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Simple Summary 

In intensive aquaculture, some feeds can cause inflammation and consequent muscle damage. In this 
study, we used zebrafish to investigate if a mix of plant natural substances (polyphenols) can protect 
or repair damaged muscle. Polyphenols reduced signs of inflammation and helped muscle recovery, 
especially as a preventative measure. The results suggest that their use as a feed additive could be a 
promising nutritional strategy for improving fish health in aquaculture. 

Abstract 

Diet-induced inflammation is a major cause of muscle degeneration in fish. Owing to their anti-
inflammatory and antioxidant properties, polyphenols have recently attracted considerable interest 
as feed additives in aquaculture. In this study, we used a combined immunohistochemical, western 
blotting (WB), and proteomic approach to test the hypothesis that a pro-inflammatory diet in 
zebrafish (Danio rerio) induces skeletal muscle inflammation and degeneration, and that dietary 
polyphenols can prevent or reverse these effects. Fish were supplemented with a mixture of 
polyphenols—tannins from Castanea sativa shells and apigenin from Verbascum macrurum—
administered before (PVpreI), during (PVwithI), or after (PVpostI) the inflammatory diet. 
Inflammation led to muscle fibers degeneration, expanded intercellular space, and increased TNF-α, 
COX2, and caspase 3 expression. Polyphenol supplementation prevented or partially attenuated 
these alterations and reduced inflammatory marker expression. WB analysis revealed changes in 
IκBα phosphorylation, desmin, and titin levels in inflamed muscle, fully or partially restored in 
PVpreI and PVwithI groups. Proteomic profiling showed quantitative alterations in structural and 
regeneration-related proteins, connective tissue components, inflammatory and immune mediators, 
and metabolite transporters, reflecting the morphological and molecular changes. Among treatments, 
polyphenol pre-treatment was the most effective in preventing inflammation-induced damage, 
followed by co-treatment and post-treatment, which showed only partial recovery. These findings 
strongly support dietary polyphenol supplementation to preserve muscle integrity and promote fish 
health in aquaculture. 

Keywords: amyotrophy; feed supplements; nutraceuticals; immune system; animal model; 
proteomics 
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1. Introduction 

Inflammation is key to skeletal muscle loss or atrophy [1]. Some of the cellular processes that 
contribute to this are: i) release of pro-inflammatory cytokines like interleukin-1β (IL-1β), IL-6, and 
tumor necrosis factor-α (TNF-α), which inhibit synthesis and accelerate degradation of proteins by 
modulating signaling pathways such as JAK/STAT3, ERK, and PI3K/Akt; ii) activation of protein 
breakdown via calpains, ubiquitin-proteasome system, and caspase 3; iii) enhanced lysosomal 
autophagy through p38/MAPK pathway activation; iv) increased TGF-β activity; v) mTOR pathway 
downregulation [2,3]. In skeletal muscle, inflammation triggers ROS production, apoptosis, 
mitochondrial dysfunction, and reduced antioxidant defenses [4–6]. These mechanisms disrupt the 
balance between protein synthesis and degradation, leading to atrophy [7]. Inflamed muscle in mice 
shows up-regulation of embryonic myosin forms, altered actin-myosin interactions, and reduced 
contractility [8,9]. Desmin, another muscle-related protein, is upregulated during atrophy [9]. 

Although studies in fish are limited, similar mechanisms to those in mammals are observed. In 
vitro IL-1β stimulation of Atlantic salmon (Salmo salar) myocytes led to overexpression of immune 
and catabolic genes, lipid mobilization, and reduced proliferation [10]. In rainbow trout 
(Oncorhynchus mykiss), proteomic analysis of atrophic muscle revealed decreased levels of enzymes 
involved in anaerobic respiration and protein biosynthesis, and activation of MAPK/ERK and NF-κB 
pathways [11]. 

Aquaculture provides large quantities of high-quality protein with low environmental impact 
[12]. However, intensive practices expose fish to a vast array of stressors like infections, inflammation, 
and oxidative stress. Moreover, artificial diet can be proinflammatory and linked to impaired muscle 
development, oxidative stress, and immune dysfunctions [13–15]. Feeding juvenile grass carp 
(Ctenopharyngodon idella) various grasses improved muscle growth, collagen production, reduced fat, 
and better flesh quality than conventional feeds [13]. Chlorella vulgaris improved muscle in crucian 
carp (Carassius auratus) [14], and reduced inflammation and apoptosis in largemouth bass 
(Micropterus salmoides) [15]. However, many carnivorous species react negatively to plant-based 
ingredients, suffering oxidative stress and intestinal inflammation, jeopardizing health, growth, and 
product quality [16]. 

Due to the critical link between diet, inflammation, and muscle health, research focuses on 
optimizing fish nutrition [17]. A promising approach is using natural compounds that regulate the 
balance of pro-/anti-inflammatory factors and muscle protein turnover [17]. Polyphenols are 
especially relevant for their anti-inflammatory and antioxidant properties [18]. Lipophilic curcumin, 
for example, counteracted muscle atrophy in an LPS-induced mouse model by inhibiting p38/MAPK, 
reducing inflammation and oxidative stress [19]. Resveratrol alleviated muscle atrophy in mouse 
models of diabetes, cancer, and denervation by inhibiting NF-κB [20,21]. Quercetin supplementation 
prevented inflammation and atrophy caused by high-fat diets in mice by downregulating TNF-α [22]. 
Although polyphenols have positively affected oxidative status and growth in various fish species 
[23–25], their impact on fish muscle health remains underexplored. 

Zebrafish (Danio rerio) have become a valuable model for studying inflammation in vertebrates, 
including applications in aquaculture, aligning with EU "Three Rs" guidelines: replacement, 
reduction, and refinement [26]. Given the limited knowledge about polyphenols' role in diet-induced 
muscle atrophy, we used immunohistochemistry (IHC), western blotting (WB), and proteomics to 
test whether a pro-inflammatory diet induces muscle atrophy and if a polyphenol-enriched diet can 
reverse it. This approach has successfully identified physiologically relevant molecules and 
biomarkers in zebrafish [27]. 
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2. Materials and Methods 

2.1. Zebrafish Rearing and Experimental Diets 

The zebrafish muscle samples analyzed in this work were part of a trial already reported [28]; 
thus, the experimental conditions will be only briefly reported here. Male adult zebrafish (Danio rerio), 
about 400 ± 100 mg (mean ± SD), were bred at the Vakili Ornamental fish production complex, with 
the permission of the Department of Fisheries, Gorgan University of Agricultural Sciences and 
Natural Resources (GUASNR), Gorgan, Iran. The GUASNR guidelines for animal husbandry were 
followed during the animal experiments. Measurements were taken to reduce fish suffering. Before 
or during the experimentation, no medical treatment was provided. No deaths occurred.  

Animals were fed once daily at 2 % of the body weight. The zebrafish were divided into six 
dietary groups (n = 18 fish per group): i) animals fed once a day with peeled Artemia salina cysts (22 
% fat, 44 % proteins, 16 % carbohydrates; Aqua Schwarz); control group (CT); ii) animals fed once a 
day for 10 days with A. salina added with 0.1 % w/w k-carrageenan, inflamed group (I); iii) animals 
fed once a day for 10 days with A. salina added with polyphenols extracts followed by 10 days of 
inflammatory diet, polyphenols pre-treated inflamed group (PVpreI); iv) animals fed once a day for 
10 days with inflammatory diet and polyphenols extracts, polyphenols co-treated inflamed group 
(PVwithI); v) animals fed once a day for 10 days with inflammatory diet followed by A. salina added 
with polyphenols extracts for 10 days, polyphenols post-treated inflamed group (PVpostI); vi) 
animals fed once a day for 10 days with A. salina added with polyphenols extracts, poliphenols 
treated control group (PV) [28]. The polyphenols were extracted from chestnut (Castanea sativa) shell 
coming from Montella (a geographical area in the Province of Avellino, Italy) and Verbascum 
macrurum harvested in Pietraroia (an area in the Province of Benevento, Italy) (3 µg total 
polyphenols/day/zebrafish). Total phenolic content and HPLC profile of the chestnut shell and 
Verbascum macrurum extract were determined in previous work [28,29]. After the feeding trial, 
zebrafish were fasted overnight and sacrificed. The skeletal muscle tissue for western blot and 
proteomics analysis was rapidly dissected on ice, frozen in nitrogen liquid and stored at - 80 °C until 
use. 

2.2. Histological and Immunohistochemical Analysis 

Histological and Immunohistochemical analysis were performed using the method reported in 
previous work [28]. Six adult zebrafish samples were collected for histological analysis from each 
group, fixed in 4% formalin, dehydrated in alcohol, clarified in xylene, embedded in paraffin, sliced 
into 5 µm sections, and stained with Hematoxylin-Eosin (H&E) or with primary antibodies anti-TNF-
α (1:200; #NBP1-19532, Novus Biologicals, USA), COX2 (1:200; #160126, Cayman), and caspase 
3(1:200; code ab13847, Abcam, Cambridge, UK), respectively. A light microscope Leica DMI6000 
equipped with digital CCD camera Leica DFC340 (Leica Microsystems) was used to capture 
microscopic images (20X and 40X magnification) and analyze morphological and 
immunohistological changes in skeletal muscle tissues. Micrographs were adjusted for light and 
contrast using Adobe Photoshop 6.01 (Adobe Systems, San Jose, CA) and then assembled on plates. 
The number of caspase 3-positive cells was defined following method previously reported [30]. To 
measure the average muscle fiber cross-sectional area (CSA), three randomly selected images per 
muscle from three representative fields of tissue for each animal per experimental condition (n = 6 
animals per group) were analyzed using ImageJ software Version 1.52n, which was equipped with 
cross-sectional analyzer plugin. The CSA value was evaluated only for muscle fibers (120 in number) 
contained entirely within the image. A blind independent operator performed histological analyses. 
All the morphological observations were adapted to those reported in previous studies on other fish 
models [31,32]. 
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2.3. Western Blotting 

WB experiments were carried out on the skeletal muscle of each zebrafish group (n = 6 zebrafish 
per group) by following protocol used in previous work [28]. Total muscle proteins were extracted 
by using ice-cold RIPA lysis buffer enriched with protease and phosphatase inhibitors. Proteins were 
quantified by using the Bradford Protein Assay Kit (Thermo Scientific, USA), separated by SDS-
PAGE (10 %) and membranes containing the electrotransferred proteins were immunoblotted with 
primary antibodies (Table S1). WB signals were quantified by using the Image Lab (Bio-Rad) 
software. 

2.4. Proteomics 

Skeletal muscle samples of zebrafish (n = 6 individuals per group) were sampled at the same 
location from two different fillets, pooled in equal amounts to obtain one replicate, and frozen in 
liquid N2. Frozen muscle samples (40 mg) were homogenized with a polytron in 0.25–1 mL of 8.3 M 
urea, 2 M thiourea, 2 % (w/v) CHAPS and 1 % (w/v) DTT, and resulting extracts were shaken for 30 
min, at 4 ºC, and centrifuged at 10,000 x g for 30 min. Hundred µg of proteins for each zebrafish group 
were reduced, alkylated with iodoacetamide, precipitated and digested with trypsin as previously 
reported [33]. Peptides obtained from each protein sample were labelled with the TMT Label Reagent 
Set (Thermo-Fisher Scientific, USA) according to the matching CT-TMT6-126, I-TMT6-127, PV-TMT6-
128, PVpreI-TMT6-129, PVwithI-TMT6-130, PVpostI-TMT6-131. Labeled peptide mixtures were 
prepared, pooled and fractionated as already described [33]. Eight fractions of TMT-labelled peptides 
were collected and analyzed with an UltiMate 3000 HPLC RSLC nano system (Dionex, USA) linked 
to a Q-ExactivePlus mass spectrometer, as previously reported [33]. Technical triplicates were 
analyzed for all samples. 

All MS raw data files were merged in ProteomeDiscoverervs 2.4 software (Thermo Scientific) for 
identification and relative quantification of proteins, allowing database searching via Mascot 
algorithm v. 2.4.2 (Matrix Science, UK) of a UniProtKB protein database (Danio rerio, 96007 protein 
sequences, 12/2022) also including the most common protein contaminants. Additional database 
searching parameters were already reported [33]. Protein candidates assigned based on at least two 
sequenced peptides and an individual Mascot Score greater than or equal to 25 were considered 
confidently identified. To calculate fold changes between samples, ratios of TMT reporter ion 
intensities in the MS/MS spectra from raw datasets were used. The results were filtered to obtain a 
false positive rate of 1%. 

2.5. Statistical Analysis 

Statistical analysis for histology and immunohistochemistry was performed using a one-way 
analysis of variance (ANOVA) coupled with Bonferroni's post-hoc test to identify differences between 
groups. Non-normally distributed data, such as that obtained by WB, were evaluated by Kruskal–
Wallis ANOVA non-parametric test followed by Dunn’s post-hoc test. GraphPad Prism 6 software v. 
6.05 (GraphPad, Inc.) was used to perform statistical analyses; all the quantitative data were 
expressed as mean ± SD or mean ± SE. The significance level was set at p < 0.05. 

3. Results 

3.1. Polyphenol Effects on the White Muscle Tissue Morphology  

Muscle from the CT group showed normal morphology, with peripheral oval nuclei and 
compact fibers displaying apparent striations (Figure 1A). Inflammation caused notable alterations, 
including wavy, degenerated fibers lacking striations, broken myofibrils, some circular nuclei, and 
enlarged interstitial areas with occasional infiltrated cells (Figure 1B). In the PVpreI group, most 
fibers appeared normal, though some degenerated ones without striations were seen (Figure 1C). 
PVwithI muscle showed wavy, degenerated fibers with missing striations, occasional circular nuclei, 
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broken myofibrils, and rare interstitial enlargements with infiltrating cells (Figure 1D). PVpostI 
muscle displayed pronounced changes, including enlarged interstitial areas with cell infiltration, 
more connective tissue, wavy fibers—often without striations—and circular or central nuclei (Figure 
1E). The PV group showed muscle morphology comparable to control (Figure 1F). 

Analysis of transverse sections and CSA revealed enlarged inter-fiber spaces in the I group and 
a significant decrease in mean CSA compared to CT (Figure 1G; p < 0.0001). PVpreI showed minimal 
interstitial space, and a significant CSA increase versus the I group (p < 0.0001), similar to CT. PVwithI 
had occasional interstitial enlargements and a CSA value significantly above the I group (p < 0.0001), 
but below CT (p < 0.0001) (Figure 1G). PVpostI also showed enlarged interstitial spaces and a reduced 
CSA compared to CT (p < 0.0001), although still higher than the I group (p < 0.0001). The PV group 
showed a slight but significant CSA increase versus CT (p < 0.05). 

 
Figure 1. Representative images of white muscle tissue stained with hematoxylin-eosin. The images show muscle 
longitudinal and transversal sections of (A, A1) control (CT), (B, B1) inflamed (I), (C, C1) chestnut shell and V. 
macrurum polyphenols extract pre-treated (PVpreI), or (D, D1) co-treated (PVwithI), or (E, E1) post-treated 
(PVpostI), and (F, F1) positive control (PV) zebrafish (D. rerio). Black arrowheads show circular nuclei; asterisks 
show degenerated and/or wavy fibers; black arrows show interstitial areas with cell infiltration; red arrows show 
broken myofibrillas; hash sign show increase in connective tissue spaces. Scale bar: 100 µm. (G) Mean muscle 
fibers cross-sectional area (CSA) (µm2) for each experimental group. Data are expressed as mean ± SE. ***p < 
0.0001 and *p < 0.05 compared to the CT group; ###p < 0.0001 compared to the I group. 

3.2. Polyphenol Effects on TNF-α, COX2 and Caspase 3 Immunoexpression in the White Muscle Tissue  

TNF-α immunohistochemical staining of longitudinal skeletal muscle sections in the CT group 
showed absent or sporadic expression (Figure 2A). In contrast, the I group displayed strong TNF-α 
positivity in muscle fiber nuclei and infiltrated cells (Figure 2B). In the PVpreI group, weak TNF-α 
immunosignal appeared in a few muscle fiber nuclei (Figure 2C), while the signal was more 
pronounced in PVpostI and PVwithI groups (Figure 2D, E). The PV group showed nearly absent 
TNF-α expression, similar to CT (Figure 2F). 
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Figure 2. Representative images of TNF-α immunoexpression in the white muscle tissue. The images show TNF-
α immunosignal in muscle longitudinal sections of (A, A1) control (CT), (B, B1) inflamed (I), (C, C1) chestnut shell 
and V. macrurum polyphenols extract pre-treated (PVpreI), or (D, D1) post-treated (PVpostI), or (E, E1) co-treated 
(PVwithI), and (F, F1) positive control (PV) zebrafish (D. rerio). Arrows show immunopositive nuclei of muscle 
cells; asterisks show immunopositive inflammatory infiltrated cells, and arrowheads show immunopositive 
muscle fibers. Scale bar: 50 µm. 

COX2 staining revealed a weak nuclear immunosignal in CT muscle fibers (Figure 3A), while 
the I group showed strong COX2 positivity in both fibers and nuclei (Figure 3B). No COX2 signal 
was detected in PVpreI fibers (Figure 3C), whereas some nuclear signals were observed in PVpostI 
(Figure 3D) and muscle fibers of PVwithI (Figure 3E). The PV group showed nearly absent COX2 
expression (Figure 3F). 

 

Figure 3. Representative images of COX2 immunoexpression in the white muscle tissue. The images show COX2 
immunosignal in muscle longitudinal sections of (A, A1) control (CT), (B, B1) inflamed (I), (C, C1) chestnut shell 
and V. macrurum polyphenols extract pre-treated (PVpreI), or (D, D1) post-treated (PVpostI), or (E, E1) co-treated 
(PVwithI), and (F, F1) positive control (PV) zebrafish (D. rerio). Black arrows show immunopositive muscle cell 
nuclei; asterisks show immunopositive muscle fibers. Scale bar: 50 µm. 

Caspase 3 immunostaining showed weak signal in CT muscle (Figure 4A), but strong nuclear 
expression in I group fibers (Figure 4B). PVpreI had limited nuclear positivity (Figure 4C), while 
PVpostI and PVwithI showed increased nuclear caspase 3 signal (Figure 4D, E). The PV group had 
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nearly no caspase 3 expression. Notably, the number of caspase 3-positive nuclei was significantly 
higher in I (p < 0.05) and PVwithI (p < 0.0001) groups than in CT. PVpreI and PVpostI had significantly 
fewer positive nuclei than I group (p < 0.05), and levels comparable to CT. 

 

Figure 4. Representative images of caspase-3 immunoexpression in the white muscle tissue. The images show 
caspase-3 immunosignal in muscle longitudinal sections of (A, A1) control (CT), (B, B1) inflamed (I), (C, C1) 
chestnut shell and V. macrurum polyphenols extract pre-treated (PVpreI), or (D, D1) post-treated (PVpostI), or 
(E, E1) co-treated (PVwithI), and (F, F1) positive control (PV) zebrafish (D. rerio). Arrows show immunopositive 
nuclei of muscle cells. Scale bar: 50 µm. (G) Mean number of caspase-3-positive cells/mm2 of muscle tissue of 
each group. Data are expressed as mean ± SE. ***p < 0.0001, *p < 0.05 compared to the CT group; °p < 0.05 
compared to the I group. 

3.3. Polyphenol Effects on NF-κB and p38 MAPK, ERK 1/2 Signaling Pathway in the White Muscle Tissue 

IκBα phosphorylation was assessed in skeletal muscle extracts from all experimental groups 
(Figure 5). Inflammation (p < 0.05) and the PVpostI condition (p < 0.001) significantly increased the 
pIκBα/IκBα ratio compared to CT. In contrast, PVpreI (p < 0.001) and PVwithI (p < 0.05) significantly 
reduced pIκBα levels versus PVpostI, with no differences from CT. 

For MAPK signaling, PVwithI (p < 0.001) and PVpostI (p < 0.05) showed significantly reduced 
ERK 1/2 phosphorylation compared to the I group. The PV group exhibited the lowest ERK 1/2 
phosphorylation. No increase in p38/MAPK phosphorylation was observed in I vs. CT (Figure 5), and 
only PVpostI showed significantly lower p38/MAPK levels compared to I (p < 0.05). 
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Figure 5. Representative immunoblots of IκBα (39 KDa), phospho-IκBα (40 KDa), ERK ½ (42/44 KDa), phospho-
ERK ½ (42/44 KDa), p38 (38 KDa), phospho-p38 (38 KDa), desmin (54 KDa), titin (T11) (135 KDa), and PAX3 (53 
KDa) expression. Fold data of relative optical density are expressed as the ratio between phospho-IκBα - IκBα, 
phospho-ERK 1/2 - ERK 1/2, phospho-p38 – p38, and optical density of desmin, titin (T11) and PAX3 total protein 
signals in the white muscle tissue of control (CT), inflamed (I), chestnut shell and V. macrurum polyphenols 
extract pre-treated (PVpreI), or post-treated (PVpostI), or co-treated (PVwithI), and positive control (PV) 
zebrafish (D. rerio). The relative amount of each protein was compared with that of GAPDH (36 KDa). Fold data 
are presented as the mean ± SD from n=3 zebrafish per group, normalized to the CT group. **p < 0.001 and *p < 
0.05 compared to the CT group; •••p < 0.0001, ••p < 0.001 and •p < 0.05, compared to the I group; ‣‣p < 0.001 
and ‣p < 0.05, compared to the PVpostI group; ᵒᵒᵒp < 0.0001, ᵒᵒp < 0.001 and ᵒᵒp < 0.05, compared to the PVpreI 
group;  ~~p < 0.001 and ~p < 0.05, compared to the PVwithI group; ###p < 0.0001, ##p < 0.001, #p < 0.05 compared to 
the PV group. 

3.4. Polyphenol Effects on Desmin, Titin and PAX3 in the White Muscle Tissue 

As shown in Figure 5, desmin levels were significantly higher in the I group compared to CT (p 
< 0.05). In PVpreI, PVpostI, and PVwithI groups, desmin levels were similar to CT, except for 
PVwithI, which showed the lowest amount. Titin (segment T11) levels were significantly reduced in 
I and PVpostI compared to CT (p < 0.05), while PVpreI, PVwithI, and PV showed levels comparable 
to CT (Figure 5). PAX3 expression remained unchanged in I and all polyphenol-treated groups 
(PVpreI, PVpostI, PVwithI) but significantly increased in the PV group (Figure 5). 

3.5. Polyphenol Effects on the White Muscle Proteomic Repertoire 

Tissue protein extracts from CT, I, PVpreI, PVpostI, PVwithI, and PV groups were 
independently pooled and analyzed via TMT-label quantitative proteomics combined with nLC-ESI-
Q-Orbitrap-MS/MS, defining the proteomic signature of each diet (Figure S1). This high-resolution 
approach identified and quantified 2477 unique proteins in zebrafish white muscle. Proteomic data 
were filtered for a fold change of 0.66–1.5 and p-value < 0.05 in pairwise comparisons, identifying 
differentially represented proteins (DRPs). A total of 251 DRPs were found in the following 
comparisons: i) I vs. CT (39 over- and 15 down-represented; Figure S2A); ii) PV vs. CT (33 over-, 47 
down-represented; Figure S2B); iii) PVpostI vs. I (40 over-, 72 down-represented; Figure S2C); iv) 
PVpreI vs. I (30 over-, 84 down-represented; Figure S2D); v) PVwithI vs. I (24 over-, 127 down-
represented; Figure S2E). Table S2 lists all DRPs with related annotations, peptides, post-translational 
modifications, and quantitation data. 

To explore DRP relationships, a protein-protein interaction analysis via STRING [34] revealed 
an extensive interconnected network of 208 DRPs, alongside smaller subnetworks of 2–5 proteins 
(Figure S3), suggesting strong functional links. Gene Ontology enrichment analysis (Figures S4 and 
S5) using Metascape and EnrichR indicated DRP involvement in muscle functions (e.g., structure 
development), inflammation, immune response, oxygen/metabolite transport, and metabolic 
processes. 
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Further filtering excluded DRPs unique to single comparisons, resulting in 127 proteins showing 
changes across multiple comparisons: 41 in two, 48 in three, 27 in four, and 11 in all five (Figures S6 
and S7). These included structural proteins and regulators (20%), inflammation and host defense 
proteins (19%), metabolite transporters (13%), connective tissue components (9%), 
morphogenesis/development-related proteins (6%), proteases and inhibitors (5%), energy 
metabolism components (5%), glycolytic enzymes (3%), signaling proteins (3%), DNA/RNA 
processing proteins (3%), and those involved in amino acid (3%) or lipid metabolism (2%), 
chaperones (2%), unknown function (5%), and others (2%). Many proteins showed consistent changes 
in PVpreI, PVwithI, and PVpostI vs. I, with opposite trends in I vs. CT (Figures S6 and S7). 

4. Discussion 

This study reports the reversing effects of polyphenols administered before, during, and after a 
pro-inflammatory diet on zebrafish skeletal muscle morphology and protein expression. The 
polyphenol mix used included condensed tannins (epigallocatechin and catechin/epicatechin) from 
chestnut shell [29,35], and flavonoids (mainly apigenin) from V. macrurum [28]. 

In inflamed zebrafish, muscle morphology was notably altered. Fibers appeared disassembled 
or broken, with absent striations and enlarged interstitial areas with cell infiltration, hallmarks of 
atrophic muscle [36]. These changes were linked to alterations in structural muscle proteins. 
Proteomic data revealed reduced levels of calponin, connectin b, EF-hand Ca²⁺-binding protein 6, 
PDZ and LIM domain 3b, and specific tropomyosin isoforms, while microfibril-associated 
glycoprotein 4-like isoforms and histidine phosphatase were increased (I vs. CT). Polyphenol pre-
treatment prevented most morphological and proteomic changes, while co- and post-treatments were 
partially effective. 

Focusing on titin, a key contractile protein spanning the sarcomere, WB analysis showed 
reduced titin segment T11 in inflamed muscle, indicating partial degradation. Pre- and co-treatments 
mitigated this reduction, unlike post-treatment. Proteomic data also showed that connectin b, a titin 
a-derived fragment involved in elasticity [37–39], decreased in the I group and increased following 
all polyphenol treatments. These findings suggest that polyphenols influence titin turnover, although 
more research is needed to clarify their exact role. 

Tropomyosin isoforms decreased in the I group and were restored mainly by pre-treatment. 
Tropomyosin stabilizes actin filaments and regulates their dynamics [40]. Interestingly, green tea 
polyphenols have been shown to modify tropomyosin conformation in shrimp [41], but such a 
possibility remains unexplored in vertebrates. 

Though not differing between I and CT groups, polyphenol treatments affected the abundance 
of other muscle proteins: actinin 2, Ca²⁺-transporting ATPase, dynein light chain, 
formimidoyltransferase-cyclodeaminase, tubulin, triadin, parvalbumin isoforms, myozenin 2, 
vimentin-like protein, troponins, and various myosin isoforms. These proteins regulate actomyosin 
function, contraction, and cytoskeletal integrity [42] and have been shown to respond to flavonoids 
such as apigenin, epigallocatechin, and quercetin [43]. 

WB analysis also revealed desmin overexpression in inflamed muscle, which was reversed by 
all polyphenol treatments. Desmin connects myofibrils and anchors them to membranes and 
organelles [44]. Its overexpression is linked to ageing and inflammation, resulting in pathological 
protein aggregates [44,45]. 

The reduction in CSA and appearance of large inter-fiber spaces in inflamed muscle reflected 
muscle atrophy [46]. In zebrafish and other animals, these spaces are typically filled by collagen-rich 
extracellular matrix [46]. Polyphenol treatments prevented and partially reversed CSA reduction. 
Consistently, flavonoid-rich soy improved muscle CSA in obese rats [47]. 

The muscle is covered by layers of connective tissue called epimysium, perimysium, and 
endomysium [48]. Inflammation affects collagen expression variably across models [49,50]. 
Proteomics showed that polyphenol treatments led to over-representation of multiple collagen 
isoforms, aligning with green tea polyphenols enhancing collagen synthesis in murine cardiac tissue 
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[51]. Cartilage oligomeric matrix protein and cartilage matrix protein isoform X1 were increased in 
polyphenol-treated inflamed zebrafish, while ependymin-like 1 and some keratins decreased. 
Cartilage oligomeric matrix protein has been linked to polyphenol-rich diets in murine arthritis 
models [52]. 

Inflammation, key to muscle regeneration, involves TNF-α, produced by immune and muscle 
cells, which regulates regeneration via p38 activation [53]. TNF-α expression rose in inflamed 
zebrafish but decreased after pre-treatment, although p38 activation was not observed. Similarly, 
COX2, an enzyme driving prostaglandin-mediated inflammation [54], was elevated in inflamed 
muscle and reduced by polyphenol treatment. Curcumin and other polyphenols inhibit NF-κB 
signaling and decrease pro-inflammatory cytokines [55–57]. WB data showed reduced IκBα 
phosphorylation in pre- and co-treated groups, aligning with studies on caffeic acid and resveratrol 
[56,57]. 

TNF-α and COX2 expression changes paralleled proteomic shifts in immune-related proteins in 
I vs. CT: α-2-macroglobulin-like precursor, β-2-microglobulin, CD59, lysozyme g, microfibril-
associated glycoproteins, pentaxins, LSM14, saxitoxin/tetrodotoxin-binding proteins, rhamnose-
binding lectins, and vitellogenins—all reverted by polyphenol treatment. These proteins modulate 
inflammation, immunity, and phagocytosis, confirming polyphenols’ immunomodulatory potential. 
Rhamnose-binding lectins, found in various teleosts including zebrafish, are key regulators of innate 
immunity [58–60]. 

ERK, crucial for muscle stem cell proliferation [61], was upregulated in inflamed muscle but 
reduced after pre- and post-treatment. Quercetin was previously shown to reduce ERK, p38, and NF-
κB activation in obese mice with muscle atrophy [62]. Related to regeneration, PDZ-LIM domain 3b 
was reduced in I, while elongation factor 1α and DDX6 increased; these effects were reversed by pre- 
and co-treatment. Both proteins are involved in proliferation and development, with elongation 
factor 1α playing a key role in zebrafish tissue regeneration [63]. 

Metabolite transporters shape immune cell activity [64,65]. Inflamed zebrafish showed over-
representation of hemoglobin subunits, prostaglandin D synthase-like isoforms, retinol-binding 
protein, transcobalamin-2, and vitellogenins, reversed by polyphenol treatment. Changes in retinol-
binding protein agree with findings from green tea polyphenol-fed insulin-resistant rats [66]. 

No significant enzyme deregulation in sugar, energy, or amino acid metabolism was seen in I 
vs. CT, suggesting minimal metabolic disruption. However, polyphenol treatments did modulate 
proteins such as cytochrome b-c1 complex subunit 8, cytochrome c oxidase subunit 4, and ATPase 
subunits—supporting a role in mitochondrial regulation [67]. Polyphenol-treated groups also 
showed lower aspartate aminotransferase levels, consistent with previous rat studies [68]. Only a few 
lipid and nucleic acid metabolism-related proteins, including prostaglandin D2 synthase b, DDX6, 
and LSM14, changed with inflammation but were normalized by polyphenol treatments. Others—
acyl-CoA-binding protein, nucleoside diphosphate kinase, and purine nucleoside phosphorylase—
responded independently to polyphenol treatments. Effects on metabolic pathways were less 
pronounced than those on structural or immune proteins, likely due to polyphenols’ modulatory 
roles [69]. 

5. Conclusion 

In conclusion, this study shows that a pro-inflammatory diet significantly alters zebrafish muscle 
structure, inflammation, and proteome, while dietary polyphenols (tannins + apigenin) prevented or 
mitigated these effects. Polyphenols influence protein synthesis/degradation, immune response, and 
regeneration pathways. These findings support dietary polyphenol supplementation as a potential 
strategy to improve muscle health in aquaculture. Proper administration timing is critical to prevent 
or ameliorate diet-induced muscle damage. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Table S1: Western Blotting primary antibodies; Figure S1: Scheme of the TMT-
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label based proteomic approach for quantitative analysis of DRPs; Figure S2: Volcano Plot of DRPs revealed by 
analysis with Proteome Discoverer software; Table S2: DRPs identified in each comparison; Figure S3: STRING 
analysis of DRPs; Figure S4: Protein enrichment analysis of DRPs deduced by the Metascape tool; Figure S5: 
Protein enrichment analysis of DRPs deduced by the EnrichR tool; Figure S6: Differentially represented proteins 
assigned in at least two of the analyzed comparison; Figure S7: Differentially represented proteins assigned in 
at least two of the analyzed comparisons. 
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