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Increased miRNA-375 causes
oxidative damage but promotes
apoptosis resistance and cell
migration in the clam
Ruditapes philippinarum
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Yu Che1 and Jiasen Lv2

1School of Ocean, Yantai University, Yantai, China, 2School of Life Sciences, Yantai University,
Yantai, China
MicroRNA is an important regulatory factor at the post-transcriptional level.

Previous miRNAomics analysis found that miRNA-375 was steadily upregulated

in the clam Ruditapes philippinarum upon ammonia nitrogen exposure. However,

we have no knowledge about its regulatorymechanism yet. In this study, the clams

were challenged by the injection of miRNA-375 mimics/inhibitor in vivo. Then, a

combined approach of qRT-PCR, enzyme assay, and ultrastructure observation

was applied to investigate its regulatory effects on the related genes, cellular

parameters, and histological structures, respectively. Results showed that

increased expression of miRNA-375 interfered with the expression levels of both

its target genes and ammonia toxicity-related genes, which would probably lead to

oxidative stress, migration of damaged cells, apoptosis resistance, and increased

possibility of tumor formation. In addition, miRNA-375 increased MDA content but

decreased glutamate content and caused serious structure damage to the clam

gills. Thus, increased miRNA-375 probably brings a disastrous fate to the clam R.

philippinarum by inducing oxidative damage but promoting apoptosis resistance

and cell migration. Overall, this study revealed for the first time the regulatory

effects of miRNA-375 in the clams and gave valuable clues to understand the

toxicological mechanisms of ammonia nitrogen on the marine bivalve.
KEYWORDS

Ruditapes philippinarum, miRNA-375, NH3-N exposure, oxidative damage,
apoptosis resistance
1 Introduction

With the rapid development of modern economy and intensified human activities

around coastal areas in China, ammonia nitrogen (NH3-N) pollution becomes serious in

the offshore environment. According to Li C. et al. (2023), the concentration of NH3-N has

reached up to 0.139 mg/L at some polluted marine sites. Previously, we revealed that 0.1
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mg/L NH3-N affected the clams’ gene expression and important

enzyme activities involved in calcium metabolism, redox

equilibrium, and glutamine metabolism, which were vital for the

clams to survive (Cong et al., 2017; 2019). Thus, ammonia nitrogen

under environmental concentration is a considerable stress for the

healthy development of marine organisms, especially for those that

inhabit at the confluence of land and sea, such as clams (Ruditapes

philippinarum). However, we have not understood the related

toxicological mechanism clearly, especially at the post-

transcriptional regulation (such as microRNA) level.

MicroRNAs (miRNA) are a class of regulatory factors at the

post-transcriptional level by degrading its target mRNAs or

hindering their translation (Wheeler et al., 2009). Now, miRNAs

are found to play important roles that regulate the physiological

responses of marine invertebrates upon external stresses. For

example, there were 55 miRNAs participating in the immune

regulation of oyster Crassostrea gigas after the Vibrio splendidus

challenge (Chen, 2017). In Tegillarca granosa, 16 miRNAs were

responsive to cadmium pollution by regulating the expression levels

of several target genes (Bao et al., 2014). However, there are only few

studies on miRNAs involved in toxicological regulation upon

ammonia nitrogen pollution.

In recent studies (Tian et al., 2023), miRNA expression profiles

were analyzed by high-throughput sequencing in clams (R.

philippinarum) under 0.1 mg/L ammonia nitrogen stress. Among

the differentially expressed miRNAs, miRNA-375 was found to be

significantly upregulated on the 1st day (1.63-fold) and on the 30th

day (4.09-fold). Thus, miRNA-375 is considered as an important

miRNA to regulate the clam physiology steadily in response to the

ammonia nitrogen challenge. In the vertebrate, miR-375 is regarded

as an important regulator with multiple functions in immunity,

inflammation, development, and cancer formation (reviewed by Liu

Y. et al., 2021). Higher expression levels of miR-375 were detected

in the early stage of enzootic bovine leukosis (Murakami et al.,

2024) and in the late stage of human prostate carcinogenesis

(Torres-Ferreira et al., 2015), indicating that miR-375 was closely

related to cancer formation and development. However, miRNA-

375 also exerted tumor suppressor function in human non−small

cell carcinoma (Cheng et al., 2017), asopharyngeal carcinoma (Xu

et al., 2021), and small intestinal neuroendocrine tumors

(Arvidsson et al., 2018). Therefore, miRNA-375 performs variable

and even conflicting regulations during different cellular processes,

especially in carcinogenesis development. Its positive or negative

regulations on the genes probably depend on its promoter

methylation and regulator circRNA (Liu L. et al., 2021). However,

there is no report about the regulatory modes of miRNA-375 in the

marine invertebrate yet. Thus, it is meaningful for us to investigate

the regulatory functions of miRNA-375 in the clams to fulfill such

gap in marine bivalves.

In the present study, miRNA-375 mimics and miRNA-375

inhibitor were used to enhance or knock down the expression

level of miRNA-375 in the clams. Based on the computational

prediction from the miRNAomics data, eight target genes were

selected to test their expression levels by qRT-PCR. In order to

clarify the regulatory roles of miRNA-375 more clearly, another six

genes related to apoptosis, calcium metabolism, glutamine
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metabolism, and redox equilibrium involved in ammonia toxicity

were also chosen to investigate their expression levels. In addition,

three cellular parameters were assayed to indicate the cellular state

of the clams. Because of the multiple functions of the targeted genes

of miRNA-375, MDA, glutamate, and Ca2+-ATPase were selected

as the tested parameters, which were all involved in the toxic

responses of the clams upon NH3-N stress. Moreover, the

microstructures of gill tissues were observed to directly perceive

the regulatory effects of miRNA-375 on the clams. Overall, the

present study aimed to investigate the regulative functions of

miRNA-375 comprehensively at the gene, cell, and tissue levels,

and give valuable clues to understand the complicated mechanism

of clam miRNAs.
2 Materials and methods

2.1 Structure descriptions of miRNA-375

The secondary structure of miRNA-375 was predicted and

drawn by the software mirdeep2 and srna-tools-cli (Friedlander

et al., 2012). The characteristics of miRNA-375 hairpin structure

were predicted by software miREvo (Wen et al., 2012)

and mirdeep2.
2.2 Experimental animals and
exposure experiments

Healthy clams (R. philippinarum) were obtained from a

supermarket (Yantai, China) and acclimated in tanks (60 cm × 60

cm × 30 cm) fulfilled with sand-filtered seawater (31‰ salinity, pH

8.0), aerated at 18 ± 1°C for 7 days. They were fed once a day with

commercial condensed Isochrysis galbana and Chlorella vulgaris

Beij (density ≈ 2×1010 cells/g, 3% of the wet weight of the clams).

During the acclimation period, each clam was sawed a notch in its

shell near the adductor in order to facilitate the following procedure

of miRNA injection as described by Zhang et al. (2014) and Chen

et al. (2016). The mimics and inhibitor of miRNA-375 were

synthesized by GenePharma Company (Shanghai, China) and

diluted with filtered and sterile seawater.

Approximately 180 clams were divided into four groups, with 45

clams in each group. Based on the miRNA concentration used in the

oysters (Chen et al., 2016) and in consideration of the average weight

ratios of single clam to single oyster, 1 mM of each miRNA product

(Table 1) was prepared and used to challenge the clams. Given that

the clammiRNA-375 was upregulated after ammonia exposure (Tian

et al., 2023), an ammonia exposure group was also set in the present

study accordingly, parallel to the mimics group and the inhibitor

group, and used as a positive group. The expression level of miRNA-

375 after ammonia exposure was detected by qRT-PCR in a pre-

experiment of the present study, which came out at approximately

1.40 ± 0.27-fold to that of the control group. It was a value close to

that reported by Tian et al. (2023).

The first group of clams were injected with 100 mL of negative

control miRNA into the adductor muscle by syringe with a needle
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and used as the negative control group. Similarly, each clam in the

second group received an injection of 100 mL of miRNA-375

mimics and used as the miRNA-375 mimics group. The clams in

the third group were injected with 100 mL of miRNA-375 inhibitor

and used as the miRNA-375 inhibitor group. The fourth group of

clams were injected with 100 mL of seawater and then cultured in

seawater added with 0.1 mg/L of NH3-N, and used as the positive

group (named as NH3-N group). Each group was set to three

replicate tanks, and the clam gills were sampled at 24 h post

challenge because most miRNAs can perform their regulatory

functions within 24 h (Tian et al., 2023; Mao et al., 2024). Five

clams in each group were used for quantitative RT-PCR detection,

with the sampled gills stored into Trizol. Another five clams in each

group were used to assay enzyme activities, with the sampled gills

stored in liquid nitrogen. In addition, three clams in each group
Frontiers in Marine Science 03
were picked and used for transmission electron microscopy

(TEM) observation.
2.3 RNA extraction, cDNA synthesis, and
qRT-PCR quantification of the target genes

Total RNAs were extracted from gill samples by using Trizol,

and their integrity and concentration were precisely measured by an

Agilent 2100 bioanalyzer. Then, mRNAs were reverse-transcribed

and synthesized following the protocol of TranScript® All-in-One

for qPCR and gDNA Remover and cDNA Synthesis SuperMix

(TransGen Biotech, China).

The expression levels of eight target genes of miRNA-375 and six

genes involved in ammonia nitrogen toxicity were tested in each group.
TABLE 1 Primers for the target genes, NH3-N toxicity-related genes, housekeeper gene, and the sequences of synthesized miRNAs.

Target genes Sequence (5′→3′) Product length (bp)

Target genes

Membralin
S: GAGCATGTGGATGGCTAGAAG
A: CACCTGGACGATGTCTACAATCTT

139

FAAH1
S: CGCTGGTTGTGTTCCTGTTAC
A: CAAGCCTGTGTCCTCCCAA

123

UNC-7
S: TCAATCTGTCCACCCAATCG
A: CTCGACTACTCCGAGTGACC

78

RDH16X2
S: CCTCAGAAAGTTGCCGACG
A: CAGTCCTTAATTTCCTCCCCT

187

Tensin
S: AGGTCGAGCAAAGAAAGCTATTG
A: CTCACATTTACACCCTTGGCTAC

182

TRH
S: AGTTGGCTGCACCAGAAAGCT
A: GAAGAACGGCAAGGACTAGAA

240

SMCT1X
S: TATCGCTTATGTGCCGTAGAG
A: CTGTAGACGAAGGAGCGGA

269

N-WASPX4
S: GATGTAAGGCATTAGCCACCA
A: CGCAAGTAAGAAATAGGCGA

135

Housekeeper gene Beta-actin S: CTCCCTTGAGAAGAGCTACGA
A: CCCATACCTTAGACGACCATAG

120

Toxicity-related genes

Bcl2-1 S: TTGCGGGTGCTATGTCAGTG
A: GTTTCTTGATGCCATTCGTGTA

168

Na/Ca exchanger 3 S: GCTCAATCGGAAACATAAACG
A: CAGCACCACCGAACCAATAA

222

GS S: GCTGAAGTTATGCCAGGACA
A: CTTCCATAGGTTTCGGGTCT

151

TG1 S: CTTCCATAGGTTTCGGGTCT
A: GCACATAATACAGCGTTCCAAC

111

GPX-7 S: CCCAGCCTGGAAATATCTCA
A: TTTACCACCTCCCCATTGTC

93

Se-GPX-b S: TAGCATCCCTCTGAGGTACGA
A: CCTGATGTCCGAATTGGTTAC

117

miRNAs

Negative control
S: UUCUCCGAACGUGUCACGUTT
A: ACGGACACGCGGAGAATT

miR-375 mimics
S: UUUGUUCGUUCGGCUCGCGUUA
A: ACGCGAGCCGAACGAACAAAUU

miR-375 inhibitor UAACGCGAGCCGAACGAACAAA
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The target genes included membralin (Membralin, XM_060695276),

fatty-acid amide hydrolase 1 like (FAAH1, XM_060752551), innexin

unc-7 (UNC-7, XM_060734619), retinol dehydrogenase 16 isoform X2

(RDH16X2, XM_060742233), tensin-1 like (Tensin, XM_060739587),

thyrotropin-releasing hormone (TRH, XM_060711906), sodium-

coupled monocarboxylate transporter1-like isoform X (SMCT1X,

XM_060722458), and the neural Wiskott-Aldrich syndrome protein

isoform X4 (N-WASPX4, XM_060727258). The NH3-N-toxicity

related genes included B-cell lymphoma-2 1 (Bcl2-1, KC506418),

Na+/Ca2+ exchanger 3 (Na/Ca exchanger 3, XM_060697531),

glutamine synthetase (GS, XM_060748742), transglutaminase 1

(TG1, XP_060573211), glutathione peroxidase 7 (GPX-7,

GQ384395), and selenium-dependent glutathione peroxidase (Se-

GPX-b, MH085059). The primers for each gene were designed by

the Primer Premier5.0 software and listed in Table 1. PerfectStart®

Green qPCR SuperMix (TransGen Biotech, China) was used to amplify

the target genes in Real-time PCR Systems (Bio-Rad CFX96) and

calculated by the 2−DDCt method.
2.4 Assay of the related parameters

Test kits from Jiancheng Co., Ltd (Nanjing, China) were used to

detect Ca2+-ATPase activity and the contents of MDA and glutamate

in gill tissues. For each sample, 25 mg of clam gill was homogenized,

centrifuged, and assayed under a multifunctional microplate reader

according to the kit instructions. Last, the total protein concentration

in each sample was determined by the Bradford protein quantification

kit (Nanjing, China) and used to normalize the above parameters

(expressed as units per milligram of protein) in each sample.
2.5 Electron microscopic observation on
the clam gills

The clam gills were taken by surgical scissors, quickly washed

with PBS buffer solution, and cut into small pieces (1 mm×1 mm).

Then, the gill fragments were stored in 2.5% glutaraldehyde and

prepared according to the normal protocols for ultrathin slices

described in a previous study (Cong et al., 2021). After a series of

fixation, dehydration, embedding, and hardening procedures, the

gills were cut into slices with 70 nm thickness and finally stained by

uranyl acetate and alkaline lead citrate. Then, the slices were

observed under a high-resolution TEM (JEM1200, Japan).
2.6 Statistical analysis

Each clam was used as one individual sample in the parameter

tests and qRT-PCR quantification, and all the data were subjected to

one-way ANOVA followed by least significant difference (LSD)

analysis by using SPSS19.0. The statistical significances were defined

at p < 0.05. Origin 2024 is employed to process the experimental

data into box diagram.

To discriminate the differences in damage among the exposed

groups well, semiquantified methods (Riba et al., 2004) were used to
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grade the gill lesion in each group by detecting the frequency of

several kinds of histological alterations. These alterations included

occurrences of necrotic organelle, empty vacuole, myeloid body,

deformity in mitochondria, secondary lysosome, affected goblet

cells, and deformed cilia. Based on the semi-quantitation values,

lesion frequencies in each group were graded with the following

criteria to assign a score: 0 (−), 0.5 (+/−), 1 (+), 2 (++), and 3 (+++).

Histopathological damage was calculated as total scores/number

of indices.
3 Results

3.1 The characteristics of hairpin structure
of miRNA-375

There were 101 bases in the miRNA-375 precursor sequence

that started at U (UAGAGAAAAGUGGUCGCCAACUG

ACCCGAGCCGUUUGUAACAAGGCUUAAAUUACAAUGU

UUUGUUCGUUCGGCUCGCGUUACAAAGGCUGACAAAG

UCGU), containing a mature sequence (UUUGUUCGUU

CGGCUCGCGUUA) of 22 bases in length. The characteristic

hairpin structure of miRNA-375 precursor is shown in Figure 1.

Several motifs were found in the miRNA-375 precursor in its stem

loop structure, including three loops and two bulges.
3.2 Effects of miRNA-375 mimics and
inhibitor on the expression levels of the
related genes

3.2.1 Variation profiles of miRNA-375’s
target genes

Among the eight target genes (Figure 2A), no significant

differences were detected in membralin and SMCT1X, although

slight up- or downtrends were observed in their expression profiles.

Significant differences were detected in the other six genes, namely,

FAAH1, UNC-7, N-WASPX4, RDH16X2, Tensin, and TRH.

For FAAH1, significant increments of its mRNA expression

were detected after exposures to NH3-N and miRNA-375 inhibitor

(p < 0.01 and p < 0.01, respectively). It indicated that knockdown of

miRNA-375 induced similar upregulation of FAAH1 transcription

to that after NH3-N exposure. Slight downregulation (p > 0.05) of

FAAH1 expression was detected in the miRNA-375 mimics group.

For UNC-7, significant downregulations levels were detected

after exposures to NH3-N (p < 0.01) and miRNA-375 inhibitor

(p < 0.05), indicating their negative regulations on UNC-7

expression. However, no significant difference was detected in the

miRNA-375 mimics group.

For N-WASPX4, no significant difference was detected in the

miRNA-375 mimics group and the NH3-N group, but a significant

increment was observed in the miRNA-375 inhibitor group

(p < 0.05), compared with the control group. It indicated that

upregulation of miRNA-375 contributed to the stable expression of

N-WASPX4, and an unbalanced expression would occur once

miRNA-375 was knocked down.
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For RDH16X2, a significant increment of its mRNA expression

was detected in the miRNA-375 mimics group (p < 0.05). Although

a slight increment and decrement were detected in the miRNA-375

inhibitor group and NH3-N group, respectively, there were no

significant differences in each of them. It suggested that NH3-N

exposure had a slight negative effect on the expression of RDH16X2,

but miRNA-375 mimics had positive regulation instead.
Frontiers in Marine Science 05
For Tensin and TRH, significant upregulations were only

detected in the miRNA-375 inhibitor group (p < 0.01 and p <

0.001, respectively). Slight but not significant variations were

detected in the miRNA-375 mimics group and the NH3-N group.

It indicated that miRNA-375 mimics played important roles to

maintain the transcriptional stability of Tensin and TRH, and these

two genes would significantly increase their expressions once

miRNA-375 expression was inhibited.

3.2.2 Variation profiles of six genes related to
NH3-N toxicity

The expression profiles of six genes related to NH3-N toxicity

are shown in Figure 2B. Bcl-2 expression significantly increased in

the miRNA-375 mimics group (p < 0.001) and the NH3-N group

(p < 0.001), but decreased in the miRNA-375 inhibitor group

(p < 0.001). The expression levels of Bcl-2 in the mimics group

and in the NH3-N group were both significantly higher than those

in the inhibitor group (p < 0.001 and p < 0.001, respectively).

The expression levels of Na/Ca exchanger 3 significantly

decreased in the three stressed groups (p < 0.001, p < 0.001, and

p < 0.001). However, the expression level of Na/Ca exchanger 3 in

the mimics group was significantly higher than that in the inhibitor

group and in the NH3-N group (p < 0.001 and p < 0.001).

Similarly, significant decrements of GS expression were detected

in the miRNA-375 mimics group (p < 0.001) and miRNA-375

inhibitor group (p < 0.001), and more decrement was detected in

the NH3-N group (p < 0.001).

For TG1 gene, a slight but not significant increment of

expression was detected in the miRNA-375 mimics group, and

significant decrements of mRNA expression levels were detected in

the miRNA-375 inhibitor group (p < 0.001) and the NH3-N group

(p < 0.001). The decrement was even lower in the inhibitor group

than that in the NH3-N group (p < 0.001).

For Gpx-7 gene, significant decrements of expression levels were

detected in all three stressed groups (p < 0.001, p < 0.001, and

p < 0.001). Comparatively, the expression level of Gpx-7 was

significantly higher in the mimics group than that in the inhibitor

group (p < 0.05) and the NH3-N group (p < 0.05).

For Se-Gpx-b gene, similar decrements of expression levels

occurred in the miRNA-375 mimics group (p < 0.001) and the

NH3-N group (p < 0.001). In addition, the decrement was even

lower (p < 0.001) in the inhibitor group, compared with the other

two groups.
3.3 Regulation of miRNA-375 on the
related parameters

Among the three cellular parameters, MDA contents

(Figure 3A) in the NH3-N group and the miRNA-375 mimics

group increased significantly (p < 0.001 and p < 0.001), indicating

that exposure of miRNA-375 mimics led to a similar increment of

MDA content to that after ammonia exposure.

Glutamate content (Figure 3B) decreased significantly in the

clams challenged by miRNA-375 mimics (p < 0.05). It suggested

that miRNA-375 mimics had a negative regulation on glutamate
FIGURE 1

Hairpin structure of miRNA-375 precursor. Note: The mature
sequences are traced in red.
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content. However, no significant change was detected in the NH3-N

group or the miRNA-375 inhibitor group.

Ca2+-ATPase activity (Figure 3C) showed a significant

decrement in the NH3-N group (p < 0.01). In the miRNA-375

mimics group and miRNA-375 inhibitor group, slight but not

significant increments were detected in Ca2+-ATPase activity.
3.4 TEM observation of the
gill ultrastructure

The ultrastructures of clam gills are shown in Figure 4. In the

negative control group (Figure 4A), most of the cells were intact and
Frontiers in Marine Science 06
tightly packed. Cell nucleus was stained clearly. Mucus particulates

were evident in the goblet cells, which scattered throughout the

epithelial cells. The gill tissue had strong muscle elements

surrounded by slender cilia and dense microvilli. There were

quite a few of round or oval mitochondria, with complete outer

membrane and neatly arranged crests. There were some Golgi

apparatus, swollen endoplasmic reticulum (ER), and some

secondary lysosomes.

In the miRNA-375 mimics group (Figure 4B), the gill structure

was seriously damaged. There were some scattered necrotic

organelles, large vacuoles, and myeloid bodies. Inside the gill cells,

some of the mitochondria were swollen with several deformed

characteristics, including an indistinct outer membrane and
FIGURE 2

Real-time PCR quantification of gene expressions for eight target genes and six genes involved in NH3-N toxicity. (A) Target genes; (B) NH3-N
toxicity-related genes. Notes: Different letters on top of the column means significant difference between the challenged group with the control
group. Asterisks denote significant differences between the exposed group and the control at the same time point, with one asterisk (*) at p < 0.05,
two asterisks (**) at p < 0.01, and three asterisks (***) at p < 0.001.
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broken internal cristae. Quite a few ERs were swollen. In addition,

primary lysosomes, secondary lysosomes, and autophagosome

appeared in the gill. Goblet cells became almost white with little

mucus particles inside. Some of the microvilli became swollen.

In the miRNA-375 inhibitor group (Figure 4C), the gill

structure was relatively complete, with quite a few mitochondria

and slender cilia. Although the goblet cells were stained lightly,

some mucus particles were still discerned. Many secondary
Frontiers in Marine Science 07
lysosomes were observed inside the gill epithelial cells.

Autophagosome was also detected in the gill. Some of the

mitochondria were in contorted shapes. In addition, the cilia were

arranged in good order but some microvilli were swollen.

In the NH3-N group, the gill ultrastructure was seriously

damaged (Figure 4D). Part of the gill had loose and broken cilia,

and the microvilli became loose as well. Cell membranes of some

epithelial cells disappeared, with fragmented intracellular

organelles. The whole gill was in a disordered state. There was

severe deformation in mitochondrial structure, including swelling,

vacuolation, blurred outer membrane, and disordered inner cristae.

The mucus particles inside the goblet cells were stained shallowly.

In addition, there were several autophagosomes, secondary

lysosomes, phagosomes, and myeloid bodies.

Comparison of histopathological damage among different

exposures by semi-quantitation (Table 2) revealed that the

frequencies in the negative control, miRNA-375 mimics, mimics-

375 inhibitor, and NH3-N groups were 1.14, 2.28, 1.64, and 2.42,

respectively. Thus, histological damage in the miRNA-375 mimics

group was close to that in the NH3-N group, and histological

damage in the miRNA-375 inhibitor group was close to that in

the negative group.
4 Discussion

MiRNAs play important roles to regulate protein translation at the

post-mRNA level. MiRNA-375 is a known miRNA in the vertebrate,

with various roles such as apoptosis inhibitor (Li et al., 2021; Noronha

et al., 2022), agent to cure lung cancer (Du et al., 2023), regulator to

beta-cell development (Latreille et al., 2015), immunity inhibitor, and

promoter to cell carcinogenesis (Mao et al., 2016). However, there is no

study about miRNA-375 involved in the stress response, especially in

the invertebrate upon ammonia exposure. Hence, the present study

would provide important insights into the regulative roles of miRNA-

375 on the marine bivalve.
4.1 Regulation effects of miRNA-375 on
gene expression

In the present study, six of the target genes exhibited significant

changes during the experiment. Firstly, miRNA-375 mimics

positively regulated the mRNA expression of RDH16X2, which is

responsible for retinol metabolism by converting retinol to retinoic

acid and can be used as a pro-metastasis biomarker in human

cancers (Kropotova et al., 2013, 2014; Li L. et al., 2023). Increased

expression of RDH16X2 in the miRNA-375 mimics group implied

that cancer would be promoted to migrate in the clams. Although

there was no cancer reported in the clams, it might imply that some

cancer-like substances would be produced and migrate in the clams

with the aid of increased miRNA-375.

Additionally, miRNA-375 inhibitor positively regulated the

expression levels of four genes (FAAH1, N-WASPX4, Tensin, and

TRH) and negatively regulated one gene (UNC-7). Among them,
FIGURE 3

Contents of MDA and glutamate, and the activity of Ca2+-ATPase in
the clam gills. (A) MDA; (B) glutamate; (C) Ca2+-ATPase. Different
letters on top of the column means significant difference between
the challenged group with the control group. Asterisks denote
significant differences between the exposed group and the control
at the same time point, with one asterisk (*) at p < 0.05, two
asterisks (**) at p < 0.01, and three asterisks (***) at p < 0.001.
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FAAH1 is a fatty acid amide hydrolase and plays important roles in

neural activity, energy metabolism, immunity, reproduction, and

even tumor formation (Shi et al., 2024). In the present study, a

significant increment of FAAH1 in the miRNA-375 inhibitor group

was similar to that in the NH3-N group, implying negative

regulation of miRNA-375 on FAAH1 expression. It is reported
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that deletion of FAAH gene contributed to enhanced oxidative

stress to mice (Mukhopadhyay et al., 2011). Accordingly,

downregulation of FAAH1 in the miRNA-375 mimics group

would result in clams suffering from oxidative stress.

N-WASPX4 is the gene coding the neural Wiskott-Aldrich

syndrome protein, which is required for the accurate
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condensation and separation of chromosomes during mitosis. The

exposure of miRNA-375 inhibitor but not miRNA-375 mimics

significantly increased the expression of N-WASPX4. It implied that

miRNA-375 contributed to the stable expression of N-WASPX4 by

partially downregulating its expression. Depletion of N-WASP4 can

induce chromosomal misalignment and abnormal segregation,

especially during invasion and migration of tumor cells (Park and

Takenawa, 2011). Thus, overexpression of miRNA-375 would

hinder the normal mitosis and induce genetic aberrations.

Tensin-1 is a cell adhesion molecule that regulates cell adhesion,

migration, and proliferation by connecting the extracellular matrix

to the intracellular cytoskeleton (Lo, 2017). In this experiment,

slight downregulation was detected in the miRNA-375 mimics

group. However, a significant increment of Tensin-1 expression

was found in the miRNA-375 inhibitor group. It proved that

miRNA-375 negatively regulated Tensin-1 expression. Decreased

expression of tensin-1 implied reduced adhesive ability of cells to

the cytoskeleton and increased migration ability. Thus,

overexpression of miRNA-375 would promote migration of clam

cells, but migration of abnormal cells would probably induce bad

and even cancerous fate to the clams.

TRH is a thyroid-stimulating hormone gene, which is involved

in the regulation of synthesis and secretion of thyroxine to regulate

the development, growth, and cell metabolism of animals

(Chiamolera and Wondisford, 2009). In addition, invertebrate

TRH was involved in postembryonic growth and reproduction

(Van Sinay et al., 2017). In the present study, TRH expression in

the miRNA-375 group was not significantly changed; however, a

significant increment was detected in the inhibitor group. Hence, it

can be postulated that there were other factors that played a role in

the regulation of TRH, and miRNA-375 mainly contributed to

decrease TRH expression. Accordingly, increased expression of

miRNA-375 would probably result in inhibited growth or

reproduction in the clams. It needs further investigation in

the future.

Innexin UNC-7 is an important member of invertebrate gap-

junction proteins for embryonic development, morphogenesis, and

physiological regulation (Phelan et al., 1998). Knockdown of

miRNA-375 in the inhibitor group significantly downregulated
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the expression of Innexin UNC-7, similar to that in the NH3-N

group. It can be inferred that miRNA-375 mimics positively

regulated Innexin UNC-7 expression, such that overexpressed

miRNA-375 would probably result in cell disassembly and

facilitate their mobility.

In addition, the expression profiles of genes involved in

apoptosis, Ca2+ metabolism, glutamate metabolism, and

oxidation-reduction reaction helped to clarify the regulatory roles

of clam miRNA-375 more clearly. Bcl2-1 is an apoptosis suppressor

and plays important roles to inhibit apoptosis by regulating

mitochondrial Ca2+ homeostasis (Morris et al., 2021). In this

study, increased expression of Bcl2-1 revealed that cell apoptosis

was significantly inhibited in the miRNA-375 mimics and in the

NH3-N group. According to the observation result of the gill

structure, gill cells were found to be damaged in the miRNA-375

mimics and in the NH3-N group, such that inhibited apoptosis by

increased Bcl2-1 would probably induce apoptosis resistance to the

damaged cells.

Na+/Ca2+ exchanger is an antiporter in plasma membrane and

responsible for Ca2+ transportation by promoting Ca2+ efflux and

Na+ influx (Rodrigues et al., 2024). Increased expression of Na+/Ca2

+ exchanger can alleviate apoptosis by eliminating intracellular Ca2+

(Xia et al., 2021). Although Na+/Ca2+ exchanger 3 expression was

inhibited in the three stressed groups, the relative increment in the

miRNA-375 mimics group indicated that Ca2+ efflux was promoted,

and accordingly, apoptosis was reduced by increased miRNA-375

expression. It was in accordance with the postulation from

increased Bcl2-1 gene and probably resulted in apoptosis

resistance for the clam cells.

It is reported that the NMDA-type glutamate receptor is the main

target for ammonia nitrogen to induce toxicity by apoptosis (Randall

and Tsui, 2002). Thus, glutamate concentration is essential to

estimate the toxicity of ammonia nitrogen well. In the present

study, the concentration of glutamate significantly decreased in the

miRNA-375 mimics group, indicating that apoptosis caused by the

NMDA receptor was inhibited greatly by increased miRNA-375. In

order to prove the involvement of miRNA-375 during glutamate

metabolism, the expression levels of glutamine synthetase (GS)

and transglutaminase 1 (TG1) were tested after the miRNA-375
TABLE 2 Comparison of histopathological damage between different exposures by semi-quantitation.

Indices for histological lesion Negative control miRNA-375 mimics mimics-375 inhibitor NH3-N

Necrotic organelle −/+ ++ + +++

Empty vacuole +++ +++ +++ +++

Myeloid body −/+ + −/+ ++

Deformity in mitochondria + +++ ++ +++

Appearance of secondary lysosome ++ +++ +++ +++

Affected goblet cell −/+ +++ + +

Deformed cilia −/+ + + ++

Frequency of the lesions 1.14 2.28 1.64 2.42
*Minus and plus indicate the different degrees of lesions incidence. (−) means absent, with a semi-quantitation value between 0 and 0.2; (+/−) means sometimes, with a semi-quantitation value
between 0.2 and 0.4; (+) means frequent, with a semi-quantitation value between 0.4 and 0.6; (++) means very frequent, with a semi-quantitation value between 0.6 and 0.8; (+++) means always
present, with a semi-quantitation value between 0.8 and 1.0.
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challenge, because glutamine is a precursor of glutamate (Newsholme

et al., 2003) and transglutaminase is a downstream enzyme invoked

by glutamate (Campisi et al., 2003). The extreme decrement of GS

expression level in NH3-N exposure suggested that glutamine

synthesis was heavily inhibited, in accordance with previous studies

(Cong et al., 2017). Although GS expression was also significantly

decreased in the miRNA-375 mimics group, a similar decrement in

the miRNA-375 inhibitor group indicated that miRNA-375 was not

the main regulatory factor for GS decrement. However, a significant

increment of TG1 expression was detected in the miRNA-375 mimics

group compared with the other two stressed groups (especially the

miRNA-375 inhibitor group), indicating that miRNA-375 positively

regulated TG1. It was reported that high levels of transglutaminase

activities were associated with cell survival after external stimuli

(Ientile et al., 2007). Thus, increased miRNA-375 would probably

extend the lifespan of the damaged gill cells.

Glutathione is the main kind of antioxidant present in all of the

cells, but its metabolism was affected by ammonia nitrogen

exposure (Tian et al., 2023). Gpx and Se-Gpx were two

antioxidant enzymes related to glutathione. In the present study,

significant decrements were all found in the three stressed groups

for Gpx-7 and Se-Gpx-b, in accordance with previous results (Tian

et al., 2023). However, significant increments of both Gpx-7 and Se-

Gpx-b were detected in the miRNA-375 mimics group compared

with the inhibitor group, indicating that miRNA-375 inhibited

glutathione exhaustion. Besides its role in redox, recent studies

revealed that an elevated level of glutathione plays important roles

in cancer transformation (Kalinina and Gavriliuk, 2020). Thus, it

can be postulated that increased miRNA-375 increased the risk of

tumor formation in the clams.

Combining the variation profiles of its target genes and the

NH3-N toxicity-related genes, it can be concluded that the increased

expression of miRNA-375 would probably cause serious results to

the cells, such as oxidative stress, apoptosis resistance, migration of

damaged cells, and even increased possibility of tumor formation.

However, there were also some lessons about the miRNA–mRNA

interaction experiment. In the present study, eight target genes were

selected based on the computational prediction from the

miRNAomics data and the annotation of their biological functions

in clam genome. Among them, two genes (Membralin and SMCT1X)

did not change their expression upon any stress; hence, these two

genes needed further validation by experiment. To our knowledge,

there are several factors that affect the outcomes of the miRNA–

mRNA interaction, including target gene predication by

computational algorithms, genome annotation, and difference in

mRNA pools. Given the universal usage of computational

algorithms and a well-annotated clam genome (ASM2657151v2),

the major factor may be the difference in mRNA pools, because

different kinds of stimulation (e.g., immersion or injection) will

produce different profiles of differentially expressed mRNAs. In a

previous study, miRNA-375 was screened under an immersion

challenge, but injection was applied in the present study. Thus, such

difference in stimulation should be considered in a future experiment.
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4.2 Regulation of miRNA-375 on the
related parameters

It is known that changes in gene expression will cause changes

in protein translation, resulting in changes of downstream

physiological reactions. Thus, in the present study, key

parameters related to the tested genes’ functions were assayed to

explore the regulatory effects of miRNA-375 on the enzyme level.

Malondialdehyde (MDA) is the end product of polyunsaturated

fatty acid from peroxidation and can invoke cell damage by inducing

protein polymerization (Long et al., 2021). MDA content directly

marks the degree of cell damage (Arora et al., 2018). NH3-N exposure

can significantly increase the contents of reactive oxygen species

(ROS) (Cong et al., 2022); thus, MDA is suitable to indicate oxidative

damage by NH3-N exposure. In this study, significant increments of

MDA contents in the miRNA-375 mimics group implied that

increased expression of miRNA-375 caused significant oxidative

damage to the clams, as that after NH3-N exposure. It might be a

result of high oxidative stress from the downregulation of FAAH1

gene discussed in Section 4.1.

Glutamate is an excitatory neurotransmitter and plays important

roles in energy metabolism, signaling metabolism, and ammonia

metabolism (Brosnan and Brosnan, 2012). It can combine free NH3

and turn into glutamine to intoxication. In addition, glutamate is the

central substance to bind the NMDA-type glutamate receptor and

regulate apoptosis (Randall and Tsui, 2002). In the present study,

exposure to miRNA-375 mimics resulted in a significant decrease in

glutamate content, while no significant change was detected in the

NH3-N group. Thus, increased expression of miRNA-375 will cause

more toxicity to the gill cells by free ammonia, but alleviate apoptosis

of the damaged cells. Therefore, we speculated that overexpressed

miRNA-375 inhibited ammonia detoxification and led to apoptosis

resistance, which might be the result of increased expressions of Bcl2-

1, Na+/Ca2+ exchanger 3 and TG1.

Ca2+-ATPase is a cation transporter responsible for Ca2+

metabolism, and significant changes in Ca2+-ATPase activity

represented a marked disturbance of Ca2+ metabolism in

mitochondria (Marchi et al., 2018). In the clams, Ca2+ concentration

and Ca2+-ATPase activities decreased significantly after NH3-N

exposure (Cong et al., 2019, 2022). In the present study, Ca2+-ATPase

activities in the miRNA-375 mimics group and inhibitor group did not

change significantly compared to that in the NH3-N group. It suggested

that not only overexpression but also knocking down of miRNA-375

could regulate Ca2+-ATPase activity slightly; hence, there should be

other factors that co-regulate Ca2+-ATPase in the clams.
4.3 Different degrees of damage of
external exposure on the ultrastructure of
clam gill

The changes in gill tissue structure reflect the degree of damage

from external adverse factors. In the negative control group, the gill
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cells were found in a relatively healthy state with an intact cell

structure, clearly stained nucleus, goblet cells with evident

particulate substance, slender and intensive cilia, ER and Golgi

apparatus with complete structures, and intact mitochondria with a

neatly arranged inner membrane. The appearance of secondary

lysosomes might result from the clearance of negative control

miRNA. No extra damage was found around the secondary

lysosomes, indicating that the damage from the negative control

miRNA was limited. However, different degrees of damage were

detected in the other three groups.

Among the different groups, the gill structure in the NH3-N

exposed group was the most heavily damaged. Broken cilia and

loose microvilli suggested that gill functions of respiration and food

filtering were undoubtedly affected by ammonia exposure, as

elucidated in a previous study (Cong et al., 2019). Deformation in

mitochondrial structure (including swelling, vacuolation, blurred

outer mitochondria, and confused internal crest) suggested that

mitochondrial functions, such as ATP production and calcium

metabolism, were probably affected by ammonia exposure.

Furthermore, mitochondrial damage also implied that more ROS

were produced during the oxidative phosphorylation process, which

would cause oxidative damage to the clams. This hypothesis was

proved by the increased content of MDA. In addition, ammonia

nitrogen exposure led to the occurrence of primary lysosomes,

secondary lysosomes, and phagosomes in the gill tissue. Lysosome is

known as the main organelle to maintain cell homeostasis by

digesting endogenous or exogenous particles, such as cell debris

or pathogenic bacteria (Yang and Wang, 2021). Accordingly, the

increased number of lysosomes suggested that many of the cellular

organelles were destroyed by ammonia nitrogen exposure; thus, the

clams used lysosomes and phagosomes to remove the damaged

tissues. However, myeloid bodies were detected in the NH3-N

group. Myeloid bodies are surrounded by unit membranes with

piles of threaded or reticular membranous bodies, which are

abnormal lysosomes (Cornell and Leung, 2021). Hence, the

occurrence of myeloid bodies indicated that the lysosomal

functions in clearance and immunity would be partially inhibited

by ammonia nitrogen exposure. Moreover, secretory mucus

particles in goblet cells were stained lighter after ammonia

nitrogen exposure, indicating that the clam immunity was

probably decreased after ammonia nitrogen exposure, because

goblet cells play important immune roles in mucosal surfaces

(Knoop and Newberry, 2018).

Comparatively, exposure of miRNA-375 mimics caused severe

histological damage to the clam gills. First of all, there were necrotic

organelles and scattered cells, which meant that the gill structure

was seriously damaged, making it hard for the gill cells to function

normally. Furthermore, the presence of abnormal mitochondria

showed that miRNA-375 mimics would not only interfere with the

normal functions of mitochondria, but also produce more ROS and

cause heavy oxidative damage to the cells. The significantly

increased MDA content were in accordance with such inference.

In some goblet cells, the mucus particles almost disappeared, which

would lead to decreased immunity to the clams. The occurrence of a
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large number of primary lysosomes, secondary lysosomes, and

autophagosomes inside the cells indicated that exposure of

miRNA-375 mimics resulted in cellular debris, which needed to

be removed through phagocytosis. The disordered state of gill tissue

might be the result of oxidative damage from increased MDA

content, as elucidated in the miRNA-375 mimics group (Section

4.2). In addition, it may be the combined results from significant

changes in RDH16X2, tensin-1, and Innexin UNC-7 (Section 4.1)

that would cause the damaged cells in a disordered state and

facilitate them to migrate around.

In contrast, the histological damage was not so serious in the

miRNA-375 inhibitor group. In general, the gill structure was

relatively complete. The well-ordered cilia and intensive microvilli

would enable the clam gills to perform respiration and feeding

functions. The discernable mucus particles in the goblet cells would

help the clams to defend against foreign pathogens. However, some

deformed mitochondria would hinder the clams from attaining

efficient ATP production and calcium metabolism. Moreover,

occurrences of empty vacuoles and secondary lysosomes indicated

that some organelles were destroyed by miRNA-375 inhibitor

exposure but can be cleared by the lysosomes through

phagocytosis and auto-phagocytosis.

In summary, increased expression of miRNA-375 induced

significant changes in genes, resulting in oxidative damage

(FAAH1, Gpx-7, and Se-Gpx-b), apoptosis resistance and Ca2+

transportation (Bcl2-1, TG1, and Na+/Ca2+ exchanger 3), genetic

aberrations (N-WASP4), and cancer migration (RDH16X2, tensin-1,

and Innexin UNC-7). Increased expression of miRNA-375 also

resulted in significant changes in cellular parameters related to

oxidative damage (MDA) and glutamate metabolism. As a result,

clam gills suffered from oxidative damage and exhibited a

disordered and scattered state with abnormal organelles. Thus,

clam miRNA-375 probably acts as a cancer promoter but not

an inhibitor.
5 Conclusion

In this study, the regulative mechanism of miRNA-375 was

investigated at the gene, cell, and tissue levels, respectively.

Increased expression of miRNA-375 induced oxidative damage to

the clam cells, messed the tissue structure, but inhibited apoptosis

and promoted migration of the damaged cells, which probably

resulted from the significant changes in genes related to oxidative

damage, apoptosis resistance, Ca2+ transportation, genetic

aberrations, and cancer migration. Therefore, increased

miRNA-375 probably brings a disastrous fate to the clams

(R. philippinarum).
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Aznalcóllar mining spill. Mar. pollut. Bull. 48, 153–163. doi: 10.1016/S0025-
326X(03)00392-8

Rodrigues, T., Ramos, V., do-Prado-Souza, L. F. L., and Tersariol, I. (2024).
“Emerging Roles of Sodium/Calcium Exchangers in Cancer,” in Handbook of Cancer
and Immunology. Ed. N. Rezaei (Springer, Cham). doi: 10.1007/978-3-030-80962-
1_362-1

Shi, Y., Wu, S., Zhang, X., Cao, Y., and Zhang, L. (2024). Lipid metabolism-derived
FAAH is a sensitive marker for the prognosis and immunotherapy of osteosarcoma
patients. Heliyon. 10, e23499. doi: 10.1016/j.heliyon.2023.e23499

Tian, W., Li, Y., Li, Z., Lv, J., and Cong, M. (2023). Comparative analysis of
microRNA expression profiles in clam Ruditapes philippinarum after ammonia
nitrogen exposure. Aquat. Toxicol. 261, 106624. doi: 10.1016/j.aquatox.2023.106624
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