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Abstract Calcium (Ca?*)-based signaling is vital for responses to environmental stress, with mitochondrial Ca homeostasis being
extremely sensitive to changes in cell status. However, the mechanisms by which waterborne ammonia affects mitochondrial Ca dy-
namics in crustaceans remain unclear. This study examined the impacts of ammonia exposure on mitochondrial Ca?* homeostasis in
the hemocytes of the swimming crabs, Portunus trituberculatus. Crabs were exposed to varying ammonia concentrations (0, 1, 5, 15,
and 45 mg/L) for 24 h and different durations (0, 6, 12, 24, and 48 h) with 15 mg/L ammonia to assess the dose- and time-dependent
impacts. Hemocytes were analyzed for Ca2* status and the role of the mitochondrial Ca2" uniporter (MCU) in maintaining it. Ammo-
nia significantly disrupted mitochondrial Ca?* homeostasis, inducing Ca?* overload in the mitochondria and endoplasmic reticulum
(ER), reducing cytosolic Ca?" levels, and increasing MCU and sarcoplasmic/ER Ca?*-ATPase (SERCA) expression. These changes
were coincident with impaired ATP production, enhanced opening of the mitochondrial permeability transition pore (mPTP), ROS-in-
duced oxidative stress, and loss of membrane potential. MCU inhibition with ruthenium red markedly reduced mitochondrial Ca over-
load, mPTP opening, autophagic cell fraction, and apoptosis induced by ammonia. These findings suggest that MCU-mediated Ca2*
homeostasis is crucial for maintaining mitochondrial function in crustaceans under ammonia-induced stress. The study underscores
the importance of understanding environmental adaptive mechanisms in aquatic organisms and proposes potential strategies to miti-
gate ammonia toxicity by targeting the MCU pathway.
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sistance to pathogens (Liu et al., 2020; Zhao et al., 2020;
Li et al., 2023a). Substantial hemocyte damage induced
by HAEs includes a reduction in the total hemocyte count
(THC) and intensification of the apoptotic processes.
However, the underlying mechanisms remain ambiguous,

1 Introduction

Excess ammonia-nitrogen (N) in natural or aquaculture
ecosystems is a consequence of anthropogenic activities,

including wastewater discharge and feeding practices. The
detrimental effects of ammonia on aquatic animals, in-
cluding tissue damage, metabolic suppression, and even
reduced growth and survival (Zhao et al., 2020; Parvathy
et al., 2023; Zhang et al., 2023), have been extensively
documented over the past few decades.

Immune suppression is a typical response to ammonia
stress in crustaceans. However, these animals lack an
‘adaptive immune system’ specific to ammonia and in-
stead rely on the innate immune response against patho-
gens (Huang and Ren, 2020; Patnaik et al., 2024), of
which hemocytes are essential regulators. Therefore, main-
taining hemocyte homeostasis is vital for the well-being
of crustaceans, which can be jeopardized by exposure to
high-ammonia environments (HAEs), suppressing the re-
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with several studies proposing that the accumulation of
reactive oxygen species (ROS) and subsequent oxidative
stress may be involved (Pinto et al., 2016; Liu et al.,
2020; Li et al., 2023D).

ROS accumulation is closely associated with calcium
(Ca%") overload (Antonucci et al., 2021; Jomova et al.,
2023), an intracellular Ca2" status that cannot be main-
tained normally and therefore results in abnormal cell
function (Vassalle and Lin, 2004). Mitochondria serve as
a substantial Ca?" reservoir and a pivotal nexus in the
Ca?*-based signalling network within cells, attributable to
their remarkable capacity for Ca?* influx or efflux (Feiss-
ner et al., 2009). The mitochondrial CaZ* uniporter (MCU)
acts as a highly selective channel, localized in the inner
mitochondrial membrane (IMM). It is composed of seve-
ral structural domains, including coiled-coil transmem-
brane domains (TMDs). It forms a channel for Ca2t with-
in the MCU complex, in conjunction with the MCU para-
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log (MCUB), the essential mitochondrial response ele-
ment, the mitochondrial calcium uptake proteins 1, 2, and
3 (MICU1/2/3), and the MCU regulator 1 (MCURI) (Ne-
mani et al., 2018; Garbincius and Elrod, 2022). Mild Ca2*
uptake via the MCU can induce transient mitochondrial
membrane depolarization and a subsequent enhancement
in ROS production by the electron transport chain (ETC)
(Feissner et al., 2009; Angelova and Abramov, 2024).
Conversely, excess Ca?" influx via the opening of the mi-
tochondrial permeability transition pore (mPTP) can re-
sult in mitochondrial dysfunction and apoptosis. The
mPTP comprises multiple proteins located within the mi-
tochondrial membranes and in the matrix (Feissner et al.,
2009; Orrenius et al.,2015; Angelova and Abramov, 2024).

In crustaceans, the mechanism underlying mitochondri-
al Ca?" homeostasis remains a matter of debate. /n vitro
studies on isolated mitochondria have verified the ab-
sence of Ca?*-induced permeability transition in Artemia
franciscana (Menze et al., 2005) and several shrimp
species (Holman and Hand, 2009; Konrad et al., 2012;
Rodriguez-Armenta et al., 2021). This phenomenon may
be a strategy employed by crustaceans to circumvent
apoptosis (Martinez-Cruz et al., 2017). Intriguingly, the in
vivo induction of membrane permeability in the hemo-
cytes of Penaeus vannamei infected with WSSV has been
demonstrated (Martinez-Cruz et al., 2017), yet it has not
been replicated in vitro using isolated mitochondria (Chen
et al., 2011). Despite a recent study suggesting MCU-me-
diated mitochondrial Ca?* uptake in P. vannamei (Ro-
driguez-Armenta et al., 2021), the available evidence on
MCU-mediated mitochondrial Ca?* homeostasis and its
relationship with cell health remains limited and inconclu-
sive. This drawback hampers the advancement of our un-
derstanding of the response mechanisms of crustaceans to
ammonia.

The swimming crab, Portunus trituberculatus, is wide-
ly distributed across the north-western Pacific regions and
is a commercially vital crustacean species in China. Am-
monia exposure induced a decline in THC levels and
phagocytic activity in P. trituberculatus hemocytes (Yue
et al., 2010). Our previous work demonstrates that HAEs
damage the mitochondria of P. trituberculatus hemocytes,
accompanied by an increase in ROS levels and causing
apoptosis (Lu ef al., 2025). This finding suggests a close
relationship between mitochondrial status and hemocyte
health. Considering the key role of the MCU in mitochon-
drial function, it can be postulated that the dysregulation
of MCU-dependent mitochondrial Ca?* homeostasis
might exacerbate intracellular ROS-induced stress and the
consequent hemocyte apoptosis in P. trituberculatus. In
this study, crabs were exposed to HAE, and its effects on
MCU-mediated mitochondrial Ca?" homeostasis and the
associated processes, such as apoptosis, were assessed. To
the best of our knowledge, this study represents a pioneer-
ing exploration into the mechanism underlying MCU-de-
pendent mitochondrial Ca** regulation in the hemocytes
of crustaceans, and may contribute to an enhanced under-
standing of the processes by which crustaceans regulate
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their responses to environmental stress.

2 Materials and Methods
2.1 Crab Husbandry

Swimming crabs were procured from a local farm of
the Jiaonan district, Qingdao, Shandong, China. All crabs
weighed 115.4 g+22.1 g; n=300, and were sent to the la-
boratory at the Blue Valley Campus of the Qingdao Agri-
cultural University for an indoor simulation study. Indi-
viduals exhibiting no signs of illness or impairment were
selected and acclimated for a minimum of two weeks be-
fore the commencement of the experiment. During accli-
mation, the crabs were fed with fresh Ruditapes philip-
pinarum clams once daily and cultured in seawater main-
tained at 23 °C+1 °C and a salinity of about 30, under a
photoperiod of 14 h light:10 h darkness. Every day, half
of the seawater in each tank was replaced with fresh aerat-
ed seawater (pH=7.55-7.85, dissolved oxygen concentra-
tion>6.0 mg/L, and ammonia-N levels<0.2 mg/L).

2.2 Ammonia Exposure and MCU
Inhibitor Treatment

Healthy crabs at the intermolt stage were selected for
the ammonia exposure experiments. Based on our previ-
ous work (Lu et al., 2022), ammoniated seawater (total of
NH; or NH,4*) was prepared with a 30 g/L NH,4Cl stock
solution; ammonia concentration of the fresh seawater
was monitored and adjusted every day. For each trial, the
crabs were distributed equally among rectangular tanks,
90 cm*60 cm*60 cm. All chosen crabs were deprived of
food for 24 h before experiment initiation. The crabs were
starved during the ammonia exposure experiments. Crabs
in the control group were immersed in natural seawater
without any ammonia. Each group consisted of three
tanks, each representing one replicate.

Dose-dependent effect of ammonia: The ammonia con-
centration of the ponds could reach 46 mg/L during culti-
vation (Chen et al., 1988; Yuan et al., 2018). Therefore,
the ammonia levels in the present study were set at 0—
45 mg/L, per our previous study (Lu et al., 2022). In this
trial, 60 crabs were randomly divided into five groups (12
crabs/group; 4 crabs/tank). Each group was exposed to a
specific concentration of ammonia: 0 (control), 1, 5, 15,
and 45 mg/L, in a randomized order. Following 24 h of
exposure, three from each tank of each group, totaling
nine individuals, were randomly sampled.

Temporal impact of ammonia: Healthy crabs were ran-
domly and equally divided into two groups: ammonia ex-
posure and control groups (60 crabs/group; 4 crabs/tank).
The ammonia level was 15 mg/L, at which MCU elevat-
ed mRNA levels and enhanced protein expression during
the dose-effect experiments, accompanied by mitochon-
drial CaZ" overload. Before experiment initiation (0 h),
nine individuals were sampled. Then the crabs were
placed into tanks containing ammonia at the specified
concentrations. During the experiment, three from each
tank of each group, totaling nine crabs, were randomly
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chosen for hemolymph sampling at 6, 12, 24, and 48 h.

MCU Inhibitor Treatment: The MCU inhibitor ruthe-
nium red (RR, HY-103311; MedChemExpress LLC., NJ,
USA) was employed. Fresh working solutions were pre-
pared in 10 mg/mL in saline. A total of 45 crabs were ran-
domly divided into three groups (15 crabs/group): control
(normal seawater+saline injection), ammonia (ammonia
exposure+saline injection), and RR (ammonia exposure+
RR injection at 2 mg/100 g body weight). RR was inject-
ed at doses set according to pre-test results (Fig.S1). An
identical volume (220 plL) of all reagents was injected in-
to animals through the ventral sinus via the arthrodial
membrane at the base of the last pereiopod. The control
and ammonia group crabs were immersed in natural sea-
water without and with 15 mg/L ammonia, respectively.
From each group, nine crabs (three from each tank) were
randomly sampled, 24 h post-injection.

2.3 Hemolymph Collection and Sample Preparation

At each time interval (dose, temporal, and injection
trials), hemolymph (=8 mL) from each crab was collected
from the base of the ventral sinus across the arthrodial
membrane. It was then mixed with an anticoagulant solu-
tion (8 g/mL sodium citrate, 4.2 g/mL NaCl, and 20.5 g/mL
glucose; pH: 7.5) at 1:1 (v:v). Subsequently, the mixture
was filtered through a 70-pm nylon membrane to remove
cell debris. Next, the mixtures were centrifuged for 15 min
at 300xg and 4 °C to pellet the cells. The precipitate was
resuspended in PBS, and the cell density was adjusted to
1x10¢ cells/mL by quantifying the cells on a TC20™ cell
counter (Bio-Rad Laboratories, CA, USA). The suspen-
sion obtained was further analyzed.

In the dose trial, the samples of various tissues (the
gills, hepatopancreas, muscles, and heart) from the ammo-
nia-stressed crabs were collected at 0 and 24 h to detect
the diverse responses in MCU expression.

2.4 RNA-seq

Total RNA from the hemocytes in the ammonia-
stressed and control group crabs was extracted and se-
quenced. To ensure RNA yields sufficient for library pre-
paration, RNA samples from three crabs per tank were
mixed, obtaining three pooled samples for each group.
After assessing RNA quality, the cDNA libraries were
constructed and sequenced on a NovaSeq 6000 platform
(Illumina, CA, USA). After filtering the raw sequences,
clean reads were obtained and aligned to the reference
genome. The fragment per kilobase of transcript per mil-
lion mapped reads (FPKM) was calculated to identify the
differentially expressed genes (DEGs), which are defined
as those with a false discovery rate (FDR)<0.05 and abso-
lute fold change>2. Gene Ontology (GO) and pathway en-
richment analyses were then conducted. The detailed
method is available in the supplementary File S1.

2.5 Transmission Electron Microscopy (TEM)

Following a 24-h exposure to 15 mg/L ammonia dur-
ing the dose trial, 1x10% hemocytes were collected from

the control and treatment group crabs; one from each tank
was randomly selected. After centrifugation for 8 min at
500xg and room temperature, the pellets were fixed with
3% glutaraldehyde solution (G5882; Sigma-Aldrich, MO,
USA) for 24 h at 4 °C. Subsequently, they were subjected
to a series of ethanol dehydration steps, and then embed-
ded in Epon812 epoxy resin (Sigma-Aldrich). Following
incubation at 37, 45, or 65 °C for 24 h, cured samples
were collected, and ultrathin sections were obtained with
an EM UC6 Ultracut microtome (Leica Microsystems,
Wetzlar, Germany). Subcellular structural changes were
observed with a JEM-1200EX TEM (JEOL, MA, USA)
after uranyl acetate+lead nitrate staining.

2.6 MCU Bioinformatics

The MCU protein sequence (394 amino acids) was ob-
tained from NCBI (https://www.ncbi.nlm.nih.gov/; Ac-
cession no. XP_045122017). The MCU three-dimension-
al structure was predicted using the SWISS-MODEL
server (https://swissmodel.expasy.org/), and the structure
with the highest similarity to that of the query sequence
was selected as the potentially appropriate model. The
amino acid sequences from vertebrate and invertebrate
homologs (Table 1) were comprehensively aligned utiliz-
ing the DNAMAN software (https://www.lynnon.com/
dnaman.html) with the following parameters: full align-
ment, gap penalty set at 3, and k-tuple set at 1, while re-
taining<5 top diagonals for efficient sequence compari-
son. The phylogenetic tree was constructed based on the
coding region sequences (CDS) of the MCUs from vari-
ous species, by employing the Neighbor-Joining method
with 1000 bootstrap replicates and using the MEGA6
software (https://www.megasoftware.net/).

Table 1 Accession numbers of the MCU homologs
identified in various species

Species name Accession no.

Procambarus clarkii XP_069181617.1
XP 042239133.1
XP_047477134.1
XP 045122017.1
NP _001246647.1
NP_001257608.1
XP_025753054.1
NP_001070793.1
NP_001028431.2
XP 015002890.1
XP_037786946.1
XP_053629050.1
RZF40471.1
KAJ4445573.1
XP 021185393.1
XP 045498778.1
XP 023096312.1

Homarus americanus
Penaeus chinensis
Portunus trituberculatus
Drosophila melanogaster
Homo sapiens
Oreochromis niloticus
Danio rerio

Mus musculus

Macaca mulatta
Penaeus monodon
Cherax quadricarinatus
Laodelphax striatellus
Periplaneta americana
Helicoverpa armigera
Colias croceus

Felis catus

2.7 qRT-PCR

The total RNA was extracted from each hemocyte sam-
ple with the TransZol Up RNA Kit (ER501, TransGen
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Biotech) according to the manufacturer’s instructions. Af-
ter confirming the RNA quality and quantity on a Nano-
Drop 2000 (Thermo Scientific), it was reverse transcribed
into cDNA with the Evo M-MLV Reverse Transcription
Kit (11705; Accurate Biology (AcciBio), Guangzhou, Chi-
na).

The gene expression profile was determined using the
CFX96Touch™ gqPCR System and the SYBR® Green
dye (Bio-Rad, USA). The sequences of the primers used

are presented in Table 2. The reaction mix (20 pL) was
composed of 10 pL of 2x SYBR® Green Pro Taq HS Pre-
mix II, 2 pL of diluted cDNA, 0.8 pL each of the forward
and reverse primers, and 7.2 pL of DNase-free water. The
PCR program comprised an initial activation step at 95 °C
for 30 min, followed by 95 °C for 5 s (40 cycles) and
60 °C for 30 s. The relative gene expression levels were
calculated per the 272ACT method with S-actin as the inter-
nal control.

Table 2 Sequences of the primers used to amplify the target and reference genes

Gene Primer Primer sequence (5°-3") Accession no. Gene function
. F AGCGAGGCTACACCTTCAC .
p-actin R TCCAGGGAGGAGGAAGAAG XP 045117304.1 Housekeeping gene
F ACCACTCAGGCAGAACACT Calcium channel in the inner
mitochondrial membrane (Garbincius
Mcy R CCCTCAACCTACCTCACTC XP_045122017.1 and Elrod, 2022; Matuz-Mares et al.,
2022)
F AGTCTGCCAACTCGCTCTT Ca2*/H* antiporter in the inner
Leucine-zipper and EF-hand-containing XP 045129947.1 mitochondrial membrane (Garbincius
TransMembrane protein 1 (LETM1I) R CATTTATCCCAGCCACTCC - ’ and Elrod, 2022; Matuz-Mares et al.,
2022)
. F  AGGTTGGGCTCACAGACGC Pumps Ca2* into the ER/SR (Luciani et
2+
Sarcoplasmic/ER Ca?" ATPase (SERCA) R CTCTTGGAACGGACTGGAC XP_045110898.1 al., 2009; Loncke ef al., 2020)
F CCTACTCGCACCTTCTCAC Release Ca?t from the ER
Inositol trisphosphate receptor (/PR) R CTACGGCAATGCTGTTCTC XP _045113402.1 g(d)lzl(())l)anl et al., 2009; Loncke et al.,
Phosphoinositide-specific phospholipase F ATAGTTCGTTCACAGCCAC Endoplasmic reticulum Ca2* channels
; XP 045101169.1 open and release Ca2* into the
C(PLC) R GAAAGGCAGAAGTGCTAAA cytoplasm (Stefan, 2020)
Plasma membrane Ca2* ATPase F  CAGGGTTCCAGTCTTGTCT XP 0451334821 Transport Ca?* from the cytosol to the
(PMCA) R TGCCTTCATTATTGCTGTC - ’ external environment (Bruce, 2018)

2.8 Quantification of MCU Expression by ELISA

The MCU ELISA Kit (Omnimabs, CA, USA) was uti-
lized to quantify the expression of the MCU protein. In a
microtiter plate well, 10 and 40 pL of the sample and dilu-
ent, respectively, were mixed. After adding 100 pL of the
HRP-conjugate reagent, the mixture was incubated at
37 °C for 60 min. Each well was then washed five times
with the wash solution provided in the kit. The final reac-
tion system was added with 50 pL each of the chromogen
solutions A and B and dark-incubated at 37 °C for 15 min.
Finally, 50 puL of the stop solution was added, and the
ODysp was read on a Synergy™ multifunctional enzyme
plate analyzer (BioTek, Agilent Technologies Inc., CA,
USA). The protein concentration (mg/mL) was calculated
using a standard curve.

2.9 Flow Cytometry

Mitochondrial membrane potential (A¥m): 5,5°,6,6’-
tetracthylbenzimidazolocarbocyanine iodide (JC-1) exists
in a monomer state at a lower AWYm, whereas it forms
polymers (J-aggregates) at a higher AYm, within the mi-
tochondrial matrix. Estimating the change in AYm by
measuring the green (monomer) and red (aggregate) fluo-
rescence signal intensities constitutes a reliable method.
Following the protocol of the A¥m assay kit (Beyotime
Biotechnology, Shanghai, China), the hemocyte suspen-
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sion was combined with the JC-1 working solution in a
ratio of 1:1, and dark-incubated at 37 °C for 20 min. Fol-
lowing this, the mix was centrifuged at 600xg and 4 °C
for 4 min. The pellet was then washed twice with the
staining buffer (1x) and resuspended in it. The fluores-
cence of the final solution was measured at excitation/
emission wavelengths (Aex/Aem=EX/Em) of 525 nm/590 nm
with a CytoFLEX S flow cytometer (Beckman Coulter,
Inc., CA, USA).

mPTP opening: The opening of the mPTP was identi-
fied using a fluorescent probe, calcein AM (Ex/Em:
494 nm/517 nm), and an mPTP assay kit (Beyotime Bio-
technology). In brief, 1000 pL of a hemocyte suspension
was loaded with 100 pL of calcein AM and dark-incubat-
ed at 37 °C. Then the mixture was centrifuged at 1000xg
and room temperature for 5 min. The pellet was washed
with PBS and resuspended in 400 pL of the 1x assay
buffer for flow cytometry.

Intracellular Ca?* levels: The Ca?" flux in the hemo-
cytes was analyzed, by employing the fluorescent probes
Fluo-4 AM (Ex/Em: 490 nm/525 nm; AAT Bioquest, CA,
USA), Rhod-2 AM (Ex/Em: 540 nm/590 nm; AAT Bio-
quest), and Mag-Fluo-4 AM (Ex/Em: 494 nm/516 nm;
AAT Bioquest) to measure the Ca?" concentrations in the
cytoplasm, mitochondria, and endoplasmic reticulum
(ER), respectively. The procedures for using these three
dyes were analogous and followed the manufacturer’s
protocols. In summary, the appropriate working solution
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(1x) was added to a cell plate containing the suspension.
The dye-loaded plate was then dark-incubated at 37 °C
for 60 min. Thereafter, the working solution was replaced
with HHBS to remove the excess probes. The fluores-
cence intensity of the final solution was quantified with a
flow cytometer.

Intracellular ROS levels: The intracellular ROS levels
of the hemocytes in the injected crabs were detected by
using 2’,7’-dichlorodihydrofluorescein diacetate (H2D
CFDA; HY-D0940; Ex/Em: 488 nm/525 nm; MedChem-
Express). For the assay, 40 uL of the freshly prepared
H2DCFDA working solution was added to 400 pL of the
hemocyte suspension. The mixture was dark-incubated at
room temperature for 30 min, then centrifuged at 600xg
for 5 min. The pellet obtained was resuspended in PBS,
and the fluorescence intensity was detected on a flow cy-
tometer.

Hemocyte autophagy: The Cyto-ID® Autophagy Detec-
tion Kit (ENZ-51031-K200; ENZO Life Sciences, NY,
USA) was utilized to quantify the autophagy flux in the
hemocytes of the injected crabs by labeling the phago-
phores, autophagosomes, and autolysosomes. Per the ma-
nufacturer’s instructions, 400 uL each of the hemocyte
suspension and the Cyto-ID® working solution were mix-
ed and dark-incubated at room temperature for 60 min.
Subsequently, the mixture was centrifuged at 600xg and
room temperature for 5 min. The precipitate obtained was
washed with PBS and resuspended in 400 pL of the 1x as-
say buffer. The fluorescence intensity was determined on
a flow cytometer (Beckman Coulter), which was equipped
with an FITC channel. Using flow cytometry, the nega-
tive and positive cells that were unlabeled or labeled with
Cyto-ID® were distinguished. The ratio of cells labeled
with Cyto-ID® to the total number of cells was employed
to reflect the change in autophagy.

Measurement of apoptosis: The Annexin V-FITC Apop-
tosis Detection Kit (CA1020; Solarbio, Beijing, China)
was utilized to analyze apoptosis of the hemocytes from
injected crabs. A mixture containing 400 pL of the hemo-
cyte suspension and 5 pL of the Annexin V-FITC solu-
tion was dark-incubated at room temperature for 5 min.
After adding 5 pL of the PI solution and 400 uL of PBS, a
flow cytometry was conducted at a A¢, of 488 nm. Apop-
tosis was defined based on the percentage of hemocytes
exhibiting apoptotic characteristics, including cells in the
early and late apoptotic states (Annexin V-FITC or An-
nexin V-FITC+PI positive, respectively).

2.10 ATP Contents

The ATP content of the hemocytes from ammonia-
stressed crabs was determined with an ATP assay kit (Be-
yotime Biotechnology). For each sample, 200 pL of lysis
buffer was added to 500 puL of the hemocyte suspension.
After incubation for 10 min, the mixture was centrifuged
at 4 °C and 12000xg for 5 min. Of the supernatant, 20 uL
was mixed with 100 pL of the working solution. The lu-
minescence intensity was then measured with a spec-
trophotometer (BioTek Instruments, Inc., VT, USA). A

standard curve for ATP was plotted to calculate the ATP
levels in each sample.

2.11 Statistical Analysis

The data were normalized to the control group and ex-
pressed as the means+S.D. Statistical analysis of the data
used the SPSS 22.0 software (IBM, NY, USA). Pearson
correlation was employed to analyze the relationship be-
tween the changes in MCU and Ca?* homeostasis and
those in ROS, autophagic cell fraction (ACF), and apopto-
sis, which were assessed in our previous study. The Kol-
mogorov-Smirnov and Levene’s tests were used to ascer-
tain the normality and homogeneity of variances, respec-
tively. Then, an independent sample #-test or one-way
ANOVA followed by Tukey multiple comparisons test
was performed, with P<0.05 indicating statistical signifi-
cance.

3 Results

3.1 MCU Is Involved in Ammonia-Induced
Mitochondrial Damage

Figure 1 illustrates the impact of ammonia exposure on
the hemocytes at the transcriptome level. RNA-seq analy-
sis identified 226 downregulated and 138 upregulated
DEGs (Fig.1B). These gene expression profiles indicated
that more number of genes were downregulated post-am-
monia exposure (Figs.1C and D). Primarily, GO terms be-
longing to biological process, cellular component, and
molecular function were downregulated in the treatment
group (Fig.1G). The TEM images revealed conspicuous
damage to the hemocytes, including nuclear condensation
and mitochondrial swelling or vacuolization (Fig.1E). The
enriched mitochondria-related DEGs also indicated a
compromised mitochondrial state, as the expression of
most genes was suppressed (Fig.1F). However, the MCU
activity was enhanced. Consequently, it can be postulated
that ammonia may damage hemocytes by affecting MCU-
mediated mitochondrial CaZ* homeostasis.

3.2 Bioinformatic Analysis of MCU and Tissue-
Specific mRNA Expression

As the function of ptMCU has not been documented,
we initially analyzed the available bioinformatic data
(Fig.2). The predicted tertiary structure of the ptMCU was
mainly composed of a-helices, with a few random coils
and B-sheets (Fig.2A).

The multiple sequence alignment and phylogenetic tree
analysis results demonstrated that this protein exhibits
high levels of interspecies conservation, including Homo
sapiens, Drosophila melanogaster, Danio rerio, and P.
trituberculatus. However, it exhibited distinct characteris-
tics when compared to those of others, such as Cherax
quadricarinatus (Figs.2B and C). Additionally, ptMCU
exhibited tissue-specific expression patterns post-ammo-
nia exposure (Fig.2D), with the maximum upregulation
observed in the hemocytes.
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Fig.1 Analysis of hemocyte mitochondrial status using RNA-seq and transmission electron microscopy (TEM). (A) Work-
flow of the present study. After 24 h of ammonia exposure, the hemocytes were collected for RNA-seq and TEM imaging.
(B) Waffle chart indicates the differentially expressed genes (DEGs). (C) Volcano map of the DEGs. (D) Heatmap of the
DEGs. (E) TEM images displaying the subcellular structures of hemocytes. (F) Mitochondria-function-related DEGs that
were detected. The dysregulation of genes such as MCU indicates impaired mitochondrial functioning. (G) GO analysis of

the DEGs.

3.3 Dose and Temporal Effects of Ammonia on
Hemocyte Calcium Levels

Following exposure to varying concentrations of am-
monia, a notable alteration in the hemocyte Ca?* levels
was detected. Notably, ammonia exposure reduced the cy-

@ Springer

toplasmic CaZ* ([CaZ*]c) levels (F [4, 30]=968.633, P=0;
Fig.3B). Conversely, the total Ca2* levels were elevated in
the cell: [Ca?*];, ER: [Ca?*]gr, and mitochondria: [Ca?*]y,
(F [4, 30]=48.824, 315.579, and 194.874, respectively,
P=0; Figs.3A, C, D]. The [Ca?"],, exhibited distinct fluc-
tuations compared to [Ca?*]gg, with the former peaking at
5 mg/L ammonia, while the latter exhibited an incremen-



LIU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2026 25: 611-625 617
(A) (B) Procambarus clarkii EEVIYENT AYAYYV EIRDR 399
p-sheet Homarus americanus EPVIYENT AYAYYV EVRDR 269
Penaeus chinensis EPVIYENTYGEAIGAYAYYV DVRDR 286
Portunus trituberculatus EBVIYENT AYAYYV LLEDVEDR 317
Drosophila melanogaster EPVTYENTYGE TMBHYAYYC EDVENR 387
Homo sapiens EPVIYFETYGS. YAYFV EARDR 276
Oreochromis niloticus EFVIYE@T YAYEV DZRDR 284
Danio rerio EPVIYE@T YAYFV LYPDARDR 321
Mus musculus EPVIYFETYGS. YAYFV! EARDR 296
Macaca mulatta EPVIYEETYES. YAYFV! EARDR 297
Penaeus monodon DPXSELPHSHESKXSEGALESGKGMASREHSHTYSRERRE 518
Cherax quadricarinatus ~ EM.QRVATTIIRGVRQLELSKPYSSTFRATHAVMEXPYTT 73
Laodelphax striatellus .REFRNENPENSRETFVEN. RMXTTSATEALLBERPCRT 43
Coil Periplaneta americana LC.MEWIFTRLENKEIKNLKNCRSAT AILPEPRKT 43
Helicoverpa armigera 1§ . REVACSKNLTRHEHAICR . RTAT AILBEPEKT 43
Colias croceus ET.REALCCNINJRKENIESK.RTAT AILBEPEXKT 43
Procambarus clarkii QFLICFHER . ARKEGMNIERYNVERNRL .BELCDICRIR 437
Homarus americanus QFLLCFHKR . AKKEGMDIGKYNVERNRL .BELECDIERIR 307
Penaeus chinensis QELLSEHRK . AKKEGMNVSCYNBERNCL .BELESDIRRLR 324
Portunus trituberculatus ~ QELLCEEKK.AR NVERYNMEXNRL . BELHEDIDRIR 355
M l Drosophila melanogaster EESLSLYRN.BX DVEHYNBEXRKS .BELEYNLRRIN 425
(©) 33 us muscutus a Homo sapiens QYLLFFHKG.AKKSREDLEKYNCEXDAI .ACAEMDIKRIR 314
100 M. latt 4 Oreochromis niloticus QYLLFEHKG.VKRTREDIERYNKERDDI.BEVELDIKRIR 322
acaca mulatta 1 Danio rerio QYLLFFHRG .AKRTREDIERYNKEXDAI.BEAELDIKRLR 359
99 Homo sapiens e} Mus musculus QYLLFFHKG.AKKSREDLEXKYNCEKDAI.BCAEMDIXKRIR 334
Macaca mulatta QYLLFFHKG.AKKSREDLEKYNCERDAI.BCAEMDIKRILR 335
56 Oreochromis niloticus 4= Penaeus monodon HESDVIDRSDTESHASDLSODSBWSNDSTVSSSASTSATY 558
4' ) ) Cherax quadricarinatus ~ KET........ GYMGVTVATSMBEFTG. .BEISENIASEL 103
74 Danio rerio = Laodelphax striatellus ~ PE......... clEcvcavvEBlLTc. HATSENIANEL 72
100 . Periplaneta americana - (R G VFAVIBBELIG..BNISEKIANEL 72
Drosophilam elanogaster s Helicoverpa armigera . [ GLEGEVMAVVEBHLIG. .BAISENIANEL 72
. . ias croceus ~ PBE......... VVAAV G
Portunus trituberculatus %% Colias croceus PE GLESVVAAVIFGELIG. .BAISENIANEL 72
51 Penaeus chinensis P o (D) 1.25 ¢ -}}1
4
=
53 { Procambarus clarkii = £ £
94 Homarus americanus % % 1.00
e
Penaeus monodon % o d e
2 dt
. . S C
Cherax quadricarinatus {f =] c ¢ T
) ) = 075} b
93 Periplaneta americana = S a @
77 Colias croceus g § ﬂ ﬂ
77 Laodelphax striatellus @ 0.50 B e - .
= SESAS: b‘&@\@o@b@‘b S
52 Helicoverpa armigera F N ™ O L & g
5 < P
& ,\3} % ) 38
Q\Q %?Jé &
O
be ¥

Fig.2 Structure prediction, homology analysis, and tissue-specific expression of MCU in P. trituberculatus. (A), predic-
tion of the ptMCU structure using SWISS-MODEL; (B), multiple sequence alignment of the MCUs from vertebrate and
invertebrate species; (C), a phylogenetic tree constructed using MEGAG6; (D), ammonia-induced fold changes in ptMCU
mRNA expression (relative to the levels before ammonia exposure) in different crab tissues. The lowercase letters above
the columns indicate significant differences in the ammonia-induced fold change in ptMCU expression between tissues

calculated via ANOVA and multiple comparisons.

tal increase with ammonia dose (Figs.3C and D). Ammo-
nia exposure increased mPTP opening in the mitochon-
dria (F [4, 30]=76.954, P=0; Fig.3E), reaching a maxi-
mum at 15 mg/L ammonia. However, the AYm was ele-
vated at <5 mg/L ammonia yet suppressed at 15 and
45 mg/L (F [4, 30]=450.462, P=0; Fig.3F).

A discernible alteration in the hemocyte Ca?" homeo-
stasis was observed in response to ammonia exposure
(Fig.4). As the concentration of ammonia rose, the [Ca2*];
elevated (F [4, 30]=44.512, P=0; Fig.4A), but the [Ca?]c
declined (F [4, 30]=270.473, P=0; Fig.4B). The [Ca?"]gr
and [Ca?*],, were also elevated by ammonia but exhibited
an initial increase followed by a decrease, reaching their
highest levels at 6 to 12 h (F [4, 30]=68.878 and 255.006,
P=0; Figs.4C, D). Maximal mPTP opening and A¥m loss
occurred within 12 h of ammonia exposure (£ [4, 30]=
57.643 and 52.199, P=0; Figs.4E, F). After 24 h of expo-
sure, the A¥m, however, returned to a level below that of

the control (Fig.4F).

3.4 Dose and Temporal Effects of Ammonia on
Ca?*-Related Genes

Ammonia-induced stress significantly reduced the
mRNA levels of LETM and IPR (F [4, 30]=301.370 and
224.549, P=0). The LETM expression levels reached their
minimum at 5 mg/L ammonia (Fig.5A), while those of
IPR were inversely correlated with ammonia concentra-
tions (Fig.5B). In contrast, the mRNA levels of the re-
maining candidate genes elevated in response to ammo-
nia. PLC expression exhibited a notable direct proportion-
ality with ammonia levels, except for a slight decline at
1 mg/L (F [4, 30]=63.915, P=0; Fig.5C). The PMCA,
ptMCU, and SERCA mRNA contents reached a maxi-
mum at 15 mg/L ammonia, with marked variations be-
tween treatments (F [4, 30]=417.898, 1939.207, and
289.865, P=0; Figs.5D, F, and G). Moreover, the ELISA
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Fig.3 Dose-dependent effect of ammonia on Ca" homeostasis in hemocytes. (A), total Ca2* level in hemocytes; (B), cyto-
plasmic Ca2* level; (C), mitochondrial Ca2* level; (D), endoplasmic reticulum Ca2* level; (E), opening of mPTP; (F), A¥m.
All data were expressed as a fold change compared to the control levels (exposure to 0 mg/L ammonia).

131 (a) < 12r ®) T‘; 201 (O)
oy > € o] d
5 12 c 2 d -
212t s b b 2 10} £
g 2 515t c ¢
% L 3 08} ¢ 5 b
=
= 10}t £ 06f b £ a
8 g g 1.0 F
— | = | S
E 0.9 § 0.4 S
0.8 L L L @] 0.2 . . . . . i 0.5 L L L
0 6 12 24 48 0 6 12 24 48 0 6 12 24 48
Ammonia exposure time (h) Ammonia exposure time (h) Ammonia exposure time (h)
=
- 251 (D) 2, lAr (E) E, 1.5 (F) d
= 8
E d £2 ¢ & 4 F
S 20f o5 g l2r ¢
5 2 £ & 1.2t s
£ 25 b g b
2 g 15f c =39 a b b S 09t
a5 b o :
S = 1.0} =
=8 a =R} B a
g0 10} 8= S 06}
3 S & =
is g8 2
05 . . . . . S*° o8 . . . . . 2 03 . . . . .
0 6 12 24 48 0 6 12 24 48 § 0 6 12 24 48

Ammonia exposure time (h)

Ammonia exposure time (h)

Ammonia exposure time (h)
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results indicated that ammonia at >5 mg/L also elevated
the ptMCU protein levels (Fig.5E).

A notable decline in LETM expression was detected
within 12 h of ammonia exposure, although an evident in-
crease was detected at 48 h (F [4, 30]=259.364, P=0;
Fig.6A). IPR expression was inversely correlated with the
duration of ammonia-induced stress (F [4, 30]=135.511,
P=0; Fig.6B). Conversely, elevated expression of other
candidate genes was recorded, reaching a zenith at 24 or

@ Springer

48 h (F [4, 30]=297.475, 669.065, and 997.500, P=0;
Figs.6C, D, and F]. However, PMCA was inhibited at 48 h
(F [4, 30]=145.161, P=0; Fig.6G). A considerable in-
crease in ptMCU protein levels was observed at 12 h of
ammonia exposure (F [4, 30]=100.929, P=0; Fig.6A).

3.5 Ammonia Inhibited Mitochondrial
Energy Production

In the dose experiment, the hemocyte ATP level was
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Fig.5 Dose-dependent effects of ammonia on the mRNA levels of Ca2*-related genes in hemocytes.

remarkably elevated by ammonia at 1 mg/L, while it gra-
dually declined with increasing ammonia levels ranging
from 5 to 45 mg/L (F [4, 30]=69.582, P=0; Fig.7A). The
ATP levels also folowed a comparable fluctuating pattern
exhibiting an elevation at the 6 h mark post-ammonia ex-
posure, followed by a reduction (¥ [4, 30]=99.664, P=0;
Fig.7B).

3.6 MCU Inhibition Improved Mitochondrial
Ca?" Homeostasis

A notable alleviation in ammonia-induced mitochondri-
al damage following MCU blocking with RR was detect-
ed (Fig.8). In parallel with MCU inhibition (F [4, 30]=
19.403 and 10.284, P=0.001; Figs.8A and B), a reduction
in [Ca?"]y, (F [4, 30]=84.397, P=0; Fig.8C) and mPTP
opening (F [4, 30]=31.182, P=0; Fig.8D), along with an
increase in cytosol [CaZ'] (F [4, 30]=169.826, P=0;
Fig.8E), was observed in the RR group when compared to
the ammonia exposure group. However, the loss in AYm
was exacerbated by RR treatment (£ [4, 30]=82.938, P=0;
Fig.8F). RR did not significantly impact [Ca?*]gr (¥ [4, 30]
=141.145, P=0; Fig.7B).

3.7 MCU Inhibition Improved Cell Health

Pearson correlation analysis (Figs.9A, B) revealed a

positive relationship between ptMCU expression, [Ca2"]y,
and ammonia-induced alterations in ROS levels, apopto-
sis, and ACF recorded in our previous study (Lu et al.,
2025). Subsequently, we investigated whether RR treat-
ment could restore normal cell functioning. In compari-
son with the control group, ammonia exposure remark-
ably increased ROS accumulation, ratio of autophagic
cells, and hemocyte apoptosis (¥ [2, 18]=44.224, 379.229,
95.403, and 191.853, P=0; Figs.9C—F). All these changes
were significantly suppressed in the RR group, with the
lysosomal fluorescence intensity decreasing to a level
lower than that of the control (P=0). Based on these find-
ings, a potential mechanism underlying hemocyte dam-
age induced by ammonia vie MCU was proposed
(Fig.9G).

4 Discussion

High ammonia levels are a threat to animal health. Our
study showed that ammonia-induced stress induced an
aberrant regulation of MCU in the hemocytes of the crab
P. trituberculatus. This alteration results in compromised
hemocytic mitochondrial Ca?* homeostasis, which is im-
plicated in mitochondrial damage and subsequent apopto-
sis. These findings verified that MCU inhibition can be
employed as an alternative method to ameliorate mito-

@ Springer
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Fig.7 Dose-dependent (A) or temporal (B) effects of ammonia-induced stress on the ATP levels of hemocytes.

chondrial dyshomeostasis and consequently improve he-
mocyte health in natural or aquaculture systems.
CaZ*-based signaling is vital for cell functions. The
present study demonstrates that ammonia exposure en-
hanced the influx of CaZ" from the extracellular space, as
indicated by an elevated [Ca?]; in the hemocytes. No-
tably, a simultaneous increase in [CaZ"]c was not identi-
fied; instead, demonstrating an opposing trend. Such ob-
servations may be partly ascribed to the augmented extru-
sion of Ca?* from the cytosol to the extracellular space via
the PMCA. PMCA is expressed ubiquitously in plasma
membranes and constitutes a principal Ca?* efflux path-

@ Springer

way in non-excitable cells (Bruce, 2018; Patergnani ef al.,
2020). In aquatic animals, PMCA can be stimulated by
stimuli such as cold challenge (Han ef al., 2018) and bac-
terial infection (Fu et al., 2019). Such a view is also cor-
roborated by our finding that PMCA expression was up-
regulated in crab hemocytes to facilitate Cat extrusion
from the cells under HAE.

In fact, Ca?* uptake by cell organelles contributes sig-
nificantly to a reduction in the hemocyte [Ca%*]c. The mi-
tochondria and ER serve as primary Ca?* stores within
cells, dynamically regulating [CaZ*]; through coordinated
mechanisms involving ATP-driven pumps. These include
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Fig.8 MCU inhibition with RR improved mitochondrial Ca2* homeostasis. (A), mRNA levels of MCU; (B), protein levels
of MCU; (C), mitochondrial Ca?* level; (D), opening of the mPTP; (E), cytoplasmic Ca?* level; (F), A¥Ym; (G), the endo-

plasmic reticulum Ca2* level.

the SERCA pump, which transports Ca?" into the ER; the
IP3R, which mediates the exchange of Ca?" between the
ER and mitochondria; the MCU and LETMI, a reversible
IMM Ca?*/H" antiporter functioning in [Ca?'],, efflux and
uptake (Marchi et al., 2018; Garbincius and Elrod, 2022;
Matuz-Mares et al., 2022; de Ridder et al., 2023). Previ-
ous studies on aquatic animals have indicated a CaZ" over-
load in the mitochondria or ER in the presence of diverse
contaminants (Diao et al., 2023; Miao et al., 2023; Liu et
al., 2025). In P. trituberculatus exposed to ammonia, we
observed a simultaneous alteration in the [Ca?']; and or-
ganelle-specific Ca2* levels. The upregulation of SERCA
and MCU suggests that HAE promotes Ca?* influx, ele-
vating cellular Ca2" pools, a phenomenon also reported in
P. vannamei exposed to ammonia at 0—11.3 mg/L, there-
by inducing stress (Li et al., 2024). The consequent or-
ganelle-specific Ca?* overload can also be attributed to the
reduced efflux of Ca?* into the cytosol, as suggested by a
downregulation of LETM1 and IP;R. The decreased IP;R
expression indicates that HAE-induced [CaZ'],, overload

in these cells may be independent of ER—mitochondria
Ca?* transfer. This observation contradicts previous find-
ings, where pollutants promoted the IP3R-mediated ER—
mitochondria Ca?" transfer in carps (Cyprinus carpio)
(Liu et al., 2025) and P. vannamei (Li et al., 2024). These
discrepancies highlight the diverse Ca?" regulatory path-
ways across aquatic species.

The fluctuation in [Ca2*]; is of great consequence to the
overall health of the cell. In aquatic organisms, exposure
to pollutants or pathogens can induce mitochondrial Ca2*
overload, serving as a stimulus that triggers programmed
cell death, including apoptosis and necroptosis (Kumar et
al., 2022; Diao et al., 2023; Miao et al., 2023; Liu et al.,
2025). As the cell energy hub, mitochondria are highly
sensitive to alterations in Ca?*-based signaling. While mo-
derate elevations in [Ca?'], can support mitochondrial me-
tabolic activity and ATP production, excessive accumula-
tion disrupts these processes, impairing oxidative phos-
phorylation, inducing mitochondrial damage, and subse-
quently activating autophagy-associated mechanisms, ulti-
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vels, lysosomal activity, and apoptosis, respectively, relative to the control level. (G) The postulated mechanism by which
ammonia damaged hemocytes via the MCU. Briefly, the loss of MCU-mediated Ca?* homeostasis triggered the opening of
the mPTP and disrupted the membrane potential and, thereby, ETC function. This effect enhanced electron leakage and
ROS production, which, in turn, elevated apoptosis. However, this phenomenon was mitigated by RR treatment.

mately resulting in apoptosis (Hou et al., 2024). In the = 2025), which positively correlated with MCU expression
present study, a substantial reduction was observed in  levels and [Ca?'],. These observations collectively sug-
ATP levels and A¥Ym in crab hemocytes subjected to am-  gest that HAE can induce mitochondrial dysfunction in
monia-induced stress. Furthermore, our previous work re-  crab hemocytes by disrupting the MCU-mediated regula-
vealed that HAEs significantly elevated ROS accumula-  tion of mitochondrial Ca2* homeostasis.

tion, autophagic cell ratio, and apoptosis rates (Lu et al., Mitochondrial membrane permeability is essential in
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maintaining cell health. In mammals, mitochondrial mem-
brane permeabilization, often resulting from [Ca?*],, over-
load, initiates a cascade of events, including cytochrome ¢
release leading to cell death (Orrenius et al., 2015; Hou et
al., 2024). However, the occurrence of a transition in mi-
tochondrial membrane permeability induced by Ca?" in
crustaceans remains ambiguous. Our findings provide
compelling evidence that ammonia-induced mPTP open-
ing in P. trituberculatus hemocytes is closely linked to
[Ca?*],, and can be effectively mitigated by reducing
[CaZ*],, via MCU inhibition. Furthermore, mPTP opening
may also occur in response to reductions in AYm (Han et
al., 2023) or excessive ROS accumulation (Diaz-Re-
sendiz et al., 2020). In the present study, ammonia expo-
sure elevated mPTP opening, accompanied by [Ca?']y,
overload, ATP depletion, and oxidative stress driven by
ROS accumulation. It is thus postulated that HAEs may
precipitate mitochondrial dysfunction in crab hemocytes
through mechanisms involving [Ca?*],, dysregulation and
ROS-induced damage, ultimately leading to mPTP open-
ing and a compromise in normal cell functioning.

These findings support the hypothesis that targeting
MCU may improve hemocyte functionality to better mo-
dulate immune regulation in crustaceans. To validate the
hypothesis that MCU-mediated Ca?" homeostasis is essen-
tial for maintaining mitochondrial and hemocyte health,
crabs were administered with RR, an MCU antagonist uti-
lized in previous studies on P. vannamei (Rodriguez-Ar-
menta et al., 2021). The findings demonstrate that MCU
inhibition exerts a remarkable protective effect on mito-
chondria, characterized by a reduced [Ca2?'], overload,
ROS accumulation, and mPTP opening. Autophagy is an
evolutionarily conserved process whereby dysfunctional
proteins and organelles are degraded or recycled (Mizu-
shima, 2007). Our previous findings (Lu et al., 2025) in-
dicate that HAEs impair the anti-apoptotic role of au-
tophagy in the hemocytes of P. trituberculatus. However,
this detrimental effect could be mitigated by MCU inhibi-
tion conducted in the present study, as evidenced by a re-
duction in apoptosis and autophagic cell ratio. Interesting-
ly, no induction of lysosomal activity, a key player in au-
tophagy, was observed. Therefore, it is proposed that
MCU suppression may prove beneficial in enhancing the
healthy functioning of crab hemocytes, potentially through
a reduction in the intracellular degradation load rather
than an enhancement of the autophagy-mediated degrada-
tion.

Our findings highlight the potential of MCU inhibition
as a strategic approach in aquatic or natural systems to
mitigate ammonia-induced damage to hemocytes, which
may contribute to the maintenance of vital functions such
as immune regulation. However, the mechanisms underly-
ing such an effect on hemocyte functions remain to be
fully elucidated. Furthermore, the results suggest that am-
monia-induced [Ca?"],, overload in P. trituberculatus he-
mocytes appeared to be [Ca2"]gr-independent, as no sig-
nificant change in [Ca?"]gr was observed post-RR treat-
ment.

5 Conclusions

Ca?* acts as a critical regulator of numerous cell pro-
cesses, and its homeostasis is maintained by proteins such
as MCU. The present study demonstrates that Ca?* over-
load is induced in the mitochondria and ER of hemocytes
from P. trituberculatus upon ammonia exposure. It dis-
rupts MCU-mediated [Ca?'],, homeostasis, which can be
mitigated by suppressing MCU, which reduces ROS-asso-
ciated stress and mPTP opening. Consequently, a decline
in the intracellular degradation burden, facilitated by the
enhanced mitochondrial functionality, underpins the pro-
tective effects of MCU inhibition on crab hemocytes.
These findings suggest that inhibiting MCU to improve
the hemocyte status may hold potential value for main-
taining hemocyte-associated functions, such as immune
regulation, in crustaceans like P. trituberculatus. Howev-
er, further studies are required to fully elucidate the un-
derlying mechanisms and explore future applications of
this approach.
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