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Abstract: Cardiovascular disease and hypertension are leading global health concerns. Modern fast-
paced lifestyles have contributed to increased dietary salt intake, which affects not only adults but
also fetal development. However, the impact of high salt exposure on embryogenesis remains
underexplored. Danio rerio (zebrafish) embryos offer a powerful model for studying vertebrate
development due to their transparency, rapid growth, and physiological similarity to humans. In this
study, we examined the morphological and genetic effects of high salt exposure using a 2% NaCl
environment to simulate conditions relevant to maternal high salt intake during pregnancy. Fertilized
zebrafish embryos were exposed to either standard media (control) or 2% salt from 3 hours post-
fertilization (hpf) to 96 hpf. Morphological development was documented through microscopy, and
hatch and heart rates were assessed at multiple time points. RNA sequencing (RNA-Seq) was
performed to identify gene expression changes associated with salt exposure. High salt treatment
delayed embryonic development, with hatch rates lagging approximately 24 hours behind controls.
Heart rate was significantly reduced in the salt group on days 2 and 3. Transcriptomic analysis
revealed substantial changes in gene expression, with 2,133 genes upregulated and 2,190
downregulated in the salt-treated group. Pathway enrichment analysis identified disruptions in
calcium signaling, MAPK signaling, cardiac muscle development, and vascular smooth muscle
contraction. These findings suggest that high salt exposure during early development alters critical
signaling pathways and physiological processes, providing mechanistic insights that may inform our
understanding of cardiovascular risk programming during fetal development.

Keywords: salt; Brachyodanio rerio ; zebrafish; signaling pathways; RNA-seq

1. Introduction

Cardiovascular diseases are the leading cause of mortality each year in the current world [1].
With fast pace life style, a high dietary intake of sodium is common in the adult and even in the young
population. High salt intake is associated with elevated blood pressure, a major risk factor for
cardiovascular disease. From the lab-based research to clinical data analysis, the results indicate
strong positive relationship between high sodium intake and cardiovascular outcomes [2-6].

Gestational hypertension could contribute to the risk of developing hypertension later in life,
and recent studies have suggested that gestational hypertension and preeclampsia are linked to
cardiovascular complications [7]. The high salt intake will decrease the implantation site in rats by
changing the metabolism pathways and the homeostasis balance [8]. High intake of salt during
pregnancy affected fetal renal development associated with an altered expression of the renal key
elements of renin angiotensin system using the pregnant ewes [9], a relationship between high-salt
diet in pregnancy and developmental changes of the cardiac cells and renin—angiotensin system [10].

The Zebrafish (Danio rerio) is an important model organism extensively used for studying
metabolic mechanism developmental biology [11, 12]and genetics study [13-15] due to its small size,
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optical transparency, easy treatment, low cost caring of the embryo. The zebrafish embryonic
developmental and post embryonic zebrafish development are well established to further study of
genetic changes that showed in the morphological changes [16,17].

High salt stress in the environment on zebrafish development has the impact on the hatch rate,
survival rate, brain, heart and bladder development and reproductive system. The Ataxia
Telangiectasia Mutated (ATM) and hedgehog pathways (Shh) are altered under the high salt
condition [18-22]. High-salt diets during pregnancy induce high blood pressure and increase
predisposition to hypertension in offspring by altering of nitric oxide (NO)/protein kinase G (PKG)
pathway [23]. high salt also will impact the metabolism pathways, Renin angiotensin system and
endocrine systems which will cause high blood pressure and cardiovascular diseases [24].

The intracellular mitogen-activated protein kinase (MAPK) signaling pathway is a crucial
cellular signaling cascade that transmits external signals to the cell interior, regulating various
processes like cell growth, differentiation, and apoptosis [25]. The MAPK signaling cascades likely
play an important role in the pathogenesis of cardiac and vascular disease [26,27]. MAPK pathway is
vital role in the salt sensitive hypertension [28]. The mechanism of the high salt on blood pressure
and cardiovascular diseases are involved in the metabolism pathways, Renin angiotensin system and
endocrine systems. In previous study, we identified the high glucose effects on zebrafish
development through Wnt signaling pathway[29]. In this study, we investigated the MAPK and
calcium pathways of salt condition on the zebrafish embryo development using the similar
methodology as our previous published data[29].

2. Materials and Methods

Materials:

Table salt in 2% was used in this study. Embryonic media, E3 was purchased from Carolina
Biological Supplies Company.
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Figure 7. The schematic of experimental design on the effect of salt on zebrafish embryos.

Animal Husbandry

Adult wild-type zebrafish were obtained from breeding facilities at Carolina Biological Supply
Co. Fish maintenance, breeding conditions, and egg production were done according to
internationally accepted standards protocol [30]. Embryos were obtained from Carolina Biological
Supply, USA. Adult raised in embryonic media (E3) under standard conditions at 28.5 °C with a 14
h light/10 h dark cycle, and the embryonic stages are according to standard procedures [11].
Preparation of salt application

Embryos are separated into 5 petri dishes with each petri dish containing 25 embryos. At the
time of grouping completion, the embryos are ~3 hours post fertilization (hpf). Once all 100 embryos
have been separated in 5 groups the collection water was removed and replaced with E3 embryonic
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culture medium. Salt solution was added into two groups and E3 medium is used for three groups
as control. The hatch rate and heart beats were recorded at different times as indicated in the results
section. Each of the treatment concentrations as well as the control will undergo the same process.

Total RNA Extraction

The control and salt treated zebrafish embryos were collected for total RNA extraction. The
experiment design includes 3 control samples and 2 salt treated samples. Total 5 RNA samples were
extracted using Zymo RNA extraction kit (Irvine, CA) according to the manufacture’s protocol.
Concentration of the RNA samples was measured by Nano drop 2000(DeNovix Inc. Wilmington, DE).

RNA seq

RNA seq was performed by experts at Novogene Corporation Inc. (West Coast: Sacramento,
CA). The sample quality control, library preparation, Clustering and sequencing are in the
supplemental methods.

RNA seq Data Analysis was performed by Novogene Corporation Inc. (West Coast: Sacramento,
CA).

Briefly, Raw data (raw reads) of Fastq format were firstly processed through in-house per scripts.
In this step, clean data (clean reads) were obtained by removing reads containing adapter, reads
containing ploy-N and low-quality reads from raw data. At the same time, Q20, Q30 and GC content
the clean data were calculated. All the downstream analyses were based on the clean data with high
quality.

Reads mapping to the reference genome

Reference genome and gene model annotation files were downloaded from genome
website2directly. Index of the reference genome was built using Hisat2 v2.0.5 and paired-end clean
reads were aligned to the reference genome using Hisat2 v2.0.5. We selected Hisat2 as the mapping
tool for that Hisat2 can generate a database of splice junctions based on the Gene model annotation
file and thus a better mapping result than other non-splice mapping tools.

Novel transcripts prediction

The mapped reads of each sample were assembled by StringTie (v1.3.3b) in a reference-based
approach [31]. StringTie uses a novel network flow algorithm as well as an optional de novo assembly
step to assemble and quantitate full-length transcripts representing multiple splice variants for each
gene locus.

Quantification of gene expression level

FeatureCounts v1.5.0-p3 was used to count the reads numbers mapped to each gene. And then
FPKM of each gene was calculated based on the length of the gene and reads count mapped to this
gene. FPKM, expected number of Fragments Per Kilobase of transcript sequence per-Millions base
pairs sequenced, considers the effect of sequencing depth and gene length for the reads count at the
same time, and is currently the most commonly used method for estimating gene expression levels.

Differential expression analysis

(For DESeq2 with biological replicates) Differential expression analysis of two
conditions/groups (two biological replicates per condition) was performed using the DESeq2R
package (1.20.0). DESeq2 provide statistical routines for determining differential expression in digital
gene expression data using a model based on the negative binomial distribution. The resulting P-
values were adjusted using the Benjamini and Hochberg’s approach for controlling the false
discovery rate. Genes with an adjusted P-value <=0.05 found by DESeq2 were assigned as
differentially expressed. (For edgeR without biological replicates) Prior to differential gene expression
analysis, foreach sequenced library, the read counts were adjusted by edge R program package
through one scaling normalized factor. Differential expression analysis of two conditions was
performed using the edge R R package (3.22.5). The P values were adjusted using the Benjamini
&Hochberg method. Corrected P-value of 0.05 and absolute foldchange of 2 were set as the3threshold
for significantly differential expression.
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GO and KEGG enrichment analysis of differentially expressed genes

Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by
the cluster Profiler R package, in which gene length bias was corrected. GO terms with corrected P
value less than 0.05 were considered significantly enriched by differential expressed genes. We used
cluster Profiler R package to test the statistical enrichment of differential expression genes in KEGG
pathways.
Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) is a computational approach to determine if a predefined
Gene Set can show a significant consistent difference between two biologicals states. The genes were
ranked according to the degree of differential expression in the two samples, and then the predefined
Gene Set were tested to see if they were enriched at the top or bottom of the list. Gene set enrichment
analysis can include subtle expression changes. We use the local version of the GSEA analysis
toolhttp://www.broadinstitute.org/gsea/index.jsp, GO, KEGG data set were used for GSEA
independently

3. Results
3.1. Effect of Salt on Zebrafish Embryo Development

3.1.1. The Effect of Salt on Morphology and Physiology Changes

Salt exposure significantly impacted the developmental timeline of zebrafish embryos. Notably,
the hatch rate was delayed by approximately 24 hours in the salt-exposed group compared to the
control group, indicating a retardation in embryonic development associated with salt exposure.
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Figure 1. Effect of glucose on zebrafish embryos

A. The hatch rate with control and salt groups

B. The heart rate with control and salt groups

C. The morphology changes with control and salt
groups at 120hpf . Arrow for the heart of zebra fish

Control Salt

Figure 1. This is a figure. Schemes follow the same formatting.

Evaluation of heart rate revealed significant alterations induced by salt exposure. On both day
3 and day 4 post-fertilization, embryos in the salt group exhibited a significantly reduction heart rate
compared to those in the control group. The mean heart beat per minute is 100 and 74 in control and
salt group respectively on day 3 while 132 and 84 on day 4 as shown in Figure 1B.
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Analysis of morphological parameters revealed distinct differences between the salt-exposed
and control groups. At 120 hpf, embryos in the salt group exhibited smaller brain, heart, and tail
morphology compared to those in the control group.The arrow focus on the heart size of zebrafish at
120hpf as shown in Figure 1C. This suggests that salt exposure may interfere with the normal growth
and development of these vital organs during early embryogenesis.

3.1.2. RNA-Seq Analysis Displayed Significant Gene Dysregulation in the Salt Treated Embryos

In this study, we investigated the global transcriptome changes in salt treated zebrafish embyos
using RNAseq. Biological replicates were performed for the RNA seq. Venn Diagram shows the
overlap genes and unique genes in these two groups data. (Figure 2A). Figure 2B shows the number
of genes are identified in the gene function classification groups. With 25K transcripts, data analysis
identified 4324(2%) differentially expressed genes(DEGs) with 2133 upregulated and 2190
downregulated respectively(fold chang>2 and p<0.05).(Figure 2C,D). Gene expression differs
between the control and high glucose treatement group shown in Figure 2E heatmap.
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Figure 2. RNA seq data analysis with control and salt treatment groups. A. Venn Diagram for the gene
expression in control and salt groups. B. Gene Function Classification(GO) analysis from RNA seq data. C.

Volcano plots for gene changes. Upregulated genes are showed in red and downregulated genes as
showing in green. D. Bar graph for number of up and down regulated- genes in control and salt groups. E.
Heatmap showing gene expression intensity. Red showing higher experssion and green showing lower

expression in RNA-seq levels.

To determine changes in expresson levels of individual genes, we identified the top 10 most
significant up and down regulated genes are listed in Tables 1 and 2. The major GO biological
precesses and molecular functions enriched from the top 10 upregulated genes includedEnables beta-
N-acetylglucosaminidase activity,Arresting domain involved in protein transport,Pancreatic
progenitor cell differentiation and proliferation factor b,Monocarboxylic acid transmembrane
transport,Monocarboxylic acid transmembrane transport,Enable double stranded DNA binding
activity and nucleosomal DNA binding activity,Enable double stranded DNA binding activity and
nucleosomal DNA binding activity,Enable double stranded DNA binding activity and nucleosomal
DNA binding activity,Ino80 complex component located in the nucleus
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Glycerophosphocholine and phosphodiesterase activity, and within the top 10 downregulated

genes, Nucleotidyltransferase activity and tRNA binding activity

Aconitate decarboxylase activity in mitochondria, Taurine:sodium symporter activity

L-glutamine transmembrane transporter activity,Involved in protein coding

Taurine:sodium

symporter

activity,Intracellular

signal transduction,Organic cation

transmembrane transporter activity,Protein coding activity, ATP binding activity, protein serine

kinase activity and protein serine/threonine kinase activity .

Gene

mgeab

arrdc3b

ppdpfb

slcl6a9b

slcl6abb

h1f0o

hlfx

histh1l

ino80e

gpcpdl

Gene

si:ch211-
153b23.3

irgll

Table 1. Top 10 up-regulated genes in salt treated zebrafish embryos in RNA Seq.

Biological Process

Glycoprotein metabolic process

Protein transport

Cell differentiation in nervous system,

pancreatic system, and pronephric duct

Solute carrier, integral component of

plasma membrane

Solute carrier, integral component of

plasma membrane

Negative regulation of DNA recombination

and nucleosome positioning, chromosome

condensation

Chromosome condensation, negative
regulation of DNA recombination and

nucleosome positioning

Chromosome condensation, negative
regulation of DNA recombination and

nucleosome positioning

Brain development

Glycerophospholipid catabolic process,

lipid metabolism

Molecular Function

Enables beta-N-acetylglucosaminidase
activity

Arrestin domain involved in protein
transport

Pancreatic progenitor cell

differentiation and proliferation factor

b

Monocarboxylic acid transmembrane

transport

Monocarboxylic acid transmembrane

transport

Enable double stranded DNA binding
activity and nucleosomal DNA
binding activity

Enable double stranded DNA binding
activity and nucleosomal DNA
binding activity

Enable double stranded DNA binding
activity and nucleosomal DNA
binding activity

Ino80 complex component located in

the nucleus

Glycerophosphocholine and
phosphodiesterase activity

Table 2. Top 10 down-regulated genes in salt treated zebrafish embryos in RNA Seq .

Biological Process

Regulation of translational fidelity

Molecular Function

Nucleotidyltransferase activity and
tRNA binding activity

Immunoresponse; inflammatory response Aconitate decarboxylase activity in

to wounding and bacterium expressed in mitochondria
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g%%6A6 (2 Taurine transport component in plasma
membrane

slc38a2 Amino acid transmembrane transport
and sodium ion transport

si:dkey-  Protein coding in nucleoplasm

162h11.3

slc6aba Taurine transport component in plasma
membrane

si:ch211-  Apoptotic process

153b23.4

slc22al6 Orgaruc cation transport
transmembrane transport

plekhsl  Protein coding, mild elevation of blood
glucose levels and insulin resistance

alpk2 Epicardium morphogenesis, heart

cloaca, liver, oral region, and pharynx

development, negative regulation of Wnt

signaling pathway

7 of 15

Taurine:sodium symporter activity

L-glutamine transmembrane

transporter activity

Involved in protein coding

Taurine:sodium symporter activity

Intracellular signal transduction

Organic cation,transmembrane
transporter activity

Protein coding activity

ATP binding activity, protein serine
kinase activity, protein

serine/threonine kinase activity

3.1.3. Functional Analysis of DEGs Using Gene Ontology (GO) Analysis

In order to identify the functional associations of the DEGs, Gene Ontology (GO) enrichment
analysis was performed by the cluster Profiler R package, in which gene length bias was correct-ed.
GO terms withcorrected Pvalue less than 0.05 were considered significantly en-riched by
differentialexpressed genes. Aamong GO analysis, 24 Biological process(BP) ,14 Cellular Component
(CC) and 8 Molecular Function (MF) were identified. Figure 2B shows the GO analysis for both up
and down regulated DEGs. Figure 3A shows the top 30 GO in dot graph.
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Figure 3. GO terms for significantly enriched Des based on molecular functions. A. Scatter plot showing top 30

enriched GO B. 20 enriched KEGG pathways in control and salt groups

3.1.4. KEGG Pathway Analysis

We analyzed the biological pathways using Kyoto Encyclopedia of Genes and Genomes(KEGG).
KEGG is a database resource for understanding high-level functions andutilities of the biological
system, such as the cell, the organism and the ecosystem, frommolecular-level information, especially
large-scale molecular datasets generated by genomesequencing and other high-through put
experimental technologies(http://www.genome.jp/kegg/). 1101 out of 2190 downregulated DEGs
were found in KEGG where 149 pathways were involved at least one Degs. The significant
enrichment for pathways in KEGG pathways including metablate, DNA repair and development.
1470 genes out of 2133 up regulated DEGs were found in KEGG where 140 pathways were involved
at least one DEGs. The significant KEGG enrichment has Calsium, MAPK,Wnt , Notch , cardiac
musclue, and casclar smooth muscle signaling pathways. These pathways are highly consistent with
the development of Zebrafish embryos especially during heart development. Figure 3B shows the
top 20 enriched pathways in up and down regulated DEGs. Figure 4 shows the Calcium Signaling
Pathway indicating the total 20 up and down regulated genes are involved in this pathway. Figure 5
shows the MAPK pathway with altered gene in color. Figure 6 shows cardiac musclular and vascular
smooth muscle signaling pathways with identified altered genes.
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Figure 4. Calcium Signaling Pathway from the RNA seq data. Red indicates the up regulated genes, and green

indicates the down regulated genes. The bar indicates the fold changes of these genes involved in the pathway.
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pathway from the RNA seq data. Red indicates the up regulated genes, and green indicates the down regulated

genes. The bar indicates the fold changes of these genes involved in the pathway.

4. Discussion

Zebrafish embryos offer a valuable model for studying the developmental effects of high salt
exposure. A key advantage is that zebrafish embryos can be treated directly with salt solutions,
bypassing the placental-fetal barrier that complicates similar studies in mammalian models. This
direct exposure enables precise control of the extracellular environment and allows for real-time
observation of developmental processes, making zebrafish particularly suited for investigating
environmental stressors such as excess sodium on early organogenesis. Given the high degree of
conservation in cardiovascular and signaling pathways, findings from salt-exposed zebrafish
embryos may provide meaningful insight into how maternal high salt intake impacts fetal
development in humans [32,33].
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Globally, high salt consumption is on the rise, largely driven by increased intake of processed
and fast foods. Excessive dietary salt intake is strongly associated with elevated risk for hypertension
and cardiovascular diseases, including during pregnancy. Maternal high salt intake has been
implicated in adverse outcomes for both mothers and offspring, contributing to long-term health
risks such as gestational hypertension and the development of preeclampsia [8,10,24,34,35].

Emerging evidence suggests that high salt exposure during pregnancy can lead to increased
circulating inflammatory mediators within the placenta, disrupting normal fetal development. These
placental changes may contribute to the intrauterine programming of cardiovascular dysfunction,
thereby increasing susceptibility to chronic disease later in life [7,36].

In this study, we investigated the developmental impact of high salt exposure using a 2% NaCl
concentration in zebrafish embryos. Following salt treatment, we observed significant alterations in
heart rate, hatching success, and cardiac morphology. Transcriptomic analysis via RNA sequencing
further revealed salt-induced differential gene expression, highlighting potential molecular
pathways—including calcium signaling and MAPK cascades—that may mediate these phenotypic
effects.

The observed delays in hatch rate and alterations in morphological features, particularly in the
heart suggest that salt exposure exerts a disruptive effect on zebrafish embryonic development. These
findings align with previous studies indicating the susceptibility of developing embryos to
cardiovascular disturbances [18,37—40].

The reduced heart rate observed in the glucose-exposed group further underscores the impact
of glucose on cardiovascular function during early development [40].

The molecular mechanisms underlying salt-induced developmental abnormalities require
further investigation. It is plausible that salt-mediated disruptions in metabolic processes and
signaling cascades contribute to the phenotypic changes observed in zebrafish embryos. In our study,
pathway enrichment analysis using RNA-Seq data (data not shown) revealed significant alterations
in several pathways known to regulate embryonic development, particularly those related to cardiac
formation and function.

Notably, multiple general developmental pathways were dysregulated in salt-treated embryos,
including metabolism, Wnt, Notch, cell cycle regulation, apoptosis, and DNA repair. These findings
suggest that high salt exposure broadly influences essential cellular processes critical for normal
development.

Among the 149 differentially regulated KEGG pathways identified in the high salt treatment
group, 9 of the top 20 were metabolism-related. These included biosynthesis of amino acids, fatty
acids, and cytochrome P450-mediated metabolism. Additionally, several signaling pathways
involved in developmental regulation were among the most significantly affected, including the
apelin, adipocytokine, GnRH, and FoxO signaling pathways. Pathways involved in cell fate
determination and communication—such as apoptosis, peroxisome function, and SNARE
interactions in vesicular transport—were also impacted. Two biosynthesis-related pathways were
prominently enriched in the top 20 results (Figure 3). These findings underscore the broad systemic
effects of high salt exposure on embryonic development and cellular homeostasis.

Together, these pathway alterations highlight the complex and multifaceted nature of salt-
induced developmental disruption. They also provide a broader context for our focused investigation
into specific signaling cascades. Among these, the calcium signaling and mitogen-activated protein
kinase (MAPK) pathways (Figures 4 and 5) adrenergic signaling (data not shown) in cardiomyocytes,
and regulation of actin cytoskeleton pathways play important roles for heart normal functions.
Therefore, we next examined how high salt exposure modulated gene expression within these
pathways.

The MAPK signaling pathway is a highly conserved cascade that plays a pivotal role in
regulating numerous cellular processes, including proliferation, differentiation, apoptosis, and stress
responses. In the context of cardiac development, MAPK signaling is essential for the proper
formation and maturation of the heart. During embryogenesis, it contributes to the specification of
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cardiac progenitor cells, the proliferation of cardiomyocytes, and the morphogenesis of cardiac
chambers and valves. MAPK signaling also facilitates communication between myocardial and
endocardial layers, ensuring coordinated development of heart structure and function. In postnatal
and adult hearts, the MAPK pathway remains active and is involved in mediating the cardiac
response to physiological and pathological stress, such as hypertrophy, ischemia, and pressure
overload. Dysregulation of this pathway has been implicated in a variety of cardiovascular diseases,
including congenital heart defects, dilated cardiomyopathy, and heart failure [25,28,41-45].

In zebrafish, components of the MAPK pathway are expressed early in development, and
previous studies have demonstrated that perturbations in MAPK activity can lead to abnormal
cardiac morphology and function. Thus, alterations in MAPK signaling in response to environmental
stressors such as high salt exposure may underlie some of the developmental cardiac abnormalities
observed in this study [46-50].

Our data also point to significant involvement of the calcium signaling pathway, which is central
to cardio genesis, excitation-contraction coupling, and intracellular signaling in developing embryos.
Perturbations in calcium homeostasis—likely triggered by ionic imbalance due to excess sodium—
may account for the observed cardiac abnormalities. Our data indicate that upregulation of genes
such as GPCR and IP3R in calcium signaling pathway supports the hypothesis that salt stress disrupts
normal calcium dynamics, potentially altering cardiac muscle development and function. The cardiac
muscle contraction and vascular smooth muscle contraction signaling pathways were significantly
altered in the salt-treated group, supporting the conclusion that high salt exposure affects key
signaling mechanisms involved in heart development. These changes, along with disruptions
observed in the MAPK signaling pathway, suggest a molecular basis for the impaired cardiac
development seen in zebrafish embryos under salt stress [51-56].

Together, these findings suggest that high salt exposure affects zebrafish embryonic
development through a combination of morphological and molecular mechanisms. The disruption
of MAPK and calcium signaling pathways provides a plausible link between environmental salt
exposure and developmental programming of cardiovascular outcomes. Given the conservation of
these pathways across vertebrates, these results may offer insight into similar mechanisms in
mammalian models and underscore the importance of regulating maternal salt intake during
pregnancy.

5. Conclusions

Taken together, our findings highlight the vulnerability of early vertebrate development to high
salt exposure and suggest that perturbations in calcium and MAPK signaling pathways may underlie
long-term cardiovascular outcomes associated with maternal salt intake.
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