https://doi.org/10.1016/j.scitotenv.2017.11.285
https://doi.org/10.1016/j.fsi.2017.06.042
https://doi.org/10.1016/j.gene.2013.10.048
https://doi.org/10.1002/cbdv.201800044
https://doi.org/10.1002/cbdv.201800044
https://doi.org/10.1111/j.0105-2896.2004.00116.x
https://doi.org/10.1111/j.0105-2896.2004.00116.x
https://doi.org/10.1016/j.cbd.2018.11.001
https://doi.org/10.1016/j.cbd.2018.11.001
https://doi.org/10.1186/s12864-015-2150-8
https://doi.org/10.1016/j.fsi.2017.03.020
https://doi.org/10.1242/jeb.02093
https://doi.org/10.1242/jeb.02093
https://doi.org/10.1111/j.1365-3040.2007.01746.x
https://doi.org/10.1111/j.1365-3040.2007.01746.x
https://doi.org/10.1007/BF00023239

H.G. Abo-Al-Ela and C. Faggio

concentrations of quaternium-15 in Mytilus galloprovincialis. Aquat. Toxicol. 180,
258-265. https://doi.org/10.1016/j.aquatox.2016.10.010.

Felix-Portillo, M., Martinez-Quintana, J.A., Arenas-Padilla, M., Mata-Haro, V., Gémez-
Jiménez, S., Yepiz-Plascencia, G., 2016. Hypoxia drives apoptosis independently of
p53 and metallothionein transcript levels in hemocytes of the whiteleg shrimp
Litopenaeus vannamei. Chemosphere 161, 454-462. https://doi.org/10.1016/j.
chemosphere.2016.07.041.

Flynt, A.S., Thatcher, E.J., Burkewitz, K., Li, N., Liu, Y., Patton, J.G., 2009. miR-8
microRNAs regulate the response to osmotic stress in zebrafish embryos. J. Cell Biol.
185 (1), 115-127. https://doi.org/10.1083/jcb.200807026.

Franzellitti, S., Fabbri, E., 2013. Cyclic-:AMP mediated regulation of ABCB mRNA
expression in mussel haemocytes. PLoS One 8 (4), e61634. https://doi.org/10.1371/
journal.pone.0061634.

Freitas, R., Silvestro, S., Coppola, F., Meucci, V., Battaglia, F., Intorre, L., Soares, A.M.V.
M., Pretti, C., Faggio, C., 2019. Biochemical and physiological responses induced in
Mytilus galloprovincialis after a chronic exposure to salicylic acid. Aquat. Toxicol.
214, 105258 https://doi.org/10.1016/j.aquatox.2019.105258.

Freitas, R., Silvestro, S., Coppola, F., Meucci, V., Battaglia, F., Intorre, L., Soares, A.M.V.
M., Pretti, C., Faggio, C., 2020a. Combined effects of salinity changes and salicylic
acid exposure in Mytilus galloprovincialis. Sci. Total Environ. 715, 136804 https://
doi.org/10.1016/j.scitotenv.2020.136804.

Freitas, R., Silvestro, S., Pagano, M., Coppola, F., Meucci, V., Battaglia, F., Intorre, L.,
Soares, A.M.V.M.,, Pretti, C., Faggio, C., 2020b. Impacts of salicylic acid in Mytilus
galloprovincialis exposed to warming conditions. Environ. Toxicol. Pharmacol. 80,
103448 https://doi.org/10.1016/j.etap.2020.103448.

Ghazy, H.A., Abdel-Razek, M.A.S., El Nahas, A.F., Mahmoud, S., 2017. Assessment of
complex water pollution with heavy metals and Pyrethroid pesticides on transcript
levels of metallothionein and immune related genes. Fish Shellfish Immunol. 68,
318-326. https://doi.org/10.1016/j.f5i.2017.07.034.

Gong, Y.-Y., Luo, J.-Y., Wang, L., Huang, Y., 2018. MicroRNAs regulating reactive oxygen
species in cardiovascular diseases. Antioxid. Redox Signal. 29 (11), 1092-1107.
https://doi.org/10.1089/ars.2017.7328.

Gracey, A.Y., Chaney, M.L., Boomhower, J.P., Tyburczy, W.R., Connor, K., Somero, G.N.,
2008. Rhythms of gene expression in a fluctuating intertidal environment. Curr. Biol.
18 (19), 1501-1507. https://doi.org/10.1016/j.cub.2008.08.049.

Guo, X., He, Y., Zhang, L., Lelong, C., Jouaux, A., 2015. Immune and stress responses in
oysters with insights on adaptation. Fish Shellfish Immunol. 46 (1), 107-119.
https://doi.org/10.1016/j.fsi.2015.05.018.

Guo, H., Li, K., Wang, W., Wang, C., Shen, Y., 2017. Effects of copper on hemocyte
apoptosis, ROS production, and gene expression in white shrimp Litopenaeus
vannamei. Biol. Trace Elem. Res. 179 (2), 318-326. https://doi.org/10.1007/
s12011-017-0974-6.

Guo, H., Lu, Z.-c, Zhu, X.-w, Zhu, C.-h, Wang, C.-g, Shen, Y.-c, Wang, W., 2018.
Differential expression of microRNAs in hemocytes from white shrimp Litopenaeus
vannamei under copper stress. Fish Shellfish Immunol. 74, 152-161. https://doi.org/
10.1016/j.fs1.2017.12.053.

Halama, A., Riesen, N., Moller, G., Hrabé de Angelis, M., Adamski, J., 2013.
Identification of biomarkers for apoptosis in cancer cell lines using metabolomics:
tools for individualized medicine. J. Intern. Med 274 (5), 425-439. https://doi.org/
10.1111/joim.12117.

Hao, Y., Liu, J.R., Zhang, Y., Yang, P.G., Feng, Y.J., Cui, Y.J., Yang, C.H., Gu, X.H., 2016.
The microRNA expression profile in porcine skeletal muscle is changed by constant
heat stress. Anim. Genet. 47 (3), 365-369. https://doi.org/10.1111/age.12419.

Ha, M., Pang, M., Agarwal, V., Chen, Z.J., 2008. Interspecies regulation of microRNAs
and their targets. Biochim. Biophys. Acta-Gene Regul. Mech. 1779 (11), 735-742.
https://doi.org/10.1016/j.bbagrm.2008.03.004.

Horikawa, S., Sasuga, J., Shimizu, K., Ozasa, H., Tsukada, K., 1990. Molecular cloning
and nucleotide sequence of cDNA encoding the rat kidney S-adenosylmethionine
synthetase. J. Biol. Chem. 265 (23), 13683-13686.

Hosoi, M., Shinzato, C., Takagi, M., Hosoi-Tanabe, S., Sawada, H., Terasawa, E.,
Toyohara, H., 2007. Taurine transporter from the giant Pacific oyster Crassostrea
gigas: function and expression in response to hyper- and hypo-osmotic stress. Fish.
Sci. 73 (2), 385-394. https://doi.org/10.1111/j.1444-2906.2007.01346.x.

Hoyeck, M.P., Hadj-Moussa, H., Storey, K.B., 2019. Estivation-responsive microRNAs in a
hypometabolic terrestrial snail. PeerJ 7, e6515. https://doi.org/10.7717/
peerj.6515.

Huang, J., Li, S., Liu, Y., Liu, C., Xie, L., Zhang, R., 2018. Hemocytes in the extrapallial
space of Pinctada fucata are involved in immunity and biomineralization. Sci. Rep. 8
(1), 4657. https://doi.org/10.1038/541598-018-22961-y.

Huang, T., Xu, D., Zhang, X., 2012. Characterization of host microRNAs that respond to
DNA virus infection in a crustacean. BMC Genom. 13 (1), 159. https://doi.org/
10.1186/1471-2164-13-159.

Jiang, T., Wang, X., Wu, W., Zhang, F., Wu, S., 2016. Let-7c miRNA inhibits the
proliferation and migration of heat-denatured dermal fibroblasts through down-
regulating HSP70. Mol. Cells 39 (4), 345-351. https://doi.org/10.14348/
molcells.2016.2336.

Jovasevic, V., Corcoran, K.A., Leaderbrand, K., Yamawaki, N., Guedea, A.L., Chen, H.J.,
Shepherd, G.M.G., Radulovic, J., 2015. GABAergic mechanisms regulated by miR-33
encode state-dependent fear. Nat. Neurosci. 18 (9), 1265-1271. https://doi.org/
10.1038/nn.4084.

Kefaloyianni, E., Gourgou, E., Ferle, V., Kotsakis, E., Gaitanaki, C., Beis, I., 2005. Acute
thermal stress and various heavy metals induce tissue-specific pro- or anti-apoptotic
events via the p38-MAPK signal transduction pathway in Mytilus galloprovincialis
(Lam.). J. Exp. Biol. 208 (23), 4427-4436. https://doi.org/10.1242/jeb.01924.

Khan, M.I., Khisroon, M., Khan, A., Gulfam, N., Siraj, M., Zaidi, F., Ahmadullah,
Abidullah S.H., Fatima, Noreen, S., Hamidullah Z.A., Shah, Qadir, F., 2018.

Ecotoxicology and Environmental Safety 208 (2021) 111442

Bioaccumulation of heavy metals in water, sediments, and tissues and their
histopathological effects on Anodonta cygnea (Linea, 1876) in Kabul River, Khyber
Pakhtunkhwa, Pakistan. Biomed. Res. Int. 2018, 1910274 https://doi.org/10.1155/
2018/1910274.

Kim, D.H., Liberati, N.T., Mizuno, T., Inoue, H., Hisamoto, N., Matsumoto, K., Ausubel, F.
M., 2004. Integration of Caenorhabditis elegans MAPK pathways mediating immunity
and stress resistance by MEK-1 MAPK kinase and VHP-1 MAPK phosphatase. Proc.
Natl. Acad. Sci. USA 101 (30), 10990-10994. https://doi.org/10.1073/
pnas.0403546101.

Klobucar, G.I.V., Pavlica, M., Erben, R., Papes, D., 2003. Application of the micronucleus
and comet assays to mussel Dreissena polymorpha haemocytes for genotoxicity
monitoring of freshwater environments. Aquat. Toxicol. 64 (1), 15-23. https://doi.
org/10.1016/50166-445X(03)00009-2.

Kong, A.P.S., Xiao, K., Choi, K.C., Wang, G., Chan, M.H.M., Ho, C.S., Chan, 1., Wong, C.K.,
Chan, J.C.N., Szeto, C.C., 2012. Associations between microRNA (miR-21, 126, 155
and 221), albuminuria and heavy metals in Hong Kong Chinese adolescents. Clin.
Chim. Acta 413 (13), 1053-1057. https://doi.org/10.1016/j.cca.2012.02.014.

Kumar, P., Thirunavukkarasu, A.R., Subburaj, R., Thiagarajan, G., 2015. Concept of
Stress and Its Mitigation in Aquaculture. In: Perumal, S., A.R, T., Pachiappan, P.
(Eds.), Advances in Marine and Brackishwater Aquaculture. Springer India, New
Delhi, pp. 95-100. https://doi.org/10.1007/978-81-322-2271-2_10.

Lacoste, A., De Cian, M.-C., Cueff, A., Poulet, S.A., 2001a. Noradrenaline and
a-adrenergic signaling induce the hsp70 gene promoter in mollusc immune cells.

J. Cell Sci. 114 (19), 3557-3564.

Lacoste, A., Jalabert, F., Malham, S.K., Cueff, A., Poulet, S.A., 2001b. Stress and stress-
induced neuroendocrine changes increase the susceptibility of juvenile oysters
(Crassostrea gigas) to Vibrio splendidus. Appl. Environ. Microbiol. 67 (5), 2304-2309.
https://doi.org/10.1128/AEM.67.5.2304-2309.2001.

Lacoste, A., Malham, S.K., Cueff, A., Poulet, S.A., 2001c. Noradrenaline modulates oyster
hemocyte phagocytosis via a p-adrenergic receptor-cAMP signaling pathway. Gen.
Comp. Endocrinol. 122 (3), 252-259. https://doi.org/10.1006/gcen.2001.7643.

Ladhar-Chaabouni, R., Hamza-Chaffai, A., 2016. The cell cultures and the use of
haemocytes from marine molluscs for ecotoxicology assessment. Cytotechnology 68
(5), 1669-1685. https://doi.org/10.1007/510616-015-9932-3.

Lan, J., Huang, Z., Han, J., Shao, J., Huang, C., 2018. Redox regulation of microRNAs in
cancer. Cancer Lett. 418, 250-259. https://doi.org/10.1016/j.canlet.2018.01.010.

Lee, C.-T., Risom, T., Strauss, W.M., 2007. Evolutionary conservation of microRNA
regulatory circuits: an examination of microRNA gene complexity and conserved
microRNA-target interactions through metazoan phylogeny. DNA Cell Biol. 26 (4),
209-218. https://doi.org/10.1089/dna.2006.0545.

Lin, Y.-H., 2019. MicroRNA networks modulate oxidative stress in cancer. Int. J. Mol. Sci.
20 (18), 4497. https://doi.org/10.3390/ijms20184497.

Liu, Z., Li, M., Yi, Q., Wang, L., Song, L., 2018. The neuroendocrine-immune regulation in
response to environmental stress in marine bivalves. Front. Physiol. 9, 1456. https://
doi.org/10.3389/fphys.2018.01456.

Liu, Q., Xu, X., Zeng, J., Shi, X, Liao, Y., Du, P., Tang, Y., Huang, W., Chen, Q., Shou, L.,
2019. Heavy metal concentrations in commercial marine organisms from Xiangshan
Bay, China, and the potential health risks. Mar. Pollut. Bull. 141, 215-226. https://
doi.org/10.1016/j.marpolbul.2019.02.058.

Li, T., Huang, Y., Zhou, W., Yan, Q., 2020. Let-7c-3p regulates autophagy under oxidative
stress by targeting ATG3 in lens epithelial cells. BioMed. Res. Int. 2020, 6069390
https://doi.org/10.1155/2020/6069390.

Lv, J., Liu, P., Gao, B., Li, J., 2016. The identification and characteristics of salinity-
related microRNAs in gills of Portunus trituberculatus. Cell Stress Chaperon. 21 (1),
63-74. https://doi.org/10.1007/s12192-015-0641-9.

Magnadattir, B., Uysal-Onganer, P., Kraev, 1., Dodds, A.W., Gudmundsdéttir, S.,

Lange, S., 2020. Extracellular vesicles, deiminated protein cargo and microRNAs are
novel serum biomarkers for environmental rearing temperature in Atlantic cod
(Gadus morhua L.). Aquacult. Rep. 16, 100245 https://doi.org/10.1016/j.
aqrep.2019.100245.

Mandich, M., 2018. Ranked effects of heavy metals on marine bivalves in laboratory
mesocosms: a meta-analysis. Mar. Pollut. Bull. 131, 773-781. https://doi.org/
10.1016/j.marpolbul.2018.04.068.

Melnik, B.C., 2015. MiR-21: an environmental driver of malignant melanoma? J. Transl.
Med. 13 (1), 202. https://doi.org/10.1186/s12967-015-0570-5.

Meng, J., Zhu, Q., Zhang, L., Li, C,, Li, L., She, Z., Huang, B., Zhang, G., 2013. Genome
and transcriptome analyses provide insight into the euryhaline adaptation
mechanism of Crassostrea gigas. PLoS One 8 (3), e58563. https://doi.org/10.1371/
journal.pone.0058563.

Merly, L., Lange, L., Meyer, M., Hewitt, A.M., Koen, P., Fischer, C., Muller, J.,
Schilack, V., Wentzel, M., Hammerschlag, N., 2019. Blood plasma levels of heavy
metals and trace elements in white sharks (Carcharodon carcharias) and potential
health consequences. Mar. Pollut. Bull. 142, 85-92. https://doi.org/10.1016/j.
marpolbul.2019.03.018.

Morga, B., Renault, T., Faury, N., Arzul, I., 2012. New insights in flat oyster Ostrea edulis
resistance against the parasite Bonamia ostreae. Fish Shellfish Immunol. 32 (6),
958-968. https://doi.org/10.1016/].£51.2012.01.026.

Munari, M., Matozzo, V., Benetello, G., Ried], V., Pastore, P., Badocco, D., Marin, M.G.,
2020. Exposure to decreased pH and caffeine affects hemocyte parameters in the
mussel Mytilus galloprovincialis. J. Mar. Sci. Eng. 8 (4), 238. https://doi.org/10.3390/
jmse8040238.

Nguyen, T.V., Alfaro, A.C., Merien, F., Lulijwa, R., Young, T., 2018. Copper-induced
immunomodulation in mussel (Perna canaliculus) haemocytes. Metallomics 10 (7),
965-978. https://doi.org/10.1039/C8MT00092A.

Nogueira, L., Mello, D.F., Trevisan, R., Garcia, D., da Silva Acosta, D., Dafre, A.L., de
Almeida, E.A., 2017. Hypoxia effects on oxidative stress and immunocompetence


https://doi.org/10.1016/j.aquatox.2016.10.010
https://doi.org/10.1016/j.chemosphere.2016.07.041
https://doi.org/10.1016/j.chemosphere.2016.07.041
https://doi.org/10.1083/jcb.200807026
https://doi.org/10.1371/journal.pone.0061634
https://doi.org/10.1371/journal.pone.0061634
https://doi.org/10.1016/j.aquatox.2019.105258
https://doi.org/10.1016/j.scitotenv.2020.136804
https://doi.org/10.1016/j.scitotenv.2020.136804
https://doi.org/10.1016/j.etap.2020.103448
https://doi.org/10.1016/j.fsi.2017.07.034
https://doi.org/10.1089/ars.2017.7328
https://doi.org/10.1016/j.cub.2008.08.049
https://doi.org/10.1016/j.fsi.2015.05.018
https://doi.org/10.1007/s12011-017-0974-6
https://doi.org/10.1007/s12011-017-0974-6
https://doi.org/10.1016/j.fsi.2017.12.053
https://doi.org/10.1016/j.fsi.2017.12.053
https://doi.org/10.1111/joim.12117
https://doi.org/10.1111/joim.12117
https://doi.org/10.1111/age.12419
https://doi.org/10.1016/j.bbagrm.2008.03.004
http://refhub.elsevier.com/S0147-6513(20)31279-3/sbref48
http://refhub.elsevier.com/S0147-6513(20)31279-3/sbref48
http://refhub.elsevier.com/S0147-6513(20)31279-3/sbref48
https://doi.org/10.1111/j.1444-2906.2007.01346.x
https://doi.org/10.7717/peerj.6515
https://doi.org/10.7717/peerj.6515
https://doi.org/10.1038/s41598-018-22961-y
https://doi.org/10.1186/1471-2164-13-159
https://doi.org/10.1186/1471-2164-13-159
https://doi.org/10.14348/molcells.2016.2336
https://doi.org/10.14348/molcells.2016.2336
https://doi.org/10.1038/nn.4084
https://doi.org/10.1038/nn.4084
https://doi.org/10.1242/jeb.01924
https://doi.org/10.1155/2018/1910274
https://doi.org/10.1155/2018/1910274
https://doi.org/10.1073/pnas.0403546101
https://doi.org/10.1073/pnas.0403546101
https://doi.org/10.1016/S0166-445X(03)00009-2
https://doi.org/10.1016/S0166-445X(03)00009-2
https://doi.org/10.1016/j.cca.2012.02.014
https://doi.org/10.1007/978-81-322-2271-2_10
http://refhub.elsevier.com/S0147-6513(20)31279-3/sbref61
http://refhub.elsevier.com/S0147-6513(20)31279-3/sbref61
http://refhub.elsevier.com/S0147-6513(20)31279-3/sbref61
https://doi.org/10.1128/AEM.67.5.2304-2309.2001
https://doi.org/10.1006/gcen.2001.7643
https://doi.org/10.1007/s10616-015-9932-3
https://doi.org/10.1016/j.canlet.2018.01.010
https://doi.org/10.1089/dna.2006.0545
https://doi.org/10.3390/ijms20184497
https://doi.org/10.3389/fphys.2018.01456
https://doi.org/10.3389/fphys.2018.01456
https://doi.org/10.1016/j.marpolbul.2019.02.058
https://doi.org/10.1016/j.marpolbul.2019.02.058
https://doi.org/10.1155/2020/6069390
https://doi.org/10.1007/s12192-015-0641-9
https://doi.org/10.1016/j.aqrep.2019.100245
https://doi.org/10.1016/j.aqrep.2019.100245
https://doi.org/10.1016/j.marpolbul.2018.04.068
https://doi.org/10.1016/j.marpolbul.2018.04.068
https://doi.org/10.1186/s12967-015-0570-5
https://doi.org/10.1371/journal.pone.0058563
https://doi.org/10.1371/journal.pone.0058563
https://doi.org/10.1016/j.marpolbul.2019.03.018
https://doi.org/10.1016/j.marpolbul.2019.03.018
https://doi.org/10.1016/j.fsi.2012.01.026
https://doi.org/10.3390/jmse8040238
https://doi.org/10.3390/jmse8040238
https://doi.org/10.1039/C8MT00092A

H.G. Abo-Al-Ela and C. Faggio

biomarkers in the mussel Perna perna (Mytilidae, Bivalvia). Mar. Environ. Res. 126,
109-115. https://doi.org/10.1016/j.marenvres.2017.02.009.

Otsuka, K., Ochiya, T., 2014. Genetic networks lead and follow tumor development:
microRNA regulation of cell cycle and apoptosis in the p53 pathways. BioMed. Res.
Int. 2014, 749724 https://doi.org/10.1155/2014/749724.

Pagano, M., Capillo, G., Sanfilippo, M., Palato, S., Trischitta, F., Manganaro, A.,
Faggio, C., 2016. Evaluation of functionality and biological responses of Mytilus
galloprovincialis after exposure to quaternium-15 (methenamine 3-
chloroallylochloride). Molecules 21 (2), 144. https://doi.org/10.3390/
molecules21020144.

Pagano, M., Porcino, C., Briglia, M., Fiorino, E., Vazzana, M., Silvestro, S., Faggio, C.,
2017. The influence of exposure of cadmium chloride and zinc chloride on
haemolymph and digestive gland cells from Mytilus galloprovincialis. Int. J. Environ.
Res. 11 (2), 207-216. https://doi.org/10.1007/541742-017-0020-8.

Pavlica, M., Klobucar, G.I.V., Mojas, N., Erben, R., Papes, D., 2001. Detection of DNA
damage in haemocytes of zebra mussel using comet assay. Mutat. Res. Genet.
Toxicol. Environ. Mutagen. 490 (2), 209-214. https://doi.org/10.1016/51383-5718
(00)00162-5.

Prado-Alvarez, M., Gestal, C., Novoa, B., Figueras, A., 2009. Differentially expressed
genes of the carpet shell clam Ruditapes decussatus against Perkinsus olseni. Fish
Shellfish Immunol. 26 (1), 72-83. https://doi.org/10.1016/j.fs1.2008.03.002.

Rainaldi, G., Romano, R., Indovina, P., Ferrante, A., Motta, A., Indovina, P.L., Santini, M.
T., 2008. Metabolomics using 1H NMR of apoptosis and necrosis in HL60 leukemia
cells: differences between the two types of cell death and independence from the
stimulus of apoptosis used. Radiat. Res. 169 (2), 170-180. https://doi.org/10.1667/
RR0958.1.

Renwrantz, L., Siegmund, E., Woldmann, M., 2013. Variations in hemocyte counts in the
mussel, Mytilus edulis: Similar reaction patterns occur in disappearance and return of
molluscan hemocytes and vertebrate leukocytes. Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 164 (4), 629-637. https://doi.org/10.1016/j.cbpa.2013.01.021.

Ren, Y., Zhang, H., Pan, B., Yan, C., 2015. A Kazal-type serine proteinase inhibitor from
Cyclina sinensis is involved in immune response and signal pathway initiation. Fish.
Shellfish Immunol. 47 (1), 110-116. https://doi.org/10.1016/j.fsi.2015.08.026.

Rezayian, M., Niknam, V., Ebrahimzadeh, H., 2019. Oxidative damage and antioxidative
system in algae. Toxicol. Rep. 6, 1309-1313. https://doi.org/10.1016/j.
toxrep.2019.10.001.

Rossi, R., Dalle-Donne, I., Milzani, A., Giustarini, D., 2006. Oxidized forms of glutathione
in peripheral blood as biomarkers of oxidative stress. Clin. Chem. 52 (7), 1406-1414.
https://doi.org/10.1373/clinchem.2006.067793.

Safiur Rahman, M., Solaiman Hossain, M., Ahmed, M.K., Akther, S., Jolly, Y.N.,
Akhter, S., Jamiul Kabir, M., Choudhury, T.R., 2019. Assessment of heavy metals
contamination in selected tropical marine fish species in Bangladesh and their
impact on human health. Environ. Nanotechnol. Monit. Manag. 11, 100210 https://
doi.org/10.1016/j.enmm.2019.100210.

Saibyasachi, N.C., Yong, L., 2012. miR-21 and let-7 in the Ras and NF-kB pathways.
MicroRNA 1 (1), 65-69. https://doi.org/10.2174/2211536611201010065.

Saidov, D.M., Kosevich, L.A., 2019. effect of heavy metals (Cu, Co, Cd) on the early
development of Mytilus edulis (Mollusca; Bivalvia). Russ. J. Ecol. 50 (1), 58-64.
https://doi.org/10.1134/51067413619010077.

Sharma, P., Jha, A.B., Dubey, R.S., Pessarakli, M., 2012. Reactive oxygen species,
oxidative damage, and antioxidative defense mechanism in plants under stressful
conditions. J. Bot. 2012, 217037 https://doi.org/10.1155/2012/217037.

Shi, Y.-R., Jin, M., Ma, F.-T., Huang, Y., Huang, X., Feng, J.-L., Zhao, L.-L., Chen, Y.-H.,
Ren, Q., 2015. Involvement of Relish gene from Macrobrachium rosenbergii in the
expression of anti-microbial peptides. Dev. Comp. Immunol. 52 (2), 236-244.
https://doi.org/10.1016/j.dci.2015.05.008.

Soderhaéll, K., Cerenius, L., 1998. Role of the prophenoloxidase-activating system in
invertebrate immunity. Curr. Opin. Immunol. 10 (1), 23-28. https://doi.org/
10.1016/50952-7915(98)80026-5.

Sonanez-Organis, J.G., Peregrino-Uriarte, A.B., Sotelo-Mundo, R.R., Forman, H.J., Yepiz-
Plascencia, G., 2011. Hexokinase from the white shrimp Litopenaeus vannamei: cDNA
sequence, structural protein model and regulation via HIF-1 in response to hypoxia.
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 158 (3), 242-249. https://doi.org/
10.1016/j.cbpb.2010.12.006.

Song, Y.-N., Shi, L.-L., Liu, Z.-Q., Qiu, G.-F., 2014. Global analysis of the ovarian
microRNA transcriptome: implication for miR-2 and miR-133 regulation of oocyte
meiosis in the Chinese mitten crab, Eriocheir sinensis (Crustacea:Decapoda). BMC
Genom. 15 (1), 547. https://doi.org/10.1186/1471-2164-15-547.

Stara, A., Pagano, M., Capillo, G., Fabrello, J., Sandova, M., Vazzana, 1., Zuskova, E.,
Velisek, J., Matozzo, V., Faggio, C., 2020. Assessing the effects of neonicotinoid
insecticide on the bivalve mollusc Mytilus galloprovincialis. Sci. Total Environ. 700,
134914 https://doi.org/10.1016/j.scitotenv.2019.134914.

Sui, Y., Kong, H., Shang, Y., Huang, X., Wu, F., Hu, M,, Lin, D., Lu, W., Wang, Y., 2016.
Effects of short-term hypoxia and seawater acidification on hemocyte responses of

Ecotoxicology and Environmental Safety 208 (2021) 111442

the mussel Mytilus coruscus. Mar. Pollut. Bull. 108 (1), 46-52. https://doi.org/
10.1016/j.marpolbul.2016.05.001.

Sun, Y., Zhang, D., Liu, X., Li, X,, Liu, F., Yu, Y., Jia, S., Zhou, Y., Zhao, Y., 2018.
Endoplasmic reticulum stress affects lipid metabolism in atherosclerosis via CHOP
activation and over-expression of miR-33. Cell. Physiol. Biochem. 48 (5),
1995-2010. https://doi.org/10.1159/000492522.

Tan, T.T., Chen, M., Harikrishna, J.A., Khairuddin, N., Mohd Shamsudin, M.L., Zhang, G.,
Bhassu, S., 2013. Deep parallel sequencing reveals conserved and novel miRNAs in
gill and hepatopancreas of giant freshwater prawn. Fish Shellfish Immunol. 35 (4),
1061-1069. https://doi.org/10.1016/j.fsi.2013.06.017.

Torre, A., Trischitta, F., Corsaro, C., Mallamace, D., Faggio, C., 2013. Digestive cells from
Mytilus galloprovincialis show a partial regulatory volume decrease following acute
hypotonic stress through mechanisms involving inorganic ions. Cell Biochem. Funct.
31 (6), 489-495. https://doi.org/10.1002/cbf.2925.

Tu, H., Sun, H,, Lin, Y., Ding, J., Nan, K., Li, Z., Shen, Q., Wei, Y., 2014. Oxidative stress
upregulates PDCD4 expression in patients with gastric cancer via miR-21. Curr.
Pharm. Des. 20 (11), 1917-1923. https://doi.org/10.2174/
13816128113199990547.

Vasudevan, S., 2012. Posttranscriptional upregulation by microRNAs. WIREs RNA 3 (3),
311-330. https://doi.org/10.1002/wrna.121.

Visetnan, S., Donpudsa, S., Supungul, P., Tassanakajon, A., Rimphanitchayakit, V., 2009.
Kazal-type serine proteinase inhibitors from the black tiger shrimp Penaeus monodon
and the inhibitory activities of SPIPm4 and 5. Fish Shellfish Immunol. 27 (2),
266-274. https://doi.org/10.1016/].f51.2009.05.014.

Wang, W.-X., Lu, G., 2017. Chapter 21 - Heavy Metals in Bivalve Mollusks. In:
Schrenk, D., Cartus, A. (Eds.), Chemical Contaminants and Residues in Food, Second
edition. Woodhead Publishing, pp. 553-594. https://doi.org/10.1016/B978-0-08-
100674-0.00021-7.

Wang, H., Sun, Z., Wang, Y., Hu, Z., Zhou, H., Zhang, L., Hong, B., Zhang, S., Cao, X.,
2016. miR-33-5p, a novel mechano-sensitive microRNA promotes osteoblast
differentiation by targeting Hmga2. Sci. Rep. 6 (1), 23170. https://doi.org/10.1038/
srep23170.

Wang, W., Zhong, P., Yi, J.-Q., Xu, A.-X., Lin, W.-Y., Guo, Z.-C., Wang, C.-G., Sun, C.-B.,
Chan, S., 2019. Potential role for microRNA in facilitating physiological adaptation
to hypoxia in the Pacific whiteleg shrimp Litopenaeus vannamei. Fish Shellfish
Immunol. 84, 361-369. https://doi.org/10.1016/].fs.2018.09.079.

Wei, C,, Li, L., Kim, LK., Sun, P., Gupta, S., 2014. NF-kxB mediated miR-21 regulation in
cardiomyocytes apoptosis under oxidative stress. Free Radic. Res. 48 (3), 282-291.
https://doi.org/10.3109/10715762.2013.865839.

Williams, L.E., Pittman, J.K., Hall, J.L., 2000. Emerging mechanisms for heavy metal
transport in plants. Biochim. Biophys. Acta 1465 (1), 104-126. https://doi.org/
10.1016/50005-2736(00)00133-4.

Xu, X., Liu, C., Bao, J., 2017. Hypoxia-induced hsa-miR-101 promotes glycolysis by
targeting TIGAR mRNA in clear cell renal cell carcinoma. Mol. Med. Rep. 15 (3),
1373-1378. https://doi.org/10.3892/mmr.2017.6139.

Yao, M., Wang, X., Tang, Y., Zhang, W., Cui, B., Liu, Q., Xing, L., 2014. Dicer mediating
the expression of miR-143 and miR-155 regulates hexokinase II associated cellular
response to hypoxia. Am. J. Physiol.-Lung Cell Mol. Physiol. 307 (11), L829-1837.
https://doi.org/10.1152/ajplung.00081.2014.

Yu, D., Wu, H., Peng, X., Ji, C., Zhang, X., Song, J., Qu, J., 2020. Profiling of microRNAs
and mRNAs in marine mussel Mytilus galloprovincialis. Comp. Biochem. Physiol. C
-Pharmacol. Toxicol. Endocrinol. 230, 108697 https://doi.org/10.1016/j.
cbpc.2019.108697.

Zhao, X., Yu, H., Kong, L., Li, Q., 2012. Transcriptomic responses to salinity stress in the
pacific oyster Crassostrea gigas. PLoS One 7 (9), e46244. https://doi.org/10.1371/
journal.pone.0046244.

Zhao, X., Yu, H., Kong, L., Liu, S., Li, Q., 2016. High throughput sequencing of small
RNAs transcriptomes in two Crassostrea oysters identifies microRNAs involved in
osmotic stress response. Sci. Rep. 6 (1), 22687. https://doi.org/10.1038/srep22687.

Zhou, Z., Jiang, Q., Wang, M., Yue, F., Wang, L., Wang, L., Li, F,, Liu, R., Song, L., 2013.
Modulation of haemocyte phagocytic and antibacterial activity by alpha-adrenergic
receptor in scallop Chlamys farreri. Fish Shellfish Immunol. 35 (3), 825-832. https://
doi.org/10.1016/j.£si.2013.06.020.

Zhou, Z., Lu, Y., Wang, Y., Dy, L., Zhang, Y., Tao, J., 2019. Let-7c regulates proliferation
and osteodifferentiation of human adipose-derived mesenchymal stem cells under
oxidative stress by targeting SCD-1. Am. J. Physiol. Cell Physiol. 316 (1), C57-C69.
https://doi.org/10.1152/ajpcell.00211.2018.

Zhou, Z., Wang, L., Shi, X., Zhang, H., Gao, Y., Wang, M., Kong, P., Qiu, L., Song, L.,
2011. The modulation of catecholamines to the immune response against bacteria
Vibrio anguillarum challenge in scallop Chlamys farreri. Fish Shellfish Immunol. 31
(6), 1065-1071. https://doi.org/10.1016/j.fsi.2011.09.009.

Zhou, Z., Wang, L., Song, L., Liu, R., Zhang, H., Huang, M., Chen, H., 2014. The
identification and characteristics of immune-related microRNAs in haemocytes of
oyster Crassostrea gigas. PLoS One 9 (2), e88397. https://doi.org/10.1371/journal.
pone.0088397.


https://doi.org/10.1016/j.marenvres.2017.02.009
https://doi.org/10.1155/2014/749724
https://doi.org/10.3390/molecules21020144
https://doi.org/10.3390/molecules21020144
https://doi.org/10.1007/s41742-017-0020-8
https://doi.org/10.1016/S1383-5718(00)00162-5
https://doi.org/10.1016/S1383-5718(00)00162-5
https://doi.org/10.1016/j.fsi.2008.03.002
https://doi.org/10.1667/RR0958.1
https://doi.org/10.1667/RR0958.1
https://doi.org/10.1016/j.cbpa.2013.01.021
https://doi.org/10.1016/j.fsi.2015.08.026
https://doi.org/10.1016/j.toxrep.2019.10.001
https://doi.org/10.1016/j.toxrep.2019.10.001
https://doi.org/10.1373/clinchem.2006.067793
https://doi.org/10.1016/j.enmm.2019.100210
https://doi.org/10.1016/j.enmm.2019.100210
https://doi.org/10.2174/2211536611201010065
https://doi.org/10.1134/S1067413619010077
https://doi.org/10.1155/2012/217037
https://doi.org/10.1016/j.dci.2015.05.008
https://doi.org/10.1016/S0952-7915(98)80026-5
https://doi.org/10.1016/S0952-7915(98)80026-5
https://doi.org/10.1016/j.cbpb.2010.12.006
https://doi.org/10.1016/j.cbpb.2010.12.006
https://doi.org/10.1186/1471-2164-15-547
https://doi.org/10.1016/j.scitotenv.2019.134914
https://doi.org/10.1016/j.marpolbul.2016.05.001
https://doi.org/10.1016/j.marpolbul.2016.05.001
https://doi.org/10.1159/000492522
https://doi.org/10.1016/j.fsi.2013.06.017
https://doi.org/10.1002/cbf.2925
https://doi.org/10.2174/13816128113199990547
https://doi.org/10.2174/13816128113199990547
https://doi.org/10.1002/wrna.121
https://doi.org/10.1016/j.fsi.2009.05.014
https://doi.org/10.1016/B978-0-08-100674-0.00021-7
https://doi.org/10.1016/B978-0-08-100674-0.00021-7
https://doi.org/10.1038/srep23170
https://doi.org/10.1038/srep23170
https://doi.org/10.1016/j.fsi.2018.09.079
https://doi.org/10.3109/10715762.2013.865839
https://doi.org/10.1016/S0005-2736(00)00133-4
https://doi.org/10.1016/S0005-2736(00)00133-4
https://doi.org/10.3892/mmr.2017.6139
https://doi.org/10.1152/ajplung.00081.2014
https://doi.org/10.1016/j.cbpc.2019.108697
https://doi.org/10.1016/j.cbpc.2019.108697
https://doi.org/10.1371/journal.pone.0046244
https://doi.org/10.1371/journal.pone.0046244
https://doi.org/10.1038/srep22687
https://doi.org/10.1016/j.fsi.2013.06.020
https://doi.org/10.1016/j.fsi.2013.06.020
https://doi.org/10.1152/ajpcell.00211.2018
https://doi.org/10.1016/j.fsi.2011.09.009
https://doi.org/10.1371/journal.pone.0088397
https://doi.org/10.1371/journal.pone.0088397

	MicroRNA-mediated stress response in bivalve species
	1 Introduction
	2 MicroRNA modulation during stressors and xenobiotics
	2.1 Osmoregulation and osmotic stress
	2.1.1 Desiccation
	2.1.2 Low or high salt stress

	2.2 Temperature changes stress
	2.3 Heavy metal stress

	3 Other stressors involve microRNA responses
	3.1 Oxidative stress
	3.2 Mechanism underlying microRNA responses through the neural-endocrine-immune system

	4 Conclusion and perspectives
	Funding
	Author contributions
	Declaration of Competing Interest
	References


