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Abstract

Thermal mud produced by spas of the Euganean Thermal District (Italy) has been used
since ancient times for therapeutic purposes. Recently, the anti-inflammatory activity of
microbial polysaccharides (M-PS), extracted from traditionally maturated muds, was demon-
strated using the zebrafish model organism. However, the downstream signalling pathways
regulated by M-PS remain largely unknown. In this study, to investigate the underlying
mechanisms of inflammation resolution, we performed a transcriptome analysis on zebrafish
larvae inflamed with copper sulphate and treated with M-PS. Our findings revealed that
M-PS treatment down-regulated the expression of key genes involved in several inflammatory
pathways. Gene Set Enrichment Analysis identified eleven up-regulated pathways (e.g.,
TNF-α signalling via NFκB, IL6–JAK–STAT signalling, p53 pathway, apoptosis, and interferon
response) with components reduced in number and expression level in M-PS-treated larvae
compared to the inflamed ones. Additionally, seven down-regulated pathways were identified
(e.g., transcription factors E2F, MYC, and the G2M checkpoint). DEG-pseudotime analysis
further confirmed the association of these genes with the pathways identified by GSEA.
These results provide valuable insights into the anti-inflammatory properties of M-PS and the
therapeutic potential of Euganean thermal muds for inflammatory diseases.

Keywords: thermal mud; peloids; microbial polysaccharides; bioactive molecules;
transcriptome; zebrafish; inflammation; copper sulphate

1. Introduction
Inflammation is a crucial body defence mechanism against harmful stimuli such as

pathogenic microbes, damaged cells, toxic chemicals, or physical stressors. The process
involves a complex network of cellular and molecular effectors of the immune system,
working together to provide protection and to prevent irreversible damage. This process
is tightly regulated to last only the time required to counter and eliminate the threat
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without causing excessive tissue damage. Any failure in the regulatory mechanisms delays
resolution, leading to chronic inflammation and blocking the return to homeostasis. While
acute inflammation is a crucial defence mechanism for well-being, chronic inflammation is
detrimental and can cause permanent damage, compromise tissue integrity, and contribute
to the pathogenesis of long-lasting inflammatory diseases [1].

Rheumatoid arthritis (RA) and related disorders are joint inflammatory diseases
caused by autoimmune processes. Additionally, osteoarthritis (OA), one of the most
common rheumatic disorders, long considered a non-inflammatory condition, is now
assumed to be related to the presence of inflammation in the synovial tissue of patients [2].

Although different anti-inflammatory drugs are widely available and currently used,
they often present harmful side effects that limit their long-term therapeutic potential. For
this reason, there is a growing demand for the development of novel anti-inflammatory
molecules or the validation of natural products [3].

In this context, pelotherapy, consisting of the external application of peloids
(i.e., thermal muds) for therapeutic purposes, represents a well-established strategy to
reduce perceived pain, improve mobility, and diminish inflammation associated with
several pathologies such as RA, OA, osteoporosis, skin diseases, and other pathologic
conditions [4,5]. For example, peloids (or therapeutic muds) of the Euganean Thermal
Districts (Italy) are matured with hyperthermal water (>38 ◦C) and are recognized by the
Italian health system as a therapeutic treatment for such pathologies. This effectiveness
is attributed not only to the heat and electrolytes of the thermal water but also to the
anti-inflammatory action of different bioactive molecules, such as glycoglycerolipids [6–8]
and polysaccharides [9–11]. These molecules are produced by the complex microbial com-
munity that colonizes the mud during its maturation [12], a process strictly codified by
regional guidelines [13].

Zebrafish is a model organism widely used to investigate the inflammatory
process [14,15] and to analyse in vivo the properties of novel bioactive natural
products [1,16]. In this regard, zebrafish was recently used to demonstrate the ability of
polysaccharides extracted from traditionally matured therapeutic mud (hereafter referred
to as M-PS, microbial polysaccharides) to ameliorate zebrafish inflammatory conditions [11].
In more detail, M-PS can counteract the inflammatory condition induced by either copper
sulphate, UVB exposure, or tail fin amputation, as assessed in our previous works [9–11]
by different experimental approaches such as analysis of specific morphometric traits and
behavioural motor assays. Additionally, the reduction of luciferase signal in the transgenic
zebrafish line Tg(8×Hs.NFκB:GFP, Luciferase), a reporter line for the NFκB transcription
factor activity [17], was used as a readout of inflammation recovery. These findings were
further supported by RT-qPCR analysis of genes involved in inflammatory pathways and in
the oxidative stress response, two biological processes tightly interconnected and mutually
dependent, thus confirming the efficacy of M-PS treatment [11].

The analysis of M-PS composition revealed the presence of galacturonic acid, mannose,
xylose, ribose, and glucose, as well as a high percentage of sulphated groups in the poly-
mers. These characteristics are all associated with the antioxidant and anti-inflammatory
properties of polysaccharide molecules, as highlighted by Wang and collaborators [18].

Here, to gain a deeper understanding of the mechanisms of action and efficacy of
these polysaccharides in resolving inflammatory conditions, we performed a transcriptome
analysis on zebrafish larvae subjected to M-PS treatment, following chemical-induced
inflammation. Ultimately, we aim to enhance scientific knowledge regarding the beneficial
properties of Euganean thermal muds.
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2. Materials and Methods
2.1. Microbial Polysaccharides

The M-PS (microbial polysaccharides) used in this study were the same as in
Zampieri et al., 2022 [11]. Consequently, the reader can refer to that paper for a description
of the method used for polysaccharides’ extraction from therapeutic mud samples, the
chemical analyses performed (monosaccharide composition, sulphate groups abundance,
and FT-IR spectrum) and the final chemical composition of these molecules. Lyophilised
M-PS samples were stored in a fresh and dark cabinet before their use. For zebrafish larvae
experiments, M-PS were weighed and dissolved in fish water (FW) at the concentration
of 50 µg/mL.

2.2. Zebrafish Maintenance

Zebrafish were maintained following standard guidelines, as well as fish breeding for
egg spawning, collection, and staging [19]. Embryos were raised in fish water in petri dishes
at 28 ◦C. Embryonic and larval stages were reported as hours or days post fertilization (hpf,
dpf). No adult zebrafish were sacrificed for this study. All experiments were performed on
larvae before the free-feeding stage and thus did not fall under animal experimentation
laws according to EU Animal Protection Directive 2010/63/EU.

2.3. Zebrafish Larvae Treatment

Chemical treatment with CuSO4·5 H2O (1027841000, Merck, Darmstadt, Germany)
was performed using the bath immersion method on 3-dpf larvae of the same reproduction
for each biological replicate. Each of the five experimental condition groups consisted of
15–20 individuals. The five experimental conditions were: (1) larvae kept in FW and used
as the control condition (hereafter indicated as “CTRL”); (2) larvae exposed to M-PS for
4 h (“M-PS” treatment); (3–5) three groups of larvae exposed to 20 µM of CuSO4·5 H2O for
2 h. After the inflammatory induction, larvae were carefully rinsed with FW (four times
for 15 min) to remove any residual trace of the chemical. Then, one group (3) was given
only FW (hereafter indicated as “INF”), one group (4) was subsequently exposed to M-PS
for 2 h (hereafter indicated as “INF + 2 h” treatment), and one group (5) was exposed to
M-PS for 4 h (hereafter indicated as “INF + 4 h” treatment). At the end of each treatment,
total RNA was extracted. Larvae were euthanized after 7 h from the beginning of the
experiment, except for the INF + 2 h treatment, for which RNA was obtained after 5 h
(2 h of inflammation, 1 h washing, and 2 h of M-PS exposure). A schematic representa-
tion of the treatments is reported in Figure S1A. The experiment was performed using
4 biological replicates.

2.4. Library Construction and High-Throughput Sequencing

Total RNA was extracted from larvae using TRIzol (15596018, Thermo Fisher Scientific,
Milan, Italy). Samples were resuspended in 10 µL of RNase-free water and quantified using
a Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA). The quality was assessed
with an RNA Bioanalyzer (Agilent, Santa Clara, CA, USA), obtaining for all samples RNA
Integrity Numbers (RIN) > 8. Sequencing of 2 µg of RNA was performed on a NextSeq500
ILLUMINA to produce at least 10 million reads (75 bp SE) per sample. Quant Seq 3′ mRNA-
seq Library Prep kit (Lexogen GmbH, Vienna, Austria) was used for library construction.
The sequencing and library construction were performed by the NGS Sequencing Core of
the Biology Department of the University of Padova.
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2.5. Processing of RNA-Seq Data and Bioinformatics Analysis

Transcript quantification was performed using Salmon (v1.9.0) [20] with transcripts
defined in Ensembl 104 (GRCz11). Quantification analysis revealed an average of 10.5 M
counts per sample (min 8.5 M; max 13.5 M). Genes with more than 10 counts in at least
4 samples were retained for further analysis. Gene expression levels were estimated with
the tximport R package (v1.30.0) [21].

PCA was performed using the prcomp R function on the top 500 variant genes ex-
tracted from the expression matrix (normalized by variance stabilizing transformation from
the DESeq2 R package v1.42.1), which was corrected for batch effect with the ComBat_seq
function from the sva R package (v3.50.0).

Differentially expressed genes were computed using the DESeq2 R package (v1.42.1) [22].
Following DESeq2 best practices, differentially expressed genes were computed using raw
counts, including the batch effect in the model.

Time activation analysis was performed using the degPatterns function from the
DEGreport R package (v 1.38.5) [23] on rlog (DESeq2) normalized expression data. Pseudo-
time analysis was performed to detect patterns of expression by considering conditions as
sequential time events (DESeq2 likelihood ratio test + DEGreport).

Enrichment analysis was carried out using the clusterProfiler R package (v4.10.1) [24].
To understand the main regulatory pathways that were targeted by the M-PS treatment, we
performed enrichment analysis using the Hallmark gene set from the Molecular Signature
Database (GSEA). Pathway annotations were downloaded from the msigdbr r package (v7.5.1).

All analyses were performed using R v4.3.2 unless otherwise stated.

2.6. Real-Time Quantitative PCR (RT-qPCR)

For the validation of the RNAseq results, 4 new zebrafish larvae replicates were
prepared. With respect to the experimental conditions used for transcriptome analysis,
no larvae only treated with M-PS were used. Moreover, after inflammatory induction
(prolonged to 2.5 h), larvae were washed and then treated for 4 and 6 h (hereafter indicated
as “INF + 4 h” and “INF + 6 h”).

At the end of each treatment, total RNA was extracted: larvae were euthanized after
9.5 h from the beginning of the experiment, except for the INF + 4 h treatment, for which
RNA was obtained after 7.5 h (2.5 h of inflammation, 1 h of washing, and 4 h of M-PS
exposure). A schematic representation of the treatments is reported in Figure S1B.

For expression analysis, total RNA was extracted from pools of 15–20 3-dpf larvae
with TRIzol reagent. Poly(A) mRNA was purified from 5 µg of total RNA with Dynabeads
“mRNA direct kit” (61011, Thermo Fisher Scientific, Milan, Italy) and used for cDNA
synthesis with the High-Capacity cDNA Reverse Transcription Kit (4368813, Thermo Fisher
Scientific, Milan, Italy) according to the manufacturer’s protocol. Real-time qPCR was per-
formed in triplicate with the SYBR green method using the CFX384 Touch Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA, USA) and the 5 × HOT FIREpol
EvaGreen qPCR Mix Plus (08-24-0000S, Solis BioDyne, Tartu, Estonia). Data were normal-
ized for the expression of glyceraldehyde-3-phosphate dehydrogenase (gapdh) housekeeping
gene to account for the initial concentration and quality of the total RNA. The amplification
protocol was 95 ◦C for 12 min, followed by 40 cycles at 95 ◦C for 30 s, 60 ◦C for 30 s, and
72 ◦C for 30 s. No amplification products were observed in negative controls, and no
primer–dimer formations in the control templates. Results were analysed according to the
∆∆Ct method using the Bio-Rad CFX Manager software Version 3.1 (Bio-Rad Laboratories,
Hercules, CA, USA). Four biological replicates of the experiments were performed, and
all reactions were done as technical triplicates. Each primer pair was designed to span an
intron, except for the hsp70.3 gene, which does not contain introns. Primer sequences are
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reported in Table S1. The identity of the amplified fragment was analysed by sequencing.
Primer efficiency was calculated and accounted for in the calculation of ∆∆Ct.

Experiments were conducted at least three times with biological replicates composed
of 15–20 larvae.

2.7. Acridine Orange Staining

Apoptosis analysis in the whole body of zebrafish larvae was conducted using acridine
orange (AO) staining. To induce inflammation, 3-dpf larvae were exposed to 20 µM copper
sulphate for two hours and then incubated in either FW or 50 µg/mL M-PS solution
(samples named “INF” and “INF + 2 h”) for an additional two hours. Larvae exposed only
to FW served as controls (named “CTRL”).

At the end of the treatments, larvae were rinsed with FW and immersed in 5 µg/mL
acridine orange (A6014, Merk, Darmstadt, Germany) solution for 20 min. Larvae were
then rinsed 2–3 times with FW, anesthetized with tricaine, and positioned sideways in 2.5%
methylcellulose on microscope slides.

Fluorescent images were captured using a Leica M165 FC stereoscopic microscope
equipped with a Leica DFC7000 T digital camera (Leica Microsystems, Milan, Italy). The
areas of apoptotic cells with fluorescent AO positivity were quantified using ImageJ (v2.14.0)
to compare treated larvae with controls. Different regions of interest (ROIs) were defined:
the whole larva, the yolk area, and the trunk area (posterior to the anus). RawIntDen values
were measured for each ROI. A schematic representation of the measurement process is
shown in Figure S2. The final results for the whole larva were obtained by subtracting the
RawIntDen values of the yolk area, whereas trunk RawIntDen values were used directly,
as represented in paragraph 3.5.

Experiments were conducted three times with replicates composed of 10–12 larvae
obtained from distinct spawns.

2.8. Total Antioxidant Capacity (TAC) Assay

The total antioxidant capacity (TAC) was established using a commercial kit (CAK1111,
CliniSciences, Guidonia Montecelio, Italy) following the manufacturer’s protocol. Specifi-
cally, about 30 3-dpf larvae, exposed for 4 or 6 h to either M-PS (INF + 4 h or INF + 6 h) or
FW (INF) after the inflammation with copper sulphate, were homogenized in 250 µL of the
commercial assay buffer using a sonicator (3 × 10 s) in ice and then incubated for 10 min in
ice before the centrifugation step. The quantification of proteins was carried out using the
Pierce BCA Protein Assay Kit following the manufacturer’s instructions (23225, Thermo
Fisher Scientific, Milan, Italy).

The results were calculated according to the equation of the line y = 0.3218x + 0.0181,
where y is the absorbance and x is the concentration (R2 = 0.9991) after a 15 min incubation.
The analysis was carried out using five biological replicates, with results expressed in
U/mg according to the protein concentration of the sample.

2.9. Statistical Analysis for the Validation Experiments

Statistical analysis was performed using GraphPad Prism (Version 10.2.3, GraphPad
software). Given that all the comparisons included more than two groups, a one-way
ANOVA was conducted. When the assumption of equal variances was met, Tukey’s
multiple comparisons test was used for post hoc analysis. Instead, when group vari-
ances were not homogeneous (as assessed by GraphPad’s built-in variance tests), we
applied Brown–Forsythe and Welch one-way ANOVA to account for heteroscedasticity.
Here, Dunnett’s T3 multiple comparisons test, which does not assume equal variances
and calculates individual variances for each comparison, was used as the post hoc test.
This ensures a more accurate evaluation of group differences under conditions of un-
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equal variance. Significance was set at p < 0.05, and p-values were indicated either with:
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, or with letters. In this case, the exact
adjusted p-values are provided in the Supplementary Materials. Data are presented as
means ± SD, and the specific test used is indicated in the figure captions.

3. Results
3.1. Identification of Differentially Expressed Genes (DEGs) Following Copper Sulphate Exposure
and M-PS Treatment

In our previous paper, we investigated the composition of M-PS, extracted from peloids
produced according to the codified mud maturation protocol by a spa of the Euganean
Thermal District, and assessed their beneficial properties using the zebrafish model [11].
Briefly, the monosaccharide composition revealed a predominance of galacturonic acid,
mannose, xylose, ribose, and glucose, indicating that M-PSs are highly negatively charged
and hydrophilic polymers [11]. Notably, the sulphate group content, as confirmed by
FT-IR spectral analysis, was found to be very high, reaching 13.62% w/w (±1.48), a feature
already reported for polysaccharides with tested anti-inflammatory [25] and antioxidant
activities [26].

To gain a deeper understanding of the anti-inflammatory effects obtained with M-PS
treatment, we performed a transcriptomic analysis of samples obtained with a similar
experimental approach, as illustrated in Figure S1A. In particular, after zebrafish inflamma-
tion induction with copper sulphate (CuSO4) (INF), 3-dpf larvae were treated with M-PS
for two time intervals (INF + 2 h, INF + 4 h).

Principal component analysis (PCA) revealed that PC1 accounts for the transcriptional
differences triggered by the treatment applied to the larvae. Specifically, controls and larvae
treated only with CuSO4 (inflamed larvae, INF) present the most divergent transcriptomes,
while larvae treated with M-PS after the inflammatory induction display intermediate
transcriptional states, with larvae treated for 4 h deviating more from inflamed samples.
This suggested a progressive attenuation of the inflammatory transcriptional state as the
M-PS treatment proceeds over time (Figure 1).

Figure 1. Principal component analysis of top 500 most variant genes after batch correction. The first
(PC1) and second principal components (PC2) are shown on the horizontal and vertical axes, respectively.
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Samples treated only with polysaccharides showed no differences and clustered with
untreated larvae samples, confirming the lack of toxicity or adverse effects of the bioactive
molecules used [10]. The PCA result indicated that the inflammatory status is the main
factor explaining the expression profiles of the samples. The dispersion of the points
belonging to the same treatment groups observed in PC2 (accounting for 21% of the
variance) is likely due to the variability among different larval batches.

To gain more insight into the transcriptional differences, we performed differen-
tial expression analysis using controls (CTRL) as the reference condition. We retrieved
1457 differentially expressed genes (DEGs; adjusted p-value ≤ 0.05) between INF larvae and
CTRL (694 up- and 763 down-regulated). The analysis revealed a gradual decrease in the
number of DEGs in larvae treated with M-PS after the inflammatory induction. In fact, we
obtained 1137 DEGs between CTRL and INF + 2 h larvae (552 up- and 585 down-regulated)
and 299 DEGs between CTRL and INF + 4 h larvae (124 up- and 175 down-regulated).
As expected from the PCA analysis, the treatment with only M-PS had almost no effects
(19 DEGs in M-PS versus CTRL larvae; 6 up- and 13 down-regulated).

3.2. Gene Set Enrichment Analysis (GSEA) and Functional Classification of the Differentially
Expressed Genes

We used GSEA to focus on relevant biological pathways activated or modulated by the
inflammatory induction, rather than on individual gene alterations. Specifically, we could
verify if the M-PS treatment has anti-inflammatory functions and how it contributes to the
recovery from the pathological condition. A summary of all the significant hallmark gene
sets obtained by the analysis of the up- and down-regulated genes (adjusted p-value ≤ 0.1)
is reported in Tables S2 and S3, respectively.

Firstly, we analysed the up-regulated genes by comparing them across our different
conditions. We found 11 pathways that were activated upon inflammation with copper
sulphate. All of them were relevant for inflammation and mainly refer to TNF-α signalling
via NFκB, IL6-JAK-STAT signalling, p53 pathway, and apoptosis. After a 2-h M-PS treat-
ment, we observed a reduced number of up-regulated genes in some of these pathways
(Figure 2A). However, following a 4-h M-PS treatment, most of these pathways no longer
contained significantly up-regulated genes, meaning that nearly all the molecular circuits
activated in response to copper sulphate have returned to baseline levels. Treatment of
zebrafish larvae with M-PS alone did not result in any up-regulated genes, confirming
M-PS’s lack of toxicological effects (Figure 2A), as already demonstrated with human cells
treated with polysaccharides extracted from cyanobacteria [10].

Similarly, we analysed the down-regulated subset of genes. Overall, we observed that,
among the molecular pathways switched off by the copper sulphate treatment, three of
them remained down-regulated also in the INF + 4 h group, although reduced in gene
number and in the extent of down-regulation (Figure 2B). These are the enriched hallmark
genes corresponding to the transcription factors E2F, MYC, and the G2M checkpoint.

Figure 3 shows the heatmaps of some representative up-regulated genes belonging to
the principal pathways identified by the GSEA analysis in Figure 2A.

As reported by Pereira and collaborators [27], copper sulphate induces inflammation
primarily through the generation of oxidative stress, acting as a pro-oxidant metal that
catalyses the production of reactive oxygen species (ROS) via redox cycling reactions.

In agreement with this, although the genes identified by the GSEA analysis (Figure 2A)
are mainly involved in inflammatory response pathways (Figure 3), we also identified
additional genes related to the antioxidant response from the list of differentially expressed
genes (some of these are reported in Figure 3B).
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Figure 2. Top 10 enriched hallmark gene sets in each condition (adjusted p-value ≤ 0.1) identified
from the analysis of up-regulated genes. No DEGs mapped to hallmark gene sets, and no enriched
hallmarks were found for the M-PS vs. CTRL comparison (A). Top 10 enriched hallmark gene sets in
each comparison (adjusted p-value ≤ 0.1) identified from the analysis of down-regulated genes (B).

 
 

 

 
Antioxidants 2025, 14, x https://doi.org/10.3390/xxxxx 

 

Figure 3. Heatmaps of genes identified in pathways up-regulated by CuSO4⋅5 H2O exposure (INF). 
The pathways have been selected from the ones listed in Figure 2A and Table S2, as well as specifi-
cally selected from the DEGs as genes related to the antioxidant response (graph B). Selected repre-
sentative genes attributed to: (A) TNFα signalling via NFκB pathway; (B) antioxidant response path-
way; (C) IL6-JAK-STAT3 pathway; (D) p53 pathway; (E) apoptosis pathway; (F) interferon γ re-
sponse pathway; (G) TGFβ signalling pathway; (H) coagulation pathway; (I) UV response pathway. 
The graphs were created with GraphPad Prism 10; the legend represents the log2Foldchange of each 
treatment compared to the control (CTRL) condition (mean of the four biological replicates). 

Figure 3. Heatmaps of genes identified in pathways up-regulated by CuSO4·5 H2O exposure (INF).
The pathways have been selected from the ones listed in Figure 2A and Table S2, as well as specifically
selected from the DEGs as genes related to the antioxidant response (graph B). Selected representative
genes attributed to: (A) TNFα signalling via NFκB pathway; (B) antioxidant response pathway;
(C) IL6-JAK-STAT3 pathway; (D) p53 pathway; (E) apoptosis pathway; (F) interferon γ response
pathway; (G) TGFβ signalling pathway; (H) coagulation pathway; (I) UV response pathway. The
graphs were created with GraphPad Prism 10; the legend represents the log2Foldchange of each
treatment compared to the control (CTRL) condition (mean of the four biological replicates).
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The down-regulated genes, as shown in Figure 2B, were instead mainly associated
with key regulators of the cell cycle, such as transcription factors E2F, MYC targets, the
G2M checkpoint, and DNA repair. Some of the genes belonging to these pathways are
reported in Figure 4.

Figure 4. Heatmaps of genes identified in pathways down-regulated by CuSO4·5 H2O expo-
sure (INF). The pathways have been selected from the ones listed in Figure 2B and Table S3. Se-
lected representative genes attributed to: (A) E2F targets pathway; (B) MYC targets V1 pathway;
(C) MTORC1 signalling pathway; (D) DNA repair pathway; (E) oxidative phosphorylation pathway;
(F) G2M checkpoint pathway. The graphs were created with GraphPad Prism 10; the legend repre-
sents the log2Foldchange of each treatment compared to the control (CTRL) condition (mean of the
four biological replicates).

These pathways are highly interconnected and crucial for the regulation of cell home-
ostasis, proliferation, and genomic integrity. Their down-regulation could partially be due
to the up-regulation of genes of the p53 and apoptosis pathways, which were induced by
the inflammatory status (Figure 3C,H).

Interestingly, even after a 4-h M-PS treatment, the transcriptional levels of some of
these down-regulated genes did not reach those of controls.

Finally, GO enrichment analysis of DEGs was also performed, again comparing each
treated group against the control group. The results of this analysis, with the list of all the
genes altered in biological process (BP), cellular component (CC), and molecular function (MF),
are reported on the online repository Zenodo (https://doi.org/10.5281/zenodo.13843249,
accessed on 26 September 2024).

https://doi.org/10.5281/zenodo.13843249
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3.3. DEG-Pseudotime Patterns Analysis of the Differentially Expressed Genes

To exclude that the absence of inflammation-related pathways/genes in the “4-h
M-PS-treatment” group was not due to differences in DEG numbers, we performed a
pseudo-temporal analysis by considering conditions as sequential time points. We chose
to limit our temporal pattern search among the DEGs obtained from the inflamed larvae
versus control, to observe the expression evolution of genes that were specifically altered
by inflammation.

Pseudo-temporal pattern analysis identified fourteen clusters (three were discarded
due to low gene number) (Figure S3). We focused on the larger clusters to observe the
strongest signals. Cluster 1 contains 573 genes with a clear activation pattern (hereafter
referred to as “activated” genes). Activated genes have an expression profile that starts
from the basal level of the controls, peaks with the copper sulphate treatment, and then
gradually decreases after the 2- and the 4-h treatment with M-PS (Figure 5A).

Figure 5. Pseudo-temporal patterns of genes altered by inflammation. The expression of the 573 genes
in cluster 1 (A) and 415 genes in cluster 2 (B) is shown across the five conditions, temporally ordered
as follows: control (CTRL), inflammation (INF5), 2-h M-PS treatment following inflammation (INF + 2
h), 4-h M-PS treatment following inflammation (INF + 4 h), and M-PS treatment only. Top 10 hallmark
gene sets (adjusted p-value ≤ 0.1) were obtained from the enrichment analysis for “activated” genes,
those belonging to cluster 1 (C), and “repressed” genes, those in cluster 2 (D).

Cluster 2 contains 415 genes with a repression pattern (hereafter referred to as “repressed”
genes). These genes are down-regulated after the copper sulphate treatment and then grad-
ually return to basal levels after the 4-h M-PS treatment (Figure 5B). Both “activated” and
“repressed” genes remain substantially unaffected by M-PS treatment alone.

We performed enrichment analysis on the activated and repressed genes and con-
firmed that up- and down-regulated genes refer to pathways modulated by inflammation
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with copper sulphate and then de-activated by the treatment with M-PS, like in the previous
GSEA analysis.

In particular, we can highlight the presence of TNFα signalling via NFκB, IL6-JAK-
STAT signalling, and Interferon gamma response, whose genes are activated and then their
expression is brought back to levels similar to those in the control samples (Figure 5C).

Repressed genes are enriched for gene sets related to the cell cycle, MYC, and
E2F (Figure 5D).

3.4. Validation of Transcriptomic Analysis by RT-qPCR

The results obtained from the transcriptomic analysis were validated through RT-
qPCR performed on four new replicates obtained with the same experimental approach
used for RNAseq. To further confirm the potential of M-PS in reducing the transcription of
genes of the inflammatory pathways, we extended the inflammation exposure to 2.5 h and
evaluated the recovery of the inflammatory status after 4 h (INF + 4 h) and 6 h (INF + 6 h)
of M-PS treatment (Figure S1B).

As shown in Figure 6, we analysed six genes: hsp70.3, mmp13, socs3a, fosab, junba, and
ucp2. These genes were all up-regulated following copper sulphate-induced inflammation
and subsequently down-regulated after M-PS treatment. Moreover, as treatment progresses,
the expression level gradually approaches the values of the control samples.
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In particular, we analysed the transcription of the hsp70.3 gene, encoding for a member
of the heat shock protein family Hsp70, whose up-regulation after cellular stress is linked
to its protective and immunomodulatory role in recovering cell homeostasis [28]. After
six hours of M-PS treatment, the expression level of this gene returned to the basal level,
supporting the role of M-PS in the effective resolution from the inflammatory condition.
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We also validated the mmp13 gene, which plays a key role in matrix degradation and
tissue remodelling during inflammation, and that is also normally up-regulated in OA and
RA [29,30]. The down-regulation of this gene, as obtained from both RNA-seq analysis and
RT-qPCR, is consistent with previous studies involving this particular M-PS [11], as well as
with exopolysaccharides extracted directly from the cyanobacterium Phormidium sp. ETS-05
and used on zebrafish larvae inflamed by tail fin amputation [10]. Moreover, we validated
socs3a, a paralog of socs3b, and fosab and junba, two components of the complex AP-1, whose
transcriptional activity is linked to the immune response [31]. Finally, we analysed the
expression of the ucp2 gene, encoding the uncoupling protein 2, which is activated by ROS
and works to maintain the redox balance inside mitochondria and to contribute to the
antioxidant defence [32]. This gene was also up-regulated by the induction of inflammation
and finally returned to control levels with M-PS treatment.

3.5. Validation of the Recovery from Increased Apoptosis Levels Induced by Copper Sulphate

To better characterize the beneficial properties of the M-PS, and indirectly of the muds
used for the therapeutic treatments, we decided to analyse in vivo two correlated pathways
that emerged from the transcriptomic analysis and were not taken into consideration in our
previous publications.

As shown in the heatmaps (Figure 3D and 3E, respectively), genes from the p53 and
apoptosis pathways were up-regulated by inflammation and subsequently down-regulated
following exposure to M-PS. Therefore, we visualized the apoptotic response using acridine
orange, a dye capable of permeating dying cells and commonly used to detect apoptosis [33].
It is known that copper sulphate can rapidly induce cell death, particularly in neuromasts
distributed along the lateral line system of zebrafish larvae [34], as visible in the central
fluorescence image of Figure 7B, showing death of mechanosensory hair cells. The results
obtained after M-PS treatment showed a significant decrease in the level of apoptosis, both
when analysing the whole body (Figure 7C) or the trunk region (Figure 7D).
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considered for the measurements of RawIntDen. Whole-body results were obtained by subtract-
ing the RawIntDen of the yolk from that of the whole larvae. Image created with Biorender.com.
(B) Micrographs showing augmented apoptosis due to CuSO4· 5 H2O exposure (INF) and rescue
of neuromasts with M-PS 50 µg/mL treatment (INF + 2 h). Sibling larvae (CTRL) are shown for
comparison. Scale bar = 500 µm. Recovery of apoptosis level in the whole body (C) and trunk (D).
The explanation of RawIntDen measurement is reported in Figure S2. The bars represent mean ± SD
of three independent experiments conducted with 10–12 larvae per treatment. Statistical analysis
was performed using GraphPad Prism 10 (Brown–Forsythe and Welch ANOVA test followed by
Dunnett’s T3 multiple comparisons test with individual variances computed for each comparison).
Statistical significance was set at p < 0.05, and the results of the multiple comparisons are shown with:
** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.6. Validation of the Recovery from the Oxidative Stress Induced by Copper Sulphate

In our previous work, we analysed ROS levels following copper sulphate exposure
and detected a reduction in ROS levels after treatment with M-PS, using the DCFH-DA
fluorescent probe [11]. In agreement with this, in the transcriptomic analysis presented here,
we identified several genes related to oxidative stress that were up-regulated at early time
points but returned to control levels after 4 h of M-PS treatment (Figure 3B). This pattern
is common among antioxidant-related genes whose expression increases in response to
oxidative stress to recover cell homeostasis.

To further characterize the antioxidant response, we evaluated the total antioxidant
capacity (TAC) of homogenized zebrafish larvae exposed to inflammation and subsequently
treated with M-PS for 4 or 6 h (Figure 8). Compared to their only-inflamed siblings (INF),
we observed an increase in TAC after 4 h and a decrease after 6 h of M-PS treatment.
A gradual increase in TAC was observed in inflamed larvae from 4 to 6 h, suggesting
persistent oxidative stress driven by persistently elevated ROS levels.

Figure 8. Results of the total antioxidant capacity (TAC) assay on 3-dpf zebrafish larvae two hours
after CuSO4·5 H2O exposure (INF) and four or six hours after M-PS exposure (INF + 4 h on the
left and INF + 6 h on the right, respectively). The results are expressed as U/mg of protein. The
bars represent mean ± SD of five independent experiments conducted with 30 larvae per treatment.
Statistical analysis was performed using GraphPad Prism 10 (ordinary one-way ANOVA test followed
by Tukey’s multiple comparisons test). Statistical significance was set at p < 0.05, and the results of
the multiple comparisons are shown with: * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion
The anti-inflammatory and antioxidant potential of natural polysaccharides has

been extensively studied in the last few years, as reported by numerous reviews on this
subject [35–37]. These molecules, which can derive from fungi, plants, and algae, have
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been shown to modulate the immune response and to affect different signalling pathways,
thus regulating the expression and production of pro- and anti-inflammatory cytokines
or counteracting oxidative stress [35–37]. Their study can lead to the use of polysaccha-
rides as natural bioactive molecules in different applications ranging from functional food,
pharmaceutical purposes, and cosmetics production [38].

The potential and effectiveness of thermal muds used for pelotherapy, a non-
pharmacological therapeutic approach for rheumatic and osteoarticular diseases, have
long been known and validated by clinical studies on patients, as reviewed in various
papers [39–41].

However, the identification of the bioactive molecules produced by the microbiota,
which progressively colonises the thermal mud during its maturation, and the characteriza-
tion of their potential are still in their early stages.

In this regard, in recent years, we analysed the anti-inflammatory and antioxidant
potential of polysaccharides produced by the mud microbiota to provide a scientific basis
for the application of Euganean thermal muds [9–11].

In this study, we used RNA-seq combined with GSEA and the DEG-pseudotime
pattern approach to conduct a comprehensive analysis of gene expression patterns in M-PS-
treated zebrafish samples after copper sulphate-induced oxidative stress and inflammation.
GSEA results revealed that these molecules counteract inflammation by reducing both the
expression levels and the number of key genes involved in different pathways linked to
stress and inflammation (e.g., TNF-α signalling via NFκB, IL6–JAK–STAT signalling, p53
pathway, apoptosis and interferon response).

While most of these genes showed the highest expression in the inflamed condition
and a decrease with the progression of the treatment, some presented similar or even higher
expression levels after two hours of M-PS treatment. This specific behaviour is likely related
to their involvement in the inflammatory response together with protective activities such
as tissue repair and regeneration. Thus, their expression at high levels can persist during
the initial phase of M-PS treatment.

For example, atf3, a stress-inducible gene, can function as an apoptosis regulator [42]
and as a transcriptional repressor, blocking the transcription of pro-inflammatory genes
and thereby contributing to the resolution of inflammation [43]. Similarly, the increased
expression of socs3b after two hours of M-PS treatment could be attributed to the protein’s
role as a negative regulator of cytokine signalling [44].

Moreover, the increased expression of genes related to the antioxidant response, like
nfe2l2b, hmox1a, and ucp2, is due to their specific roles in restoring cellular
homeostasis [45–47]. In all cases, the majority of the up-regulated genes presented a
clearly reduced expression after the extended M-PS treatment, ultimately reaching values
comparable to the controls.

The activation of genes involved in inflammation-related pathways, along with the
progressive modulation in the number of DEGs or in their expression levels following M-PS
treatments, underscores the capability of these bioactive molecules to interact with several
cellular molecular targets or to activate signal cascades that influence, both directly and
indirectly, multiple signalling pathways.

Notably, the DEG-pseudotime pattern analysis confirmed that these genes are linked
to the same pathways identified through GSEA, further emphasizing the close rela-
tionship between oxidative stress and inflammation resolution and exposure to these
bioactive compounds.

Additionally, M-PS treatment partially recovered cell homeostasis by restoring the
expression of genes associated with the regulation of cell proliferation and genomic integrity,
such as transcription factors E2F, MYC, and the G2M checkpoint.
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As reported in the literature, the resolution of inflammation is a dynamic process
that occurs in distinct phases, starting from the down-regulation of pro-inflammatory
genes and ending with the restoration of tissue homeostasis [48,49]. In accordance with
this, the expression of genes related to homeostasis and cell proliferation remains lower
also in the four-hour M-PS-treated samples compared to controls, while the expression
of inflammatory genes returns to basal levels. The presence of these partially down-
regulated genes could be viewed as a protective mechanism to prevent advancing through
the cell cycle when cell homeostasis has not yet been completely restored. This finding
suggests that a longer treatment might be necessary to fully reach cellular homeostasis, as
already seen in our previous works where the anti-inflammatory potential was analysed
as morphological and phenotypic recovery from developmental delay due to the copper
sulphate treatment [9,11].

To validate gene expression results in vivo, we analysed the apoptosis process and
the total antioxidant capacity (TAC). The significant decrease in cell death was in line with
the reduction in apoptosis and p53 gene markers reported in the transcriptomic analysis,
while TAC results confirmed that M-PS, and to a larger extent therapeutic thermal muds,
exerted a significant antioxidant activity, leading to a reduction in ROS levels, as previously
demonstrated with a different experimental approach [11].

Finally, it is important to note that, although in this paper we used polysaccharides
extracted from a single mud sample, the chemical composition and reproducibility of M-PS
effects can be considered consistent across different mud samples or batches. Indeed, in
a recent paper, we demonstrated that M-PS extracted from six mature muds, produced
by different spas of the Euganean Thermal District and in which mud maturation was
performed at different temperatures, exhibit similar anti-inflammatory potential when anal-
ysed with the zebrafish model, despite changes in cyanobacterial population composition.
This result is likely attributable to the chemical homogeneity of the molecules, both in
terms of polysaccharide chemical structure and monosaccharide composition, which was
highlighted by our chemical analyses [9].

5. Conclusions
Altogether, the findings described in this study suggest that M-PS, and Euganean

thermal mud in general, play a key role in immune modulation, facilitating the resolution
of inflammation and restoring tissue homeostasis.

These results lay the groundwork for possible future research on human subjects to
further explore the molecular effects of peloid applications.
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quencing results (B). Image created with Biorender.com. Figure S2: Schematic representation of image
processing performed with the ImageJ software for the measurement of RawIndDen. Image created
with Biorender.com. Figure S3: 11 clusters identified by the DEG pseudo-temporal pattern analysis.
Table S1: Primer pairs used for RT-qPCR. Table S2: List of the up-regulated pathways identified
with the Gene set enrichment analysis (GSEA). The tables report sample cluster, description of the
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report sample cluster, description of the hallmark sets, p-value and p.adjust, list and number of genes
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by Tukey’s multiple comparison test of graphs of Figure 6.

https://www.mdpi.com/article/10.3390/antiox14070878/s1
https://www.mdpi.com/article/10.3390/antiox14070878/s1


Antioxidants 2025, 14, 878 16 of 18

Author Contributions: M.C.: Methodology, Validation, Formal analysis, Investigation, Data curation,
Writing-original draft, Writing—review and editing, Visualisation. R.M.Z.: Methodology, Formal
analysis, Investigation, Data curation, Writing—review and editing, Visualisation. F.T.: Methodology,
Investigation, Writing—review and editing. A.T.: Methodology, Investigation, Writing—review
and editing. F.C.: Resources, Writing—review and editing. N.L.R.: Conceptualization, Resources,
Writing—review and editing, Supervision, Funding acquisition. P.M.: Conceptualization, Software,
Validation, Formal analysis, Data curation, Writing—original draft, Writing—review and editing,
Visualisation. L.D.V.: Conceptualization, Formal analysis, Writing—original draft, Writing—review
and editing, Supervision, Project administration, Resources, Funding acquisition. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by Pietro d’Abano Thermal Studies Center (DALL_PRIV22_01;
DALL_PRIV25_01) and the Department of Biology, University of Padova (Intramural Grant
LDV and NLR).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data contained within the article.

Acknowledgments: The authors wish to thank the Zebrafish Centre and the DiBio Sequencing
Facility of the University of Padova for their technical support. The graphical abstract was created
with Biorender.com (https://app.biorender.com, accessed on 1 June 2025).

Conflicts of Interest: Fabrizio Caldara and Micol Caichiolo are employed by “Centro Studi Termali
Pietro d’Abano”. The “Centro Studi Termali” is a non-profit association that conducts scientific
research in the field of Euganean thermalism across all therapeutic and scientific applications. The
authors declare that the study design, data collection, analysis, interpretation of results, and decision
to publish were conducted independently and were not influenced by the employers or any other
organization. All authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References
1. Leiba, J.; Özbilgiç, R.; Hernández, L.; Demou, M.; Lutfalla, G.; Yatime, L.; Nguyen-Chi, M. Molecular Actors of Inflammation and

Their Signaling Pathways: Mechanistic Insights from Zebrafish. Biology 2023, 12, 153. [CrossRef] [PubMed]
2. de Lange-Brokaar, B.J.E.; Ioan-Facsinay, A.; van Osch, G.J.V.M.; Zuurmond, A.-M.; Schoones, J.; Toes, R.E.M.; Huizinga, T.W.J.;

Kloppenburg, M. Synovial Inflammation, Immune Cells and Their Cytokines in Osteoarthritis: A Review. Osteoarthr. Cartil. 2012,
20, 1484–1499. [CrossRef] [PubMed]

3. Barakat, M.; Syed, N.K.; Hasen, E.; Abdulrazzaq, S.B.; Thiab, S.; Al-Najjar, M.A.A.; Omar, A.; Lucy, T.T.; Mamun-Or-Rashid,
A.N.M.; Yagi, M.; et al. The Effect of Natural Products on Inflammatory Cytokines Production and Secretion. Phytomedicine Plus
2023, 3, 100488. [CrossRef]

4. Carretero, M.I. Clays in Pelotherapy. A Review. Part II: Organic Compounds, Microbiology and Medical Applications. Appl. Clay Sci.
2020, 189, 105531. [CrossRef]

5. Gomes, C.; Carretero, M.I.; Pozo, M.; Maraver, F.; Cantista, P.; Armijo, F.; Legido, J.L.; Teixeira, F.; Rautureau, M.; Delgado, R.
Peloids and Pelotherapy: Historical Evolution, Classification and Glossary. Appl. Clay Sci. 2013, 75–76, 28–38. [CrossRef]

6. Bruno, A.; Rossi, C.; Marcolongo, G.; Di Lena, A.; Venzo, A.; Berrie, C.P.; Corda, D. Selective in Vivo Anti-Inflammatory Action of
the Galactolipid Monogalactosyldiacylglycerol. Eur. J. Pharmacol. 2005, 524, 159–168. [CrossRef] [PubMed]

7. Lenti, M.; Gentili, C.; Pianezzi, A.; Marcolongo, G.; Lalli, A.; Cancedda, R.; Cancedda, F.D. Monogalactosyldiacylglycerol
Anti-Inflammatory Activity on Adult Articular Cartilage. Nat. Prod. Res. 2009, 23, 754–762. [CrossRef] [PubMed]

8. Ulivi, V.; Lenti, M.; Gentili, C.; Marcolongo, G.; Cancedda, R.; Cancedda, F.D. Anti-Inflammatory Activity of Monogalactosyl-
diacylglycerol in Human Articular Cartilage in Vitro: Activation of an Anti-Inflammatory Cyclooxygenase-2 (COX-2) Pathway.
Arthritis Res. Ther. 2011, 13, R92. [CrossRef] [PubMed]

9. Caichiolo, M.; Zampieri, R.M.; Adessi, A.; Ciani, M.; Caldara, F.; Valle, L.D.; La Rocca, N. Microbial Polysaccharides Extracted
from Different Mature Muds of the Euganean Thermal District Show Similar Anti-Inflammatory Activity In Vivo. Int. J. Mol. Sci.
2024, 25, 4999. [CrossRef] [PubMed]

https://app.biorender.com
https://doi.org/10.3390/biology12020153
https://www.ncbi.nlm.nih.gov/pubmed/36829432
https://doi.org/10.1016/j.joca.2012.08.027
https://www.ncbi.nlm.nih.gov/pubmed/22960092
https://doi.org/10.1016/j.phyplu.2023.100488
https://doi.org/10.1016/j.clay.2020.105531
https://doi.org/10.1016/j.clay.2013.02.008
https://doi.org/10.1016/j.ejphar.2005.09.023
https://www.ncbi.nlm.nih.gov/pubmed/16253232
https://doi.org/10.1080/14786410802456956
https://www.ncbi.nlm.nih.gov/pubmed/19418358
https://doi.org/10.1186/ar3367
https://www.ncbi.nlm.nih.gov/pubmed/21682897
https://doi.org/10.3390/ijms25094999
https://www.ncbi.nlm.nih.gov/pubmed/38732217


Antioxidants 2025, 14, 878 17 of 18

10. Zampieri, R.M.; Adessi, A.; Caldara, F.; Codato, A.; Furlan, M.; Rampazzo, C.; De Philippis, R.; La Rocca, N.; Valle, L.D.
Anti-Inflammatory Activity of Exopolysaccharides from Phormidium Sp. ETS05, the Most Abundant Cyanobacterium of the
Therapeutic Euganean Thermal Muds, Using the Zebrafish Model. Biomolecules 2020, 10, 582. [CrossRef] [PubMed]

11. Zampieri, R.M.; Adessi, A.; Caldara, F.; De Philippis, R.; Valle, L.D.; La Rocca, N. In Vivo Anti-Inflammatory and Antioxidant
Effects of Microbial Polysaccharides Extracted from Euganean Therapeutic Muds. Int. J. Biol. Macromol. 2022, 209, 1710–1719.
[CrossRef] [PubMed]

12. Gris, B.; Treu, L.; Zampieri, R.M.; Caldara, F.; Romualdi, C.; Campanaro, S.; La Rocca, N. Microbiota of the Therapeutic Euganean
Thermal Muds with a Focus on the Main Cyanobacteria Species. Microorganisms 2020, 8, 1590. [CrossRef] [PubMed]

13. Bollettino Ufficiale Regione Del Veneto: Venezia, Regolamento d’uso Del Marchio Collettivo d’Origine Fango D.O.C. Thermae
Abano Montegrotto-Regione Veneto. 2015. Available online: https://bur.regione.veneto.it/BurvServices/pubblica/Download.
aspx?name=293_AllegatoA0_294348.pdf&type=9&storico=False (accessed on 14 July 2025).

14. Belo, M.A.A.; Oliveira, M.F.; Oliveira, S.L.; Aracati, M.F.; Rodrigues, L.F.; Costa, C.C.; Conde, G.; Gomes, J.M.M.; Prata, M.N.L.;
Barra, A.; et al. Zebrafish as a Model to Study Inflammation: A Tool for Drug Discovery. Biomed. Pharmacother. 2021, 144, 112310.
[CrossRef] [PubMed]

15. Xie, Y.; Meijer, A.H.; Schaaf, M.J.M. Modeling Inflammation in Zebrafish for the Development of Anti-Inflammatory Drugs.
Front. Cell Dev. Biol. 2021, 8, 620984. [CrossRef] [PubMed]

16. Crawford, A.D.; Esguerra, C.V.; De Witte, P.A.M. Fishing for Drugs from Nature: Zebrafish as a Technology Platform for Natural
Product Discovery. Planta Medica 2008, 74, 624–632. [CrossRef] [PubMed]

17. Kuri, P.; Ellwanger, K.; Kufer, T.A.; Leptin, M.; Bajoghli, B. A High-Sensitivity Bi-Directional Reporter to Monitor NF-KB Activity
in Cell Culture and Zebrafish in Real Time. J. Cell Sci. 2017, 130, 648–657. [CrossRef] [PubMed]

18. Wang, Z.; Zheng, Y.; Lai, Z.; Hu, X.; Wang, L.; Wang, X.; Li, Z.; Gao, M.; Yang, Y.; Wang, Q.; et al. Effect of Monosaccharide
Composition and Proportion on the Bioactivity of Polysaccharides: A Review. Int. J. Biol. Macromol. 2024, 254, 127955. [CrossRef]
[PubMed]

19. Kimmel, C.B.; Ballard, W.W.; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of Embryonic Development of the Zebrafish.
Dev. Dyn. 1995, 203, 253–310. [CrossRef] [PubMed]

20. Patro, R.; Duggal, G.; Love, M.I.; Irizarry, R.A.; Kingsford, C. Salmon Provides Fast and Bias-Aware Quantification of Transcript
Expression. Nat. Methods 2017, 14, 417–419. [CrossRef] [PubMed]

21. Soneson, C.; Love, M.I.; Robinson, M.D. Differential Analyses for RNA-Seq: Transcript-Level Estimates Improve Gene-Level
Inferences. F1000Research 2015, 4, 1521. [CrossRef] [PubMed]

22. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2.
Genome Biol. 2014, 15, 550. [CrossRef] [PubMed]

23. Pantano, L.; Hutchinson, J.; Barrera, V.; Piper, M.; Khetani, R.; Daily, K.; Perumal, T.M.; Kirchner, R.; Steinbaugh, M.; Zeller, I.
DEGreport: Report of DEG Analysis, R Package Version 1.40.1; Bioconductor: Boston, MA, USA, 2024. [CrossRef]

24. Xu, S.; Hu, E.; Cai, Y.; Xie, Z.; Luo, X.; Zhan, L.; Tang, W.; Wang, Q.; Liu, B.; Wang, R.; et al. Using ClusterProfiler to Characterize
Multiomics Data. Nat. Protoc. 2024, 19, 3292–3320. [CrossRef] [PubMed]

25. Garbacki, N.; Gloaguen, V.; Damas, J.; Hoffmann, L.; Tits, M.; Angenot, L. Inhibition of Croton Oil-Induced Oedema in Mice Ear
Skin by Capsular Polysaccharides from Cyanobacteria. Naunyn Schmiedebergs Arch. Pharmacol. 2000, 361, 460–464. [CrossRef]
[PubMed]

26. Xie, L.; Huang, Z.; Qin, L.; Yu, Q.; Chen, Y.; Zhu, H.; Xie, J. Effects of Sulfation and Carboxymethylation on Cyclocarya Paliurus
Polysaccharides: Physicochemical Properties, Antitumor Activities and Protection against Cellular Oxidative Stress. Int. J.
Biol. Macromol. 2022, 204, 103–115. [CrossRef] [PubMed]

27. Pereira, T.C.B.; Campos, M.M.; Bogo, M.R. Copper Toxicology, Oxidative Stress and Inflammation Using Zebrafish as Experimental
Model. J. Appl. Toxicol. 2016, 36, 876–885. [CrossRef] [PubMed]

28. Borges, T.J.; Wieten, L.; van Herwijnen, M.J.C.; Broere, F.; van der Zee, R.; Bonorino, C.; van Eden, W. The Anti-Inflammatory
Mechanisms of Hsp70. Front. Immunol. 2012, 3, 95. [CrossRef] [PubMed]

29. Araki, Y.; Mimura, T. Matrix Metalloproteinase Gene Activation Resulting from Disordred Epigenetic Mechanisms in Rheumatoid
Arthritis. Int. J. Mol. Sci. 2017, 18, 905. [CrossRef] [PubMed]

30. Sakao, K.; Takahashi, K.A.; Arai, Y.; Saito, M.; Honjo, K.; Hiraoka, N.; Asada, H.; Shin-Ya, M.; Imanishi, J.; Mazda, O.; et al.
Osteoblasts Derived from Osteophytes Produce Interleukin-6, Interleukin-8, and Matrix Metalloproteinase-13 in Osteoarthritis.
J. Bone Miner. Metab. 2009, 27, 412–423. [CrossRef] [PubMed]

31. Moon, Y.-M.; Lee, S.-Y.; Kwok, S.-K.; Lee, S.H.; Kim, D.; Kim, W.K.; Her, Y.-M.; Son, H.-J.; Kim, E.-K.; Ryu, J.-G.; et al. The Fos-
Related Antigen 1–JUNB/Activator Protein 1 Transcription Complex, a Downstream Target of Signal Transducer and Activator
of Transcription 3, Induces T Helper 17 Differentiation and Promotes Experimental Autoimmune Arthritis. Front. Immunol. 2017,
8, 1793. [CrossRef] [PubMed]

https://doi.org/10.3390/biom10040582
https://www.ncbi.nlm.nih.gov/pubmed/32290043
https://doi.org/10.1016/j.ijbiomac.2022.04.123
https://www.ncbi.nlm.nih.gov/pubmed/35483514
https://doi.org/10.3390/microorganisms8101590
https://www.ncbi.nlm.nih.gov/pubmed/33076380
https://bur.regione.veneto.it/BurvServices/pubblica/Download.aspx?name=293_AllegatoA0_294348.pdf&type=9&storico=False
https://bur.regione.veneto.it/BurvServices/pubblica/Download.aspx?name=293_AllegatoA0_294348.pdf&type=9&storico=False
https://doi.org/10.1016/j.biopha.2021.112310
https://www.ncbi.nlm.nih.gov/pubmed/34678720
https://doi.org/10.3389/fcell.2020.620984
https://www.ncbi.nlm.nih.gov/pubmed/33520995
https://doi.org/10.1055/s-2008-1034374
https://www.ncbi.nlm.nih.gov/pubmed/18584811
https://doi.org/10.1242/jcs.196485
https://www.ncbi.nlm.nih.gov/pubmed/27980067
https://doi.org/10.1016/j.ijbiomac.2023.127955
https://www.ncbi.nlm.nih.gov/pubmed/37944714
https://doi.org/10.1002/aja.1002030302
https://www.ncbi.nlm.nih.gov/pubmed/8589427
https://doi.org/10.1038/nmeth.4197
https://www.ncbi.nlm.nih.gov/pubmed/28263959
https://doi.org/10.12688/f1000research.7563.1
https://www.ncbi.nlm.nih.gov/pubmed/26925227
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.18129/B9.Bioc.DEGreport
https://doi.org/10.1038/s41596-024-01020-z
https://www.ncbi.nlm.nih.gov/pubmed/39019974
https://doi.org/10.1007/s002109900206
https://www.ncbi.nlm.nih.gov/pubmed/10763863
https://doi.org/10.1016/j.ijbiomac.2022.01.192
https://www.ncbi.nlm.nih.gov/pubmed/35144010
https://doi.org/10.1002/jat.3303
https://www.ncbi.nlm.nih.gov/pubmed/26888422
https://doi.org/10.3389/fimmu.2012.00095
https://www.ncbi.nlm.nih.gov/pubmed/22566973
https://doi.org/10.3390/ijms18050905
https://www.ncbi.nlm.nih.gov/pubmed/28441353
https://doi.org/10.1007/s00774-009-0058-6
https://www.ncbi.nlm.nih.gov/pubmed/19333684
https://doi.org/10.3389/fimmu.2017.01793
https://www.ncbi.nlm.nih.gov/pubmed/29326694


Antioxidants 2025, 14, 878 18 of 18

32. Hahn, M.E.; McArthur, A.G.; Karchner, S.I.; Franks, D.G.; Jenny, M.J.; Timme-Laragy, A.R.; Stegeman, J.J.; Woodin, B.R.;
Cipriano, M.J.; Linney, E. The Transcriptional Response to Oxidative Stress during Vertebrate Development: Effects of Tert-
Butylhydroquinone and 2,3,7,8-Tetrachlorodibenzo-p-Dioxin. PLoS ONE 2014, 9, e113158. [CrossRef] [PubMed]

33. Smirnova, A.; Mentor, A.; Ranefall, P.; Bornehag, C.-G.; Brunström, B.; Mattsson, A.; Jönsson, M. Increased Apoptosis, Reduced
Wnt/β-Catenin Signaling, and Altered Tail Development in Zebrafish Embryos Exposed to a Human-Relevant Chemical Mixture.
Chemosphere 2021, 264, 128467. [CrossRef] [PubMed]

34. Olivari, F.A.; Hernández, P.P.; Allende, M.L. Acute Copper Exposure Induces Oxidative Stress and Cell Death in Lateral Line Hair
Cells of Zebrafish Larvae. Brain Res. 2008, 1244, 1–12. [CrossRef] [PubMed]

35. Qiu, Y.; Zhang, A.; Lian, X.; Zheng, T.; Xue, X.; Luo, Z.; Gao, H.; Zheng, X. Unraveling the Link between Structural Properties of
Polysaccharides and Anti-Inflammatory Activity: A Review. Carbohydr. Res. 2025, 555, 109583. [CrossRef] [PubMed]

36. Salehi, M.; Rashidinejad, A. Multifaceted Roles of Plant-Derived Bioactive Polysaccharides: A Review of Their Biological
Functions, Delivery, Bioavailability, and Applications within the Food and Pharmaceutical Sectors. Int. J. Biol. Macromol. 2025,
290, 138855. [CrossRef] [PubMed]

37. Dharanie, S.; Meghana, C.; Lavanya, M.; Baskaran, N.; Elumalai, A.; Vignesh, S. Bioactive Food Polysaccharides: A Review on
Sources, Classification, and Its Potential Health Benefits in Humans. Food Humanit. 2024, 3, 100451. [CrossRef]

38. Li, Q.; Niu, Y.; Xing, P.; Wang, C. Bioactive Polysaccharides from Natural Resources Including Chinese Medicinal Herbs on Tissue
Repair. Chin. Med. 2018, 13, 7. [CrossRef] [PubMed]

39. Cheleschi, S.; Tenti, S.; Seccafico, I.; Gálvez, I.; Fioravanti, A.; Ortega, E. Balneotherapy Year in Review 2021: Focus on the
Mechanisms of Action of Balneotherapy in Rheumatic Diseases. Environ. Sci. Pollut. Res. 2022, 29, 8054–8073. [CrossRef]
[PubMed]

40. Mennuni, G.; Fontana, M.; Perricone, C.; Nocchi, S.; Rosso, R.; Ceccarelli, F.; Fraioli, A. A Meta-Analysis of the Effectiveness of
Mud-Bath Therapy on Knee Osteoarthritis. Clin. Ter. 2021, 172, 372–387. [PubMed]

41. Gálvez, I.; Torres-Piles, S.; Ortega, E. Effect of Mud-Bath Therapy on the Innate/Inflammatory Responses in Elderly Pa-
tients with Osteoarthritis: A Discussion of Recent Results and a Pilot Study on the Role of the Innate Function of Monocytes.
Int. J. Biometeorol. 2020, 64, 927–935. [CrossRef] [PubMed]

42. Hartman, M.G.; Lu, D.; Kim, M.-L.; Kociba, G.J.; Shukri, T.; Buteau, J.; Wang, X.; Frankel, W.L.; Guttridge, D.; Prentki, M.; et al.
Role for Activating Transcription Factor 3 in Stress-Induced β-Cell Apoptosis. Mol. Cell. Biol. 2004, 24, 5721–5732. [CrossRef]
[PubMed]

43. Liu, S.; Li, Z.; Lan, S.; Hao, H.; Baz, A.A.; Yan, X.; Gao, P.; Chen, S.; Chu, Y. The Dual Roles of Activating Transcription Factor 3
(ATF3) in Inflammation, Apoptosis, Ferroptosis, and Pathogen Infection Responses. Int. J. Mol. Sci. 2024, 25, 824. [CrossRef]
[PubMed]

44. Croker, B.A.; Kiu, H.; Nicholson, S.E. SOCS Regulation of the JAK/STAT Signalling Pathway. Semin. Cell Dev. Biol. 2008,
19, 414–422. [CrossRef] [PubMed]

45. Timme-Laragy, A.R.; Karchner, S.I.; Franks, D.G.; Jenny, M.J.; Harbeitner, R.C.; Goldstone, J.V.; McArthur, A.G.; Hahn, M.E.
Nrf2b, Novel Zebrafish Paralog of Oxidant-Responsive Transcription Factor NF-E2-Related Factor 2 (NRF2). J. Biol. Chem. 2012,
287, 4609–4627. [CrossRef] [PubMed]

46. Luo, K.; Ogawa, M.; Ayer, A.; Britton, W.J.; Stocker, R.; Kikuchi, K.; Oehlers, S.H. Zebrafish Heme Oxygenase 1a Is Necessary for
Normal Development and Macrophage Migration. Zebrafish 2022, 19, 7–17. [CrossRef] [PubMed]

47. Nesci, S.; Rubattu, S. UCP2, a Member of the Mitochondrial Uncoupling Proteins: An Overview from Physiological to Pathological
Roles. Biomedicines 2024, 12, 1307. [CrossRef] [PubMed]

48. Soliman, A.M.; Soliman, M.; Shah, S.S.H.; Baig, H.A.; Gouda, N.S.; Alenezi, B.T.; Alenezy, A.; Hegazy, A.M.S.; Jan, M.; Eltom, E.H.
Molecular Dynamics of Inflammation Resolution: Therapeutic Implications. Front. Cell Dev. Biol. 2025, 13, 1600149. [CrossRef]
[PubMed]

49. Sugimoto, M.A.; Sousa, L.P.; Pinho, V.; Perretti, M.; Teixeira, M.M. Resolution of Inflammation: What Controls Its Onset?
Front. Immunol. 2016, 7, 160. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0113158
https://www.ncbi.nlm.nih.gov/pubmed/25402455
https://doi.org/10.1016/j.chemosphere.2020.128467
https://www.ncbi.nlm.nih.gov/pubmed/33032226
https://doi.org/10.1016/j.brainres.2008.09.050
https://www.ncbi.nlm.nih.gov/pubmed/18848822
https://doi.org/10.1016/j.carres.2025.109583
https://www.ncbi.nlm.nih.gov/pubmed/40543216
https://doi.org/10.1016/j.ijbiomac.2024.138855
https://www.ncbi.nlm.nih.gov/pubmed/39701227
https://doi.org/10.1016/j.foohum.2024.100451
https://doi.org/10.1186/s13020-018-0166-0
https://www.ncbi.nlm.nih.gov/pubmed/29445417
https://doi.org/10.1007/s11356-021-17780-0
https://www.ncbi.nlm.nih.gov/pubmed/34845635
https://www.ncbi.nlm.nih.gov/pubmed/34247222
https://doi.org/10.1007/s00484-019-01748-4
https://www.ncbi.nlm.nih.gov/pubmed/31218395
https://doi.org/10.1128/MCB.24.13.5721-5732.2004
https://www.ncbi.nlm.nih.gov/pubmed/15199129
https://doi.org/10.3390/ijms25020824
https://www.ncbi.nlm.nih.gov/pubmed/38255898
https://doi.org/10.1016/j.semcdb.2008.07.010
https://www.ncbi.nlm.nih.gov/pubmed/18708154
https://doi.org/10.1074/jbc.M111.260125
https://www.ncbi.nlm.nih.gov/pubmed/22174413
https://doi.org/10.1089/zeb.2021.0058
https://www.ncbi.nlm.nih.gov/pubmed/35108124
https://doi.org/10.3390/biomedicines12061307
https://www.ncbi.nlm.nih.gov/pubmed/38927514
https://doi.org/10.3389/fcell.2025.1600149
https://www.ncbi.nlm.nih.gov/pubmed/40406415
https://doi.org/10.3389/fimmu.2016.00160
https://www.ncbi.nlm.nih.gov/pubmed/27199985

	Introduction 
	Materials and Methods 
	Microbial Polysaccharides 
	Zebrafish Maintenance 
	Zebrafish Larvae Treatment 
	Library Construction and High-Throughput Sequencing 
	Processing of RNA-Seq Data and Bioinformatics Analysis 
	Real-Time Quantitative PCR (RT-qPCR) 
	Acridine Orange Staining 
	Total Antioxidant Capacity (TAC) Assay 
	Statistical Analysis for the Validation Experiments 

	Results 
	Identification of Differentially Expressed Genes (DEGs) Following Copper Sulphate Exposure and M-PS Treatment 
	Gene Set Enrichment Analysis (GSEA) and Functional Classification of the Differentially Expressed Genes 
	DEG-Pseudotime Patterns Analysis of the Differentially Expressed Genes 
	Validation of Transcriptomic Analysis by RT-qPCR 
	Validation of the Recovery from Increased Apoptosis Levels Induced by Copper Sulphate 
	Validation of the Recovery from the Oxidative Stress Induced by Copper Sulphate 

	Discussion 
	Conclusions 
	References

