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Abstract: The escalating problem of copper (Cu) and cadmium (Cd) pollution in aquatic environ-
ments poses a significant threat to the ovarian tissue and reproductive capacity of fish, hindering
the development of the aquaculture industry. However, the combined effects of Cu and Cd on fish
gonadal development remain unclear. In this study, the fish species Nile tilapia was stressed with rear-
ing water containing 300 pg/L Cu®* and 100 pg/L Cd?* for 30 days, followed by an intraperitoneal
injection of luteinizing hormone-releasing hormone (LHRH-«) and human chorionic gonadotropin
(HCG) at various concentrations. We investigated the ovarian transcriptome profiles before and after
injection. Prior to injection, combined treatment with Cu and Cd resulted in reproductive dysfunction
and metal ion imbalance in tilapia. Transcriptomic profiling revealed differential gene annotation
concentrated in the MAPK signaling pathway and regulation of GTPase activity. Post-injection, all
concentrations of LHRH-a and HCG groups showed an upregulated gonadosomatic index (G.S.I)
and higher levels of vitellogenin (VIG), gonadotropin-releasing hormone (GnRH), gonadotropin
(GTH), and estrogen (E2) in serum compared to the negative control group. Transcriptomic analysis
revealed alterations in various ovarian signaling pathways, preliminarily revealing the in vivo molec-
ular mechanisms and differences in LHRH-« and HCG. The findings from this study could help us
better understand how to counteract the effects of combined Cu and Cd exposure on tilapia ovarian
development, which has significant implications for the Nile tilapia aquaculture industry.

Keywords: copper and cadmium; Nile tilapia; ovarian development; luteinizing hormone-releasing
hormone; human chorionic gonadotropin; transcriptomic analysis

Key Contribution: A comprehensive database of Nile tilapia gonadal transcriptome was created,
revealing how Cu-Cd exposure and hormone treatments affect ion metabolism and ovarian devel-
opment, with specific insights into the roles of GTPase Rab, chemokine receptors, and the mTOR
signaling pathway in these processes.

1. Introduction

Aquaculture is crucial for ensuring global food security and driving economic growth [1].
However, the sustainability of this industry is under threat from environmental pollution,
particularly heavy metal contamination such as copper (Cu) and cadmium (Cd), which
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has emerged as a global issue [2]. Toxic heavy metals such as Cu and Cd have been
detected in both marine aquaculture species like Atlantic salmon and freshwater species
like Cyprinus carpio [3,4]. From shrimp hatcheries in Mexico to cage aquaculture facilities
in Indonesian reservoirs and mussel farms in the Mediterranean, heavy metals like Cu
and Cd have woven a vast network across the globe, posing a significant threat to global
aquaculture facilities and seafood safety [5-7]. The sources of heavy metals in aquatic
environments are twofold: natural processes such as erosion, rock weathering, and volcanic
eruptions, and human activities, including mining, agricultural practices, and urban sewage
sludge [2,8]. Our research team conducted a survey on the heavy metal content in pond
sediment across multiple tilapia-producing regions in Guangxi, China, during 2016-2017.
We found Cu and Cd levels ranging from approximately 5.667 to 48.90 mg/kg and 0.0273
to 2.483 mg/kg, respectively (unpublished data). Although the regulation of water quality
in commercial aquaculture is stringent, ensuring the timely replacement of water that
exceeds quality standards, no heavy metals exceeding the permissible limits have been
detected in aquaculture water. However, due to the characteristic of sediment to release
metals into the overlying water body [9], there is a significant safety risk in ponds lacking
proper management or during the replacement of benthic fish species in aquaculture. Both
Cu and Cd are toxic metals ubiquitously present in the environment, known for their
high bioaccumulation and toxicity, which severely affect the physiological functions of
aquatic life [10]. Cu, an essential trace element, is vital for the growth and development
of organisms, but an excessive intake can induce toxic reactions [11]. In contrast, Cd,
a non-essential toxic metal, is highly bioaccumulative and can inflict various types of
damage, including physiological and biochemical [12,13]. Research indicates that heavy
metals like Cu and Cd significantly impede the growth, development, and reproductive
functions of fish ovaries [14,15]. These metals can disrupt the endocrine system, damage
cellular structure and function, and induce oxidative stress, leading to reduced reproductive
capacity, reproductive disorders, and even infertility in fish [16,17]. While numerous studies
have reported the effects of individual pollution from Cu and Cd on aquatic life [18], these
studies fall short considering that in real-world ecological environments, aquatic organisms
often encounter combined stress from multiple heavy metals [19]. However, the impact
of combined pollution from Cu and Cd on organisms remains largely unexplored [20]. It
is noteworthy that combined heavy metal stress may produce synergistic effects within
the body [21,22]. For instance, when fish are exposed to a mixture of zinc (Zn) and Cd,
the concentration of these metals in their serum is lower than in fish exposed to a single
metal. One metal can obstruct or even antagonize the gill epithelial absorption of another
metal, thereby limiting the distribution of metals in the blood [21]. One study suggested
that combined heavy metal pollution could further disrupt metal ion balance in the body,
exacerbating adverse effects on growth, reproduction, and immunity [22]. Other research
shows that combined heavy metal exposure can further induce metal ion disorders in the
body, increasing the bioaccumulation of metal ions which can then cause abnormalities
in physiological functions such as growth, reproduction, and immunity [23]. Could this
be related to the gene regulatory functions of heavy metals? Reports have indicated that
sub-lethal concentrations of Cd and Cu can alter the gene expression levels of proteins
to varying degrees [24]. The intake of heavy metals in organisms is also regulated by
a variety of transport proteins [25]. A study conducted in brewing yeast has provided
us with a research direction. Utilizing multiple analytical techniques, it was discovered
that Cd inhibits the expression of genes related to Cu metabolism in yeast, subsequently
leading to Cu deficiency in yeast [26]. In fish, is there a similar regulatory mechanism?
The interactions of heavy metal ions under combined exposure conditions and the gene
regulatory mechanisms of heavy metals on transport proteins remain unclear. Relevant
research should be conducted in a representative species of fish to further understand
these mechanisms.

The Nile tilapia (Oreochromis niloticus), an omnivorous fish species known for its rapid
growth, robust reproductive capacity, and tolerance to low oxygen levels, is one of the most
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significant farmed fish worldwide, contributing significantly to global food security [27].
Given its economic importance, adaptability to environmental constraints, sensitivity to
various pollutants, and the convenience of experimental manipulation, the Nile tilapia
has been extensively used in environmental research to assess the toxicity of pollutants
in aquatic ecosystems [28,29]. In this study, we developed a female Nile tilapia animal
model exposed to a combination of heavy metals (Cu and Cd). Using this model, we first
evaluated the impact of combined exposure to Cu and Cd on ovarian development. We
then attempted to mitigate ovarian damage under this stress using hormone treatment.
Using transcriptomic analysis, we delved into the damage mechanism of combined heavy
metal exposure and the repair mechanism of the hormone.

2. Materials and Methods
2.1. Materials

CuSOy-5H,0, purchased from Sinopharm Chemical Reagent Co., Ltd., (Shanghai,
China). CdCl,-2.5H;0, purchased from Tianjin Damao Chemical Reagent Factory (Tianjin,
China). Both materials were analytically pure and were used for exposure treatment.

2.2. Animals and Sample Collection

All female Nile tilapia used in this study (age, ~3 months old; average weight,
38.0 & 8.3 g) were obtained from the National Tilapia Breeding Farm of Guangxi Academy
of Fisheries Science (Naning, China). Prior to starting the experiment, all fish underwent a
two-week acclimation period in several 200-L PVC containers. Throughout this acclimation
phase and the subsequent experimental period, the culture water was kept under natural
conditions, with a temperature range of 26-32 °C, a pH range of 7.4-8.3, and a dissolved
oxygen content of 5.3 £ 1.1 mg/L. During the experiment, the fish were fed daily with a
full-price expanded pellet feed (Guangxi Baiyang, Nanning, China; protein content 30%) at
a rate of 1-1.5% of their body weight.

Following the acclimation period, healthy and active tilapia were selected and ran-
domly assigned to two groups: a blank control group (pure aerated water adhering to
fishery water quality standards) [30] and a treatment group. After initial grouping, 24 fish
were randomly selected from each group, weighed, and then euthanized humanely. Their
ovaries were carefully excised and weighed for a preliminary assessment of their body
weight, the bioaccumulation of copper and cadmium, and the gonadosomatic index. The
composition within each group was continuously adjusted to determine the final experi-
mental groups. Subsequently, the two groups of tilapia were exposed to 300 pg/L Cu?*
and 100 pg/L Cd?*, respectively. There were 6 replicates in each group. To mitigate the
potential influence of the container on the heavy metal ions in the culture water, a spe-
cialized water tank (200 L capacity, PE plastic) was used for breeding the fish. Each tank
was designed to hold 150 L of water and 50 fish. The culture water was replaced every
2 d to maintain a stable concentration of heavy metals in each group’s culture medium.
In total, 10 tanks were established, with 8 designated for the treatment group undergoing
heavy metal exposure (300 pg/L Cu®* and 100 pg/L Cd?*), while the remaining 2 tanks
were used for the blank control group, housing fish in pure aerated water. The number
of organisms in the control group and treatment group is shown in Table 1. Throughout
the exposure experiment, the heavy metal content in each group’s culture water was kept
relatively constant: control group: 1.9 £ 0.9 pg/L Cu and 0.5 £ 0.3 pug/L Cd; treatment
group: 259.6 & 0.9 ug/L Cuand 106.1 £ 0.3 ug/L Cd. After 30 days of exposure, samples
were collected.

Subsequent to this, the fish in the treatment group underwent hormone treatment via
intraperitoneal injection. The entire treatment group was divided into seven subgroups:
the negative control group received an intraperitoneal injection of 200 uL PBS, and groups
of low (low-LHRH-«x), medium (mid-LHRH-«), and high (hig-LHRH-«) LHRH-& concen-
tration received intraperitoneal injections of 5, 10, and 20 ng/g body weight of LHRH-o
(LHRH-« dissolved in 200 uL of PBS), and the groups of low (low-HCG), medium (mid-
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HCG), and high (hig-HCG) HCG concentration received intraperitoneal injections of 0.5,
1.0, and 1.5 IU/g body weight of HCG (HCG dissolved in 200 uL of PBS). There were
6 replicates in each group, and the number of organisms contained in each group is shown
in Table 1. After a 72 h recovery period, samples were collected again. Prior to each
sampling, 48 tilapia fish were randomly selected from each group. Initially, the fish were
anesthetized with MS-222 (200 mg/L, Sigma-Aldrich, Burlington, MA, USA), and then they
were weighed individually. Blood samples were then drawn from the caudal vein of each
fish to obtain serum samples, and then the serum from eight fish was pooled together to
form one sample for hormone level testing. After serum collection, the fish were eutha-
nized using MS-222, and their entire ovaries were surgically removed and weighed. From
each group, the ovaries of two randomly selected fish were used for histomorphological
analysis. For the remaining 48 fish in each group, the ovaries of every 4 fish were pooled
to create 1 biological replicate sample. Six of these pooled ovarian samples were used to
calculate the gonadosomatic index (G.S.I) values and assess the bioaccumulation levels of
Cu and Cd. The other 6 pooled ovarian samples were used for transcriptomic analysis and
qRT-PCR analysis.

Table 1. Experimental treatment procedure.

First Experimental Phase Second Experimental Phase
Group .
Culture Water Numb.er of Intral')erl'toneal Numb?r of
Organisms Injection Organisms
Blank control group Aer;a;z?efure % (in2 tt;;lll:)s 48 per Nothing 48
Negative control group PBS (200 uL) 48
5 ug/g LHRH-o
Low-LHRH-« group (ingZOgO uL PBS) 48
Mid-LHRH-« group . 10 ug/g LHRH-o 48
Treat ¢ Water containing 384 (in 8 tanks: 48 (in 200 pL. PBS)
reatmen Lo L HRHoct o 300 pg/L Cu* (in tank s;48Per 50 g /¢ LHRH-x i
group 8 BIOUP and 100 pg/L Ca?* tank) (in 200 uL PBS)
Low-HCG group 0'52%3/ EL}{’%% (in 48
Mid-HCG group 1'021&/55{3%2) (in 48
. 1.51U/g HCG (in
Hig-HCG group 200 EL PBS)( 48

2.3. Determination of Cu and Cd Bioaccumulation

The concentration of Cu and Cd in ovary tissue was detected using the method
of inductively coupled plasma mass spectrometry (ICP-MS), as occurred in a previous
study [31]. Ovary tissue samples were weighed (accurate to 0.0001 g) and digested. Ultra-
pure water was added to the samples to a total volume of 10 mL, and the concentration
of Cu and Cd (png/mL) was determined using ICP-MS. The heavy metal content in the
samples was calculated as follows, and the validation of the digestion method and the
accuracy of the method are shown in Supplementary Text S1.

2.4. Histomorphological Analysis

A total of 2 repeated samples were collected from each group for histomorphological
analysis. In brief, ovarian tissues were fixed in Bouin's fixative for 24 h, routinely dehy-
drated, embedded in paraffin, sectioned into 5 um sections, stained with hematoxylin and
eosin (H&E staining), and observed and photographed using a light microscope (Leica,
Wetzlar, Germany). LAS X (Leica Application Suite X, version 1.4.5) software was used to
measure the diameter of each oocyte, and the average diameter of oocytes observed in the
visual field was taken as the diameter of the oocyte in the replicate group.
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2.5. Biochemical Analysis

The blood samples collected were allowed to rest at 4 °C for a duration of 24 h.
Subsequently, serum samples were collected using centrifugation at 8000 x g for 10 min,
as described by Benjamin et al. [32]. The serum levels of VIG, GnRH, GTH, and E2
were then determined. The determination process utilized enzyme-linked immunosorbent
assay (ELISA) kits provided by mlbio Biotechnology Co., Ltd. (Shanghai, China). Initially,
the antigen under test was coated, followed by a washing and blocking process. The
next steps involved incubation with the primary antibody (overnight at 4 °C) and the
secondary antibody (1-2 h), each performed separately. After a subsequent washing, the
absorbance was read at the specified wavelength using a Rayto RT-6100 enzyme marker
(RAYTO, Chicago, IL, USA), as per the manufacturer’s instructions. The final step involved
determining the content of each sample by comparing it with the standard curve.

2.6. Total RNA Isolation, Library Construction, and Sequencing

Total RNA was isolated from the samples using TRIzol® Reagent (Invitrogen, Carlsbad,
CA, USA), as per the manufacturer’s guidelines. The integrity of the total RNA was verified
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). mRNA with
polyA tails was enriched via Oligo (dT) magnetic beads. Ultrasonication was employed
to fragment the mRNA, followed by cDNA synthesis via reverse transcription using a
random oligonucleotide primer in the M-MuLV reverse transcriptase system. This was
followed by RNA strand degradation with RNaseH and second-strand cDNA synthesis
in the DNA polymerase I system using dNTPs as substrates. The cDNA fragments were
subsequently purified with a Qiaquick PCR kit (Qiagen, Venlo, The Netherlands), end-
repaired, poly(A) added, and connected with Illumina sequencing adapters. cDNA of
250-300 bp was selected using AMPure XP Beads, of which it was then PCR-amplified,
and the PCR products were once again purified using AMPure XP beads to generate the
final library.

2.7. Bioinformatics Analysis

To ensure our data were of a high quality, we utilized fastp [33] for the quality control
of the original reads to obtain clean reads. These clean reads were then aligned with
the tilapia reference genome (https://www.ncbi.nlm.nih.gov/genome /197, accessed on
29 June 2018) using HISAT?2 [34]. Based on the alignment results from HISAT2, we used
Stringtie [35] to reconstruct the transcriptome and calculate and display the expression
levels (FPKM) of all the genes in each sample. Subsequently, Deseq2 [36] was used to screen
for differentially expressed genes. We performed enrichment analysis of the significantly
differentially expressed genes using Gene Ontology (GO)[37] and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) [38] (corrected p-value < 0.05).

All the original data results of this study can be obtained from the NCBI Sequence Read
Archive database (https:/ /www.ncbi.nlm.nih.gov/bioproject/PRJNA1001065, accessed on
7 February 2024).

2.8. qRT-PCR Analysis of Selected Genes

In order to validate the reliability of transcriptome sequencing in identifying differen-
tially expressed genes, we selected nine differentially expressed genes (DEGs) for validation
using quantitative real-time PCR (qQRT-PCR): JNK, RAB5, RAB7, PREX1, PI3K, NR3C1,
NADK, DGAT, and XRCC4. A total of 500 ng of RNA was used for cDNA synthesis using
the PrimeScript RT Master Mix (TaKaRa). qPCR was performed using a two-step SYBR
QRT-PCR kit (TaKaRa) and a fluorescence quantitative PCR system (Bio-Rad Laborato-
ries) with the following thermal cycling conditions: initial denaturation at 95 °C for 15 s,
followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s, and
extension at 72 °C for 15 s. The specificity of the amplification products was verified based
on melting curve analysis. Each sample was run in triplicate. The literature suggests that
there is no universal reference gene for organisms [39]; however, previous heavy metal
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stress experiments in tilapia have shown that beta-actin is a stable factor that can be used as
an internal reference to normalize the mRNA levels of the target genes [40,41]. Therefore,
beta-actin was chosen as the reference gene in this study. Primers were designed using
Primer Premier 6 software (version 6.25) and synthesized by Biotech Bio (Shanghai, China).
The primer sequence is shown in Table 2. The expression levels of the target genes were
calculated using the 2744t method [42].

Table 2. Primer sequences were for quantitative real-time polymerase chain reaction.

Name GenBank Accession Number Sequence (5'-3')

Rass NC0319852 R GAGCCCTAAACTCGOCTIGA

RAv7A NC_551570.2 RAGAGICIGIGIGCCGCTCTA
BETA-ACTIN NC_031969.2 F-ACTAGCGGAAGTTCACGAGC

R-GCAAAGCTGCTCAAAACCGA

2.9. Statistical Analysis

Statistical analyses were conducted using SPSS (version 22; IBM Corp., Armonk, NY,
USA). Initially, the Shapiro-Wilk test was employed to assess the normality of the data
distribution for each variable. This test was applied to all continuous variables before
proceeding with further analysis. Upon establishing normality, we performed Levene’s test
to evaluate the homogeneity of the variances between different groups, ensuring the validity
of subsequent comparisons using parametric tests. For data satisfying the assumptions
of the normality and homogeneity of variances, comparisons between two groups were
conducted using a t-test, while comparisons among more than two groups were performed
using a one-way ANOVA. In cases where one-way ANOVA indicated significant differences,
post hoc analyses were carried out using Dunnett’s multiple comparison test and Tukey’s
test. Initially, Dunnett’s test was used to make individual comparisons between each
hormone group and the negative control group. Upon detecting differences, Tukey’s test
was then employed to make pairwise comparisons among multiple groups, integrating the
results to determine intergroup differences. A p-value (p) of less than 0.05 was considered
statistically significant. For the ease of representation, *, **, ***, and **** were used to denote
p <0.05,p <0.01, p <0.001, and p < 0.0001, respectively.

3. Results
3.1. Metal Bioaccumulation in the Ovaries of Nile tilapia

In order to control the variables in this experiment, the initial heavy metal content in
the ovaries of the tilapia was measured before the combined treatment of heavy metals
was performed, as shown in Figure 1A,B. Compared with the control group, there was no
significant difference in the content of Cu?* and Cd?* in the treatment group. Subsequently,
before the injection, the total ion content of Cu?* and Cd?* in the ovaries of the treatment
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group tilapia was found to have decreased by 17.16% compared with the blank control
group (p > 0.05) (Figure 1C). Upon investigating each metal ion component individually,
it was found that the level of Cd?* detected in the ovaries of the treatment group tilapia
increased by 631.48% (p < 0.05), while the level of Cu?* decreased by 41.87% (p < 0.01).
Seventy-two hours after the injection, compared with the control group, the content of
Cd?* in the negative control group still increased by 846.17 (p < 0.001), while the change in
Cu?* was not significant. The comparison results between the negative control group, all
LHRH-o groups, and HCG groups showed that there was no significant difference in the
total heavy metal content, Cu?* content, and Cd?* content (p > 0.05) (Figure 1D).

G}
4 600 ? 25
3 —]— & 20
Y- bl
400
: T S s |
g 5}
- —
< c 10
g 200 g
2 o 5
£ o
0 Q 0
0 T T = 2 T T
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The Initial content of Cu?* The Initial content of Cd?*

= The content of Cd®*
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Figure 1. Bioaccumulation of Cu and Cd in ovaries of Nile tilapia. (A): initial Cu?* content (1 = 6);
(B): initial Cd%* content (1 = 6); (C): total metal ion content (1 = 6); (D): Cu?* and CdZ* content in
each group (n = 6). The error bar represents standard deviation, (SD). * indicates p < 0.05, ** indicates
p <0.01, ** indicates p < 0.001.
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3.2. Effects on Growth and Ovarian Development of Nile tilapia

The initial weight and G.S.I values of tilapia before the combined treatment of Cu and
Cd are shown in Figure 2A,B. Compared with the control group, there were no significant
differences in the weight and G.S.I values of the tilapia in the treatment group, further
verifying the uniqueness of the variables in this experiment. Subsequently, before injection,
the weight and G.S.I of the tilapia in the treatment group decreased by 35.71% (p < 0.0001)
and 18.93% (p > 0.05), respectively, compared with the blank control group. Seventy-two
hours after injection, compared with the blank control group, the weight and G.S.I of
the tilapia in the negative control group decreased by 50.35% (p < 0.0001) and 10.42%
(p > 0.05), respectively. There were no significant differences in the weight and G.S.I values
between the negative control group and all LHRH-« groups and HCG groups (p > 0.05)

(Figure 2C,D).
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Figure 2. Effects on growth and ovarian development of tilapia. (A): initial body weight (1 = 10);
(B): initial G.S.I (n = 10); (C): body weight of each group (n = 10); (D): each group G.S.I. (n = 10). The
error bar represents SD; *** indicates p < 0.001, **** indicates p < 0.0001.

3.3. Effects on Histopathological Changes in the Ovaries of Nile Tilapia

Before injection, the structure of oocytes in the blank control group was intact, with
an average diameter of 306.10 & 42.08 um, mostly at the stage of yolk beginning to fill
(IV1 phase). The yolk granules began to fill the entire oocyte, and lipid droplets formed
a lipid ring at the edge of the egg. The follicular cells outside the egg membrane became
columnar, and a radiating ring could be seen outside the egg membrane. A few oocytes
were at the stage of yolk completely filling (IV2 phase), and the entire oocyte was filled
with large yolk granules, lipid droplets, and vesicles (Figure 3A). At the same time, the
development of oocytes in the treatment group was delayed, with an average diameter
of 64.11 £ 5.96 um, downregulated by 79.06% compared with the blank control group.
Most oocytes were at the juvenile stage and single-layer follicle stage (II phase). The cell
nucleus was mostly round, and the nuclear membrane was very obvious. There were many
nucleoli of different sizes, most of which were distributed in the center of the nucleus. The
chromatin was filamentous, and the chromatin granules could be clearly seen. According
to the type and number of oocytes, it was judged that the ovaries of the blank control group
had developed to stage IV, while the ovaries of the treatment group had developed to
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stage II (Figure 3B). Seventy-two hours after injection, the structure of the ovaries in the
blank control group was similar to that at zero hours after injection, with an average oocyte
diameter of 284.00 & 44.76 um, mostly at the stage of yolk beginning to fill (IV1 phase), and
the ovaries developed to stage IV (Figure 3C). Interestingly, compared with before injection,
more small blood vessels were observed in the ovaries of the negative control group, all
LHRH-« groups, and HCG groups. In addition, most oocytes were at the single-layer
follicle stage (II phase) (Figure 3D-J). Certain oocytes at the stage of fat beginning to deposit
(III-1 phase) were observed in the hig-LHRH-« group and hig-HCG group. These cells had
two layers of follicular epithelium outside the egg membrane, composed of colorless and
transparent rings, and fat droplets were beginning to be deposited at the edge of the cell.
Compared with the blank control group, the average diameter of oocytes in the negative
control group was 62.40 & 7.93 pm, downregulated by 78.03%. At the same time, compared
with the negative control group, the diameters of the oocytes in all LHRH-« groups and
HCG groups were upregulated by 48.96%, 52.04%, 83.97%, 30.18%, 52.32%, and 90.22%,
respectively, but the differences were not significant (p > 0.05) (Figure 3K).
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Figure 3. Influence of ovarian tissue structure on tilapia. (A): blank control group (before injection);
(B): treatment group; (C): blank control group (72h after injection); (D): negative control group;
(E): low-LHRH-« group; (F): mid-LHRH-« group; (G): hig-LHRH-« group; (H): low-HCG group;
(I): mid-HCG group; (J): hig-HCG group; (K): diameter of oocytes in each group (n = 2). The error bar
represents SD; **** indicates p < 0.0001.

3.4. Effects of Hormone Levels on Nile Tilapia

Before injection, compared with the blank control group, the VTG content, GhRH
content, and E2 content of the treatment group decreased by 27.21%, 25.30%, and 38.01%
(p <0.05), respectively. At this stage, the GTH content decreased by 20.53%, but the
difference was not significant (p > 0.05). Seventy-two hours after injection, compared
with the blank control group, the VIG content, GnRH content, GTH content, and E2
content of the negative control group decreased by 15.50%, 26.83%, 37.56%, and 31.38%
(p < 0.05), respectively. Compared with the negative control group, the VTG content of
the mid-HCG group and hig-HCG group increased by 29.14% and 37.77% (p < 0.001),
respectively; the GnRH content of the hig-LHRH group and mid-HCG group increased
by 56.71% and 24.56% (p < 0.01), respectively; the GTH content of the hig-LHRH group
increased by 42.36% (p < 0.01); and the E2 content of the hig-LHRH group increased by
36.30% (p < 0.0001) (Figure 4).
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Figure 4. Effects of hormone levels on tilapia. (A): VTG content in each group (n = 6); (B): GhRH
content in each group (1 = 6); (C): GTH content in each group (n = 6); (D): E2 content in each group
(n = 6). The error bar represents SD. * indicates p < 0.05, ** indicates p < 0.01, **** indicates p < 0.0001).

3.5. Quality Analysis of Transcriptome Sequencing and ldentification of Differential Genes in Nile
Tilapia Ovaries

In total, five cDNA libraries were obtained. The quality-controlled sequencing data
of each sample were aligned with the designated reference genome, with alignment rates
ranging from 22.24% to 87.16%. Based on the quantification results of gene or transcript
expression, an intergroup difference analysis was performed to identify differentially
expressed genes or transcripts between the two groups. Using the edgeR software (ver-
sion 3.8.0), differentially expressed genes that were upregulated or downregulated were
screened based on the criteria of (log2FoldChange) > 1.00 and FDR < 0.05. The statistical
results are shown in Table 3.

Significantly differentially expressed genes (DEGs) were enriched and classified using
GO, as shown in Figure 5. Overall, the differences in all the comparison groups were con-
centrated in the cellular component. Further screening of significantly enriched signaling
pathways revealed the top 30 signaling pathways with the lowest p-values in each compari-
son group (Figure 6). Subsequently, we enriched and classified DEGs using KEGG. Figure 7
shows the top 30 signaling pathways with the lowest p-values in each comparison group.



Fishes 2024, 9, 67

11 of 22

Table 3. The summary of sequencing data in the current study.
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Figure 5. The histogram of GO enrichment and classification. (A): blank control group vs. treatment
group; (B): negative control group vs. hig-LHRH-« group; (C): negative control group vs. hig-HCG
group; (D): hig-LHRH-« group vs. hig-HCG group.
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Figure 6. The bubble diagram of GO enrichment. (A): blank control group vs. treatment group;
(B): negative control group vs. hig-LHRH-« group; (C): negative control group vs. hig-HCG group;
(D): hig-LHRH-« group vs. hig-HCG group. Note: The vertical axis denotes pathway, and the abaxial
axis denotes gene ratio.

By comparing the results of GO and KEGG enrichment analyses, we identified some
important comparison characteristics. These characteristics indicate that changes in re-
lated pathways may play a key role in the experiment. In the comparison of the blank
control group and treatment group, the MAPK signaling pathway was enriched in both
the GO and KEGG enrichment results. In addition, the regulation of GTPase activity was
frequently mentioned in the GO enrichment pathways, and these processes also play an
important role in many disease infections and signaling pathways in the KEGG enrichment
pathways. This may indicate that GTPase plays a key role in the biological processes of
heavy metal exposure.
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Figure 7. The bubble diagram of KEGG enrichment. (A): blank control group vs. treatment group;
(B): negative control group vs. hig-LHRH-« group; (C): negative control group vs. hig-HCG group;
(D): hig-LHRH-« group vs. hig-HCG group. Note: The vertical axis denotes pathway, and the abaxial
axis denotes gene ratio.

In the comparison group of the negative control group and the hig-LHRH-o group,
the regulation of the Ras protein signal transduction pathway enriched using GO is related
to the chemokine signaling pathway and mTOR signaling pathway enriched using KEGG,
which all involve the regulation of cell signal transduction. In the comparison group of the
negative control group and the hig-HCG group, the regulation of the glucocorticoid receptor
signaling pathway enriched using GO may be related to the nicotinate and nicotinamide
metabolism pathway in the KEGG enrichment pathways, both of which involve hormone
regulation. In addition, the negative regulation of fat cell differentiation enriched using
GO may be related to the fat digestion and absorption pathway in the KEGG enrichment
analysis as these pathways are all involved in the development and function of fat cells.
In the comparison group of the hig-LHRH-« group and the hig-HCG group, the non-
homologous end-joining pathway was mentioned in both GO and KEGG enrichment,
showing the differences in ovarian repair mechanisms between the two hormones.
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3.6. The Validated Results of gRT-PCR

To verify the accuracy of the transcriptome sequencing data, we validated nine DEGs
in this study using qRT-PCR. The relative expression levels of each gene are shown in
Figure 8. The results show that the gene expression trends are consistent, indicating the
reliability of the transcriptome sequencing data in this study.
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Figure 8. DEGs validated by qRT-PCR. (A): the relative expression level of JNK (n = 6); (B): the
relative expression level of RAB5 (1 = 6); (C): the relative expression level of RAB7A (n = 6); (D): the
relative expression level of PREX1 (1 = 6); (E): the relative expression level of PI3K (1 = 6); (F): the
relative expression level of NR3C1 (1 = 6); (G): the relative expression level of NADK (1 = 6); (H): the
relative expression level of DGAT (n = 6); (I): the relative expression level of XRCC4 (1 = 6). The error
bar represents SD; * indicates p < 0.05, **** indicates p < 0.0001.

4. Discussion

Prior research has demonstrated that under singular exposure conditions, both Cu
and Cd can disrupt the reproduction, hatching, and larval development of various aquatic
species [43,44]. For example, Cd exposure can decrease the release of ovarian steroids in
Japanese medaka (Oryzias latipes) [45]. Similarly, exposure to high levels of Cu can cause
endocrine disruption in the three-spined stickleback (Gasterosteus aculeatus) [46]. Both Cu
and Cd induce similar signs of reproductive toxicity in fish; however, Cd, a non-essential
element for fish, can be toxic to aquatic life even at trace levels [47]. Conversely, Cu is an
essential metal for fish at trace levels, but it can be toxic at excessive levels [48]. Tilapia can
slowly adapt to high Cu levels and gradually regulate its homeostasis when exposed to sub-
lethal concentrations of Cu [49]. It has been reported that the integrity of specific tissues in
tilapia is restored 10 days after the reduction in the Cu concentration [50]. The mechanisms
of reproductive toxicity caused by different heavy metal exposures are apparently different.
Given that many heavy metal pollutants in the aquatic environment often exist in the form
of complexes [51], the effects of Cu-Cd interactions have been rarely reported. In this study,
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we found that while Cu and Cd compete for absorption in the reproductive tissues of
tilapia, co-exposure also results in growth and reproductive impairments in tilapia. On
a microscopic level, it delays the development of oocytes. Meanwhile, on a macroscopic
level, exposure to these heavy metals reduces the G.S.I of fish, an important indicator
for assessing the ovarian development status of fish [52]. The downregulation of G.S.I
caused by co-exposure to Cu and Cd indicates that the reproductive capacity of tilapia
has been severely affected. The hypothalamic—pituitary-gonadal (HPG) axis is a crucial
regulatory pathway for gonadal development in fish [53] and plays a central role in the
regulation of reproductive development in fish [54]. Changes in the regulatory level of
the HPG axis under environmental disturbances can hinder gametogenesis [55]. GnRH,
located upstream of the HPG axis, is a key regulatory factor [56]. Once GnRH (secreted
by the hypothalamus) reaches the pituitary, it activates the specific signaling pathway,
upregulating the transcription, synthesis, and secretion of GTH. GTH enters the gonads
through the blood, regulating gonadal development and promoting sexual maturation
by stimulating the production of sex steroid hormones (such as E2). Subsequently, sex
steroid hormones inhibit the synthesis of GnRH in the hypothalamus through negative
feedback [54]. To determine the specific mechanisms of ovarian tissue microstructural
damage, we measured the serum sex hormone levels of the treated tilapia. The levels
of GnRH, GTH, and E2 were all downregulated to varying degrees. On the other hand,
VTG is a precursor of vitellogenin, which is produced after estrogen binds to specific
estrogen receptors (SERs) in the liver, and VTG is either absent or present at very low
concentrations in males and juvenile fish [57]. The content of VTG marks the level of
nutrient transport and deposition in oocytes [58]. The current results show that after heavy
metal treatment, the serum VTG level of tilapia is downregulated, showing the result of
the disorder of the regulation of the HPG axis in tilapia, which in turn leads to a decrease
in the nutrient transport capacity of the ovaries, exacerbating ovarian developmental
delay. In summary, these observations suggest that exposing tilapia to mixed heavy metal
culture water regulates several levels of HPG axis signaling and VTG levels, each of
which could potentially impair reproductive performance, ultimately leading to delayed
ovarian development.

Research into the interactions among different metals in animals has been conducted
since the 1990s [59]. Initial in vivo studies on heavy metal interactions were carried out
on mammals, such as investigations into whether Cd or mercury could replace Zn and
Cu in metallothioneins in rat livers exposed to Cu [60]. More recently, aquatic organisms
were used for in vivo studies of heavy metal interactions. For instance, a study on rainbow
trout (Oncorhynchus mykiss) exposed to combined Cu-Cd for 28 days found that systemic
Cu accumulation was enhanced in the early stages, while Cd accumulation was enhanced
in the later stages [61].

In this study, at the beginning of the experiment, a slight decrease in the Cu®* content
was observed in the treatment group. We believe that this might be attributed to copper
being an essential trace element in biological organisms, playing a significant role in the
development of gonads [62]. This illusion is caused by the varying capacities of individuals
to absorb metal ions. Under the current experimental conditions, this variance cannot be
eliminated. In this study, we primarily selected tilapia from the same source to minimize
the impact of individual absorption differences, and we also controlled the content of all
heavy metals across groups to ensure that the inter-group differences were not significant.
Therefore, it can be inferred that the metal ion content was approximately the same between
the control and treatment groups at the start. However, after the combined exposure to
heavy metals, a decrease in the total content of Cu?* and Cd?* ions in the ovaries of the
tilapia was able to be observed. Further analysis revealed that the decrease in Cu?* was
the primary cause, while a significant increase in Cd?* content was detected. This suggests
the occurrence of in vivo interactions between the two heavy metal ions in tilapia ovaries.
To investigate the molecular implications of heavy metal interactions and elucidate their
restorative role in hormone therapy, we performed transcriptomic analyses on five groups,
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namely the control group, treated group, negative control group, hig-HCG group, and
hig-LHRH-& group. The selection criteria for the study subjects were based on serum sex
hormone levels, with the hig-HCG group and hig-LHRH-« group inducing higher specific
serum sex hormone levels in tilapia under identical recovery conditions after injection.
Therefore, these groups were selected for transcriptomic analysis.

Fish maintain a Cu?* balance system through a hierarchical network of Cu-binding
proteins, which control the cellular uptake, storage, transport, and excretion of Cu [63]. Key
proteins regulating cellular Cu homeostasis include the high-affinity copper transporter
CTR1, responsible for cellular copper uptake [64], and copper ATPase (ATP7A), responsible
for delivering Cu to copper enzymes and excreting Cu in cases of Cu overload [65]. ATP7A
is an ATP-dependent Cu transporter present in all vertebrates and is crucial for maintaining
intracellular and whole-body Cu homeostasis [63]. In our study, the regulation of GTPase
activity was frequently mentioned in the GO enrichment pathway of the comparison
groups of the blank control group and the treatment group. GTPase plays a vital “gate”
role in many biological processes and is a widely used “molecular switch” [66]. It can
effectively open or close interactions with other macromolecules by causing conformational
changes through binding and hydrolysis [67]. Among them, many small GTPase Rab
proteins are specific components involved in the recognition and pairing regulation process
of transport vesicles in the membrane transport process [68—70]. The complexity of these
Rab proteins constitutes the diversity of membrane transport pathways [71]. Rab5 and
Rab7, both members of the small GTPase superfamily, have been the focus of numerous
studies [72]. These studies have demonstrated that Rab5 and RabZ7 each regulate distinct
processes, ranging from the plasma membrane to the endosome [73-75]. Furthermore,
both have been confirmed as key factors in the cellular regulation of ATP7A [72]. By
analyzing the transcriptome of the blank control group and the treatment group, we
detected 1792 differential genes, including Rab5 and Rab?7. We later used qRT-PCR to verify
the reliability of the transcriptome, indicating that Cd may affect the level of Cu* in cells by
affecting specific transport receptors for Cu. It is worth mentioning that we did not identify
changes in the gene expression of CTR1 protein related to Cu uptake in the differential
genes, indicating that ATP7A may be a key site for heavy metal regulation. However, the
experimental results need to be analyzed further. In summary, the functional changes in
ATP7A initially explain the molecular mechanism of Cu-Cd interactions in vivo.

It is generally believed that the toxicity of Cu and Cd to aquatic organisms may
be related to the production of reactive oxygen species (ROS), which can disrupt the
physiological process of ovarian development [76-78] and induce oxidative stress. In an
experiment on rare minnow (Gobiocypris rarus), researchers exposed female rare minnow in
water to single and compound Cu and Cd. The results showed that single or combined
exposure to Cu and Cd caused significant damage to the lipid and tissue structure of fish
gills, liver, and ovaries. Compared with single Cu or Cd exposure, combined exposure to Cu
and Cd can induce an increase in the mRNA expression of most antioxidant genes and cause
more severe damage to fish tissues. In our study, the MAPK (mitogen-activated protein
kinase) signaling pathway was enriched in both the GO and KEGG enrichment results of
the comparison groups of the blank control group and the treatment group. The MAPK
signaling pathway is a key element in the cellular response to various biological stimuli
and environmental stresses [79]. ROS can directly or indirectly activate various enzymes
in the MAPK pathway, such as ERK, JNK, and p38 MAPK [79,80]. The activation of these
enzymes can lead to cellular stress responses, such as inflammation and cell death [81,82].
Therefore, abnormal activation of the MAPK signaling pathway is often closely related to
oxidative stress [83]. Therefore, the activation of the MAPK signaling pathway can be seen
as a marker of oxidative stress in tilapia ovaries and is an important regulatory mechanism
for the ovarian response to oxidative stress. On the other hand, Cu is an important
element in biology, and all organisms need Cu to complete basic physiological functions,
including oxidative phosphorylation, blood clotting, angiogenesis, synthesis of polypeptide
hormones, iron export, etc. [84]. Under physiological conditions, the availability of Cu
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in cells is particularly limited due to the presence of excess chelating capacity [85]. The
presence of excess Cu is harmful to the body [86], but a lack of Cu is equally harmful,
sometimes resulting in the occurrence of Menkes disease, demonstrating the importance of
this element [87]. Copper/zinc superoxide dismutase (SOD1) is a ubiquitous cytoplasmic
enzyme that requires a single bound Cu ion to catalyze the dismutation of superoxide,
which is crucial for the antioxidant defense of all cells [87]. Studies have pointed out
that the downregulation of the content of essential elements such as Cu in hepatocellular
carcinoma tissues may lead to impaired liver superoxide dismutase activity [88]. Therefore,
the decrease in Cu content may weaken the defense mechanism of antioxidant enzymes
such as SOD in the body, leading to an increase in oxidative stress. This, in turn, affects
the physiological process of ovarian development. It is worth mentioning that this effect
may be a potential pathway for reproductive impairment caused by heavy metal exposure
which may lead to delayed ovarian development, but further research into these results
is needed.

In this study, we aimed to counteract the delay in ovarian development in tilapia
caused by disruptions in the hypothalamic—pituitary—gonadal (HGP) axis. To achieve this,
we utilized synthetically produced hormones to stimulate the normal function of the HGP
axis. The hormone concentrations used were based on a previous study [89], and three
concentration gradients were designed to demonstrate dosage effects. Overall, the injection
of LHRH-o and HCG successfully upregulated the G.S.I value of the ovaries of tilapia
exposed to heavy metals, as well as the serum levels of vtg, GnRH, Gth, and E2. Despite
certain limitations in this experiment, such as the lack of significant differences between
some groups due to insufficient recovery time, the observed changes in hormone levels
suggest that our proposed remediation method is effective. In fish, LHRH-« is known to
be a key regulator of ovarian development, stimulating the pituitary gland to secrete the
GTH hormone, which subsequently influences ovarian development and maturation [90].
LHRH-« plays a similar role in inducing maturation and ovulation in fish [91]. Our study
revealed that the injection of LHRH-c led to changes in the regulation of cellular signaling
pathways in the ovaries, such as the chemokine signaling pathway and the mTOR signaling
pathway. These changes may highlight the role of LHRH-« in promoting ovarian devel-
opment. The chemokine signaling pathway is a complex network involved in cell-to-cell
communication, playing a pivotal role in biological processes such as cell migration, inflam-
mation, and immune responses [92]. The mTOR signaling pathway is a key cellular growth
and metabolic regulation pathway, playing a crucial role in many biological processes, in-
cluding protein synthesis, cell growth and proliferation, and autophagy [93]. The injection
of LHRH-« may stimulate some mechanisms, enhancing the activity of chemokine recep-
tors and mTOR signaling, thereby promoting ovarian development and the migration and
proliferation of ovarian cells. HCG is widely used in fish as a tool for inducing ovulation
and reproduction [94]. HCG promotes ovarian development and ovulation by mimicking
the action of the luteinizing hormone (LH) [95]. In this experiment, we observed that the
injection of HCG led to changes in the regulation of the glucocorticoid receptor signaling
pathway and nicotinate and nicotinamide metabolism, as well as changes in the negative
regulation of fat cell differentiation and fat digestion and absorption, pathways involved
in the regulation of adipocyte development and function. These changes, different from
those seen with LHRH-«, suggest that the injection of different drugs may activate multiple
mechanisms to promote ovarian development. In summary, glucocorticoids are a class of
important hormones that can regulate many physiological processes, including immune
responses, metabolism, and development [96,97]. In the ovaries, glucocorticoid receptors
may regulate follicle maturation and ovulation [98]. Therefore, HCG may influence ovarian
development by regulating the glucocorticoid receptor signaling pathway. Secondly, nicoti-
nate and nicotinamide are two forms of vitamin B3, important precursors for the synthesis
of NAD+ and NADP+, which play key roles in many biological processes, including energy
metabolism and DNA repair [99]. In the ovaries, NAD+ and NADP+ may influence follicle
maturation and ovulation [100]. Therefore, HCG may influence ovarian development by
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altering the nicotinate and nicotinamide metabolism pathway. Additionally, changes in the
negative regulation of adipocyte differentiation and fat digestion and absorption pathways
may also influence ovarian development. In the ovaries, adipocytes may influence follicle
maturation and ovulation [101]. Therefore, HCG may influence ovarian development by
regulating adipocyte differentiation and fat digestion and absorption pathways. We also
analyzed the comparison groups in the hig-LHRH-o group and the hig-HCG group. Only
changes in the non-homologous end-joining (NHE]) pathway were found. This is some-
what perplexing, as the NHE] pathway is a major DNA double-strand break (DSB) repair
mechanism which plays a critical role in maintaining genome stability and preventing gene
mutations [102]. Limited by our experimental conditions, we cannot offer an explanation
for this difference. These results require further experimental verification, and further study
of how HCG and LHRH affect ovarian development through the NHE] pathway may be of
great significance.

5. Conclusions

Our study on Nile tilapia under concurrent Cu and Cd stress reveals significant
insights into the impact of these heavy metals on fish reproductive health. We found that Cu
and Cd compete for absorption in reproductive tissues, particularly in the ovaries, leading
to Cu deficiency and associated growth and reproductive disorders. Our intervention using
LHRH-« and HCG injections proved effective in mitigating these effects, as evidenced by
improved ovarian development markers, such as G.S.I values, and increased levels of VTG,
GnRH, GTH, and E2. Transcriptome analysis of the collected samples unveiled abnormal
expression of the MAPK signaling pathway and GTPase activity regulation pathway in
the group treated with heavy metals. In addition, transcriptome analysis performed post-
treatment highlighted the distinct molecular actions of LHRH-o and HCG, suggesting their
potential to promote ovarian health beyond the HPG axis.
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