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ARTICLE INFO ABSTRACT

Keywords: A short-term study was performed to assess the effects of diets supplemented with polyphenols (CSVP), extracted
Intestinal inflammation from the chestnut (Castanea sativa) shell, agri-food waste rich in tannins, and mullein (Verbascum macrurum), a
Polyphenols

perennial spontaneous plant rich in flavonoids, on a zebrafish (Danio rerio) model of k-carrageenan-induced
Cytokines intestinal inflammation. Morphological asset of intestine, immunodensity of the pro-inflammatory mediator
Antioxidant enzymes Tumor necrosis factor a (TNFa) and Cyclooxygenase-2 (COX-2), immunoexpression of the two antioxidant en-
Zebrafish zymes Catalase (Cat) and Superoxide dismutase 2 (Sod2), quantitative gene expression of pro- and anti-
inflammatory cytokines including TNFa, COX2A, Interleukin-1p (IL-1p) and IL-10, and the activated cell path-
ways were analyzed. Seven experimental diets were formulated including: peeled A. salina (Control group),
peeled A. salina + 0.1% of k-carrageenan (Inflamed group), peeled A. salina + CSVP followed by k-carrageenan
inflammatory diet (CSVP pre-treated group), peeled A. salina + 0.1% of k-carrageenan + CSVP (CSVP co-treated
group), peeled A. salina + 0.1% of k-carrageenan followed by CSVP (CSVP post-treated group), peeled A. salina
+ GSVP (CSVP group) and peeled A. salina + 0.1% of k-carrageenan followed by 10 days of control diet
(polyphenols control group or CP) to determine the efficacy of schedule administering polyphenols in preventing
or ameliorating the intestinal inflammation induced in adult zebrafish by k-carrageenan with mean weight of 400
+ 100 mg (mean + SD; total n = 250). The obtained results indicated that k-carrageenan caused morphological
alterations such as the decrease of intestinal folds with consequent expansion of gut lumen, and increased
number of goblet cells, as well as the over-regulation of pro-inflammatory markers and reduction of the anti-
oxidant enzymes immunoexpression. Polyphenols supplementation ameliorated the inflammatory status,
downregulated the pro-inflammatory markers, and upregulated IL-10, the main anti-inflammatory cytokine, and
antioxidant activity when administered before the inflammation caused by k-carrageenan. The post- and co-
treatment reverted only in part the morphological and physiological alterations. Moreover, the results showed
that polyphenols modulated the anti-inflammatory effects acting on the Mitogen-activated protein kinase
(MAPK) pathway, by inhibiting p38 phosphorylation and increasing extracellular-signal-regulated kinase (ERK)
activation, which subsequently led to suppression of nuclear factor kappa B cells (NF-kB) pathway. Based on the
findings achieved, the scheduled administration of bioactive phytochemicals like polyphenols could represent a
suitable strategy for ameliorating intestinal inflammation in zebrafish and could be considered as a beneficial
and sustainable feed additive in the aquaculture sector.

Molecular pathway

1. Introduction plants, also abundant in agricultural waste, such as roots, leaves, and
seeds (Panzella et al., 2020). Polyphenols include >8000 highly diverse
Polyphenols are phytochemicals and secondary metabolites of compounds whose chemical structure is united by the presence of
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hydroxyl groups that make them powerful antioxidants, able to protect
the organism against the oxidative stress caused by reactive oxygen
species (ROS) or free radicals (Pandey and Rizvi, 2009; Rudrapal et al.,
2022). The polyphenols antioxidant power is at the basis of their
beneficial properties. Indeed, the consumption of polyphenol-rich diet is
highly advisable to protect against numerous illnesses, among which
cardiovascular and neurodegenerative diseases, inflammation, cancer,
and diabetes (Vauzour et al., 2010; Rudrapal et al., 2022).

Due to their nutraceutical properties, polyphenols are used in animal
nutrition (Huang et al., 2018; Correddu et al., 2020). Their addition to
the diet improves the performance of farmed land-animals and the
quality of animal products and has become a useful strategy to reduce
the use of chemicals and antibiotics (Gessner et al., 2017; Correddu
et al., 2020). The use of polyphenols in aquaculture is still in its infancy,
although several studies conducted to date showed that they can posi-
tively affect growth, immune status, and resistance against diseases
(Ahmadifar et al., 2021a, 2021b). Weight gain, specific growth rate, and
feed conversion ratio were positively affected by dietary tea polyphenols
in the juvenile black carp (Mylopharyngodon piceus) (Zhong et al., 2020),
and Wuchang bream (Megalobrama amblycephala) (Long et al., 2017).
Chestnut (Castanea sativa) and olive (Olea europaea) by-product poly-
phenols improved weight gain, specific growth rate, and feed conversion
ratio in the common carp (Cyprinus carpio L.) (Jahazi et al., 2020),
Beluga Sturgeon (Huso huso) (Safari et al., 2020) and Nile tilapia
(Oreochromis niloticus) (van Doan et al., 2020). Moreover, polyphenols
are natural immunostimulants, capable of modulating the innate im-
mune system of fish (Ahmadifar et al., 2021a). Polyphenols from
grapevine seeds, rich in catechins and epigallocatechins, administered
with the diet to farmed European sea bass (Dicentrarcus labrax L.)
increased the activity of the liver and kidney melano-macrophage cen-
ters, visceral pigmented cells playing an important role against patho-
gens and antigen stimulants (Agius and Roberts, 2003), lowered the
intestinal proinflammatory cytokines, and induced large amounts of
spleen IFN-y (Arciuli et al., 2017; Magrone et al., 2018).

In the convict cichlid (Amatitlania nigrofasciata) humoral and
mucosal immune response and serum antioxidant responses were
significantly improved by chestnut and olive by-product polyphenols
(Hoseinifar et al., 2020). Chestnut polyphenols administered to
O. niloticus not only improved the humoral and mucosal immune
response, but also protected against Streptococcus agalactiae, a common
bacterial pathogen causing infectious diseases in farmed tilapia (van
Doan et al., 2020).

In rearing conditions, fish are subjected to numerous stressors,
ranging from the environmental conditions to the manufactured diet,
with negative consequences on the general health status, the immune
response, and intestinal physiology (Dawood, 2021). The decline in wild
fish stocks as a source of fishmeal to be employed in farmed fish feed has
forced the aquafeed industry to rely on plant-based feed ingredients
whose negative impact on the fish's intestinal functions has now become
apparent, limiting the absorption and utilization of nutrients, with
consequent reduction of the growth and capability to resist infections
and environmental stressors (Bjgrgen et al., 2020; Dawood, 2021;
Agboola et al., 2022). As natural products, phytochemicals are consid-
ered safe for fish and humans and can be used as feed additives in farmed
fish species to counteract intestinal inflammation (Li et al., 2020; Li
et al., 2022). Apple polyphenols administered to grass carp (Cteno-
pharyngodon idellus) fed low fish meal diet exerted beneficial effects on
the inflamed intestine by decreasing the pro-inflammatory cytokines
like IL-1B, IL-6, and TNFa and increasing the expression of the antioxi-
dant enzymes Catalase (Cat) and Superoxide dismutase (Sod) (Yang
et al.,, 2021). In the inflamed intestine of zebrafish (Danio rerio) poly-
phenols from chestnut shell counteracted the inflammatory status by
modulating the microbiota, downregulating the pro-inflammatory fac-
tors TNFa, COX2A and increasing the expression of the anti-
inflammatory cytokine IL-10 (Orso et al., 2021).

The employment of zebrafish as inflammatory model to define the
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optimal dose and the administration timing of nutraceuticals has
become very important both in biomedicine and aquaculture (Brugman,
2016; Teame et al., 2019; von Jgrgensen, 2020). It also appears as an
excellent animal model to better understand the mechanisms of action of
nutraceuticals and to define the safety doses and the timing schedule to
prevent, maintain or recover the healthy status (Annona et al., 2021;
Cirmi et al., 2021). Moreover, the zebrafish model allows the pre-
screening of feed components and the investigation of their mechanism
of action permitting the evaluation of health parameters and live im-
aging analysis, which are difficult to reach in large and expensive
aquaculture species (Lopez Nadal et al., 2020).

In this frame, we examined the timing schedule and the mechanism
of action of polyphenols extracted from chestnut shell (C. sativa) (agri-
food waste), and Verbascum macrurum (spontaneous autochthonous
plant), on a zebrafish model of intestinal inflammation induced by k-
carrageenan.

2. Materials and methods
2.1. Fish husbandry

Male adult zebrafish, about 400 + 100 mg (mean + SD), were bred
at the Gorgan University of Agricultural Sciences and Natural Resources
(GUASNR) in the fish production center of Vakili Ornamental. The
GUASNR guidelines for animal care were followed. Before the experi-
ments, zebrafish were housed and acclimated for two weeks with a
density of 1 individual 17! in recirculating tanks under standard condi-
tions of photoperiod and temperature (14:10 h light/dark phase, light on
at 9:00 AM, 28 °C). Zebrafish were fed each day at 11:00 AM with peeled
A. salina cysts purchased by Aqua Schwarz (22% fat, 44% proteins, 16%
carbohydrates) at 2% of the body weight (Landgraf et al., 2017; Orso
et al.,, 2021). All the main water parameters were daily supervised and
maintained constant as follows: temperature: 26 + 2 °C, dissolved ox-
ygen: 7.8 + 0.26 mg/], nitrites: 0.05 £+ 0.02 mg/l, nitrates: 5.6 + 2.5
mg/l, and pH:7.2 + 0.1. No medical treatments were performed. No
deaths were detected before or during the experience.

2.2. Preparation of extracts

Chestnut (C. sativa) shell was obtained from the geographical area of
Montella (Province of Avellino, Italy) and extracted as previously re-
ported (Coccia et al., 2019). Specifically, shells were desiccated at Room
Temperature (RT) and powdered. The powder was extracted on a
magnetic stirrer in water (1:10 w / v) for 2 h at 75 °C. Plants of
V. macrurum were collected in the Pietraroia area (Province of Benev-
ento, Italy) and immediately transferred to the laboratory and washed to
move away grimes and soil, reduced into small pieces, and desiccated at
RT in dark condition. The plant material was extracted with ethanol:
water (1:10 w/v), under standard temperature and pressure for 48 h,
under stirring conditions in a closed beaker (Guarino, 2002). The extract
was filtrated in a funnel with WHATMAN grade 42 filter paper and dried
in arotary evaporator at 35 °C. The extract recovered was placed in vials
of 10 ml and further dried in a ventilated stove at a temperature of
37.5 °C, to eliminate any trace of solvent.

2.3. Total phenolic measurement

The Folin-Ciocalteu colorimetric assay was applied to calculate the
total phenolic content, as mentioned in Coccia et al. (2019). The cali-
bration curve was built by using the standard Gallic acid (GA) (Sigma,
St. Louis, MO, USA). The absorbance was read at 765 nm. The phenolic
content was showed as mg GA equivalent/g of extract (mg GAE/g).
Analysis was conducted in triplicate.
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2.4. HPLC analysis

Polyphenol analysis of V. macrurum extract was performed as
described by Coccia et al. (2019). The HPLC equipment (LC-4000 Series
Integrated, JASCO, Japan) was formed by an autosampler (AS-2059
plus), a column oven (CO-2060 plus), a UV/Vis Photodiode Array De-
tector (MD-2018 plus), an Intelligent Fluorescence Detector (PF-2020
plus), a liquid chromatography pump (PU-2089 plus) commanded by
the software ChromNAV (JASCO, Japan). The column was a C18 25 cm
x 3.00 mm L.D. (Phenomenex, Torrance, CA, USA) of 5-um particle size
equipped with a guard cartridge of the same material. The running
temperature was 30 °C. The water—formic acid (99.80:0.20, v/v) and
methanol were used as solvent A and solvent B, respectively, in the
mobile phase. The following HPLC running conditions were used: 0-6
min, 35% B; 6-9 min, 35-60% B; 9-14 min, 60-80% B at 30 °C. A wash
of 5 min with 100% B was performed after each run. Moreover, the
starting mobile phase was used to equilibrate the system between runs.
Analysis of samples was performed twice. The flowrate was 0.8 ml/min.
20 pl were injected. The standards employed were apigenin, quercetin,
kaempferol, ellagic acid, and gallic acid (Sigma, St. Louis, MO, USA).

2.5. Experimental diets

A. salina cysts were peeled and used for the control diet, while a mix
of peeled A. salina cysts and 0.1% of k-carrageenan was used to induce
inflammation (Orso et al., 2021). The diet enriched in polyphenols
contained peeled A. salina cystis mixed with 4 pg/d/zebrafish of chest-
nut shell extract and 2 pg/d/zebrafish of V. macrurum extract (CSVP).
The polyphenols concentration was selected on the basis of prior work
(Orso et al., 2021) and corresponded to the average intake in the com-
mon western diet (Mennen et al., 2005). The zebrafish were distributed
into seven dietary groups (n = 36 zebrafish per group) fed once a day as
follows: 1) Control group (C), zebrafish fed A. salina cysts; 2) Inflamed
group (I), zebrafish fed A. salina added with 0.1% k-carrageenan for 10
days; 3) CSVP pre-treated group (CSVPprel), zebrafish fed A. salina
added with CSVP for 10 days followed by 10 days of A. salina added with
0.1% k-carrageenan; 4) CSVP co-treated group (CSVPwithI), zebrafish
fed A. salina added with 0.1% k-carrageenan and CSVP for 10 days; 5)
CSVP post-treated group (CSVPpostl), zebrafish fed A. salina added with
0.1% k-carrageenan for 10 days followed by A. salina added with CSVP
for another 10 days; 6) CSVP group (CSVP), zebrafish fed with A. salina
added with CSVP for 10 days; 7) control group of the CSVP post-treated
group or control polyphenols (CP), zebrafish fed with A. salina with
0.1% k-carrageenan 10 days followed by 10 days of control diet. At the
end of the feeding experiment zebrafish were sacrificed after a night of
fasting.

2.6. Morphological analysis

For each group, the intestine of six zebrafish was collected for his-
tological analysis. Fixation in 4% formalin, dehydration and clarifica-
tion were performed before embedding the tissues in paraffin.
Embedded samples were sliced into 5 pm sections and processed for
Alcian blue and Hematoxylin-Eosin (H&E) staining. Being the mid in-
testine (MI), the site of nutrient absorption containing most immune
cells and playing a main role in intestinal immune functions (Brugman,
2016), we focused our study on this segment. A light microscope Leica
DMI6000 equipped with digital CCD camera Leica DFC340 (Leica
Microsystems) was used to analyze histological sections and microscopic
images were captured at 20x and 40x magnification. Score and goblet
cells number were measured as described in Orso et al. (2021).

2.7. Immunohistochemical analysis

The avidin-biotin immunohistochemical technique was used to stain
anatomically comparable sections of MI from six fish for each treatment.
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The primary antibodies used were mouse monoclonal antibody anti-
TNFa (#ab1793, Abcam, Cambridge, UK), rabbit polyclonal antibody
anti-COX-2 (#69720, NovaTeinBio, Woburn, MA.), rabbit polyclonal
antibody anti-Cat (#GTX124357, GeneTex, USA), and rabbit polyclonal
antibody anti-Sod2 (#GTX124294, GeneTex, USA). The sections were
processed as reported in Imperatore et al. (2020). Briefly, the sections
were treated with NGS (normal goat serum) (Vector Laboratories, UK)
prepared at 10% in Tris-buffered saline (0.1 M, pH 7.6) with 0.3% Triton
X-100 and then subjected to overnight incubation at 4 °C with primary
antibodies prepared in NGS at a dilution of 1:200. Subsequently, the
sections were incubated for 2 h at RT with the biotinylated secondary
antibody (goat anti-mouse or goat anti-rabbit, Vector Laboratories)
diluted 1:100 and then incubated for 1 h with the complex avidin-biotin
(ABC Kit; Vectastain, Vector). At the end a solution of 0.05% of 3’-dia-
minobenzidine (DAB, Sigma Fast, Sigma-Aldrich) was used to reveal the
immunosignal. A Leica DMI6000 microscope equipped with Leica
DFC340 digital CCD camera (Leica Microsystems, Germany) was used to
examine the histological sections and acquire the images at 20x and
40x magnification. The densitometric analysis of TNFa-, COX-2-, Cat-
and Sod2-positive signal from digital images of MI sections (n = 6
zebrafish/goup; n = 3 sections/zebrafish, choosing each section at 50
pm distance) was achieved as defined in Imperatore et al. (2019). The
software Image Pro Plus® 6.0 (Media Cybernetics) was utilized to
analyze the images and measure the optical density working on absor-
bance by using a logarithmic scale. A blind independent operator per-
formed the histological analyses.

2.8. Quantitative Real Time-PCR analysis

Quantitative RT-qPCR analysis of COX2A, IL-1f, IL-10 and TNF«
gene expression was performed as mentioned in Orso et al. (2021). The
intestinal total RNA (n = 6 zebrafish/goup) extraction was carried out
with Trizol Reagent (Invitrogen, Thermo-Scientific, Waltham, Massa-
chusetts, USA). RNA integrity was determined by electrophoresis in 1%
agarose gels. Total RNA was quantified with a NanoDrop 1000 Spec-
trophotometer (Thermo-Scientific, Waltham, Massachusetts, USA). The
cDNA was synthesized by 1 pg RNA with the SensiFAST™ cDNA Syn-
thesis Kit (Bioline), as reported in the instructions of the manufacturer. A
QuantStudio 5 System (Thermo Fisher Scientific) was used to carried out
the RT-qPCR as described in Orso et al. (2021). The expression profiles
of genes were normalized to actbl and tubal. The comparative Ct
method formula 222 was used to perform the quantitative analysis.
Three biological replicates and three technical repeats for each were
analyzed. The primers sequences are listened in Table 1.

2.9. Western blot analysis

Western blotting was carried out on the intestine of control and
inflamed zebrafish fed with CSVP and sacrificed 15 min and 1 h after
feeding trials. The intestine was rapidly dissected on ice and washed
with ice cold PBS. Intestines were saved at —80 °C until use.

Table 1
Primers sequences used for genes amplification through RT-qPCR.

Gene Primer Sequences 5" — 3/ GeneBank n°

actbl F TCTCTTAAGTCGACAACCCCC NM_131031
R TCTGAGCCTCATCACCAACG
F AGGGCGTGTGTTTATCCAAG

coxaa R ACCTGGACGTCCTTCATAAG NM_153657.1
F TGGACTTCGCAGCACAAAATG

1L-1p R GTTCACTTCACGCTCTTGGATG NM_212844.2
F CCCTATGGATGTCACGTCATG

1L-10 R CATATCCCGCTTGAGTTCCTG AY887900.1
F GCTTATGAGCCATGCAGTGA

TNFx R TGCCCAGTCTGTCTCCTTCT AY427649
F CCTGCTGGGAACTGTATTGT

tubal R TCAATGAGTTCCTTGCCAAT AF029250
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Total tissue protein was extracted with ice-cold RIPA lysis buffer
(150 mM NaCl, 50 mM Tris, pH 7.4, 1%NP-40, 0.1% SDS and 0.5%
sodium deoxycholate) added with protease inhibitor cocktail (Roche
Diagnostics SpA, Monza, Italy) and phosphatase inhibitors (Sigma-
Aldrich, St. Louis, MO). The lysate was centrifuged at 14,000 rpm for 20
min at 4 °C and the protein concentration was quantified with the
Bradford Protein Assay Kit (Thermo Scientific, USA). Proteins were
separated by SDS-PAGE (10%) and subsequently, electrotransferred to a
nitrocellulose membrane (Millipore, USA). Membranes were immuno-
blotted overnight at 4 °C with p44/42 MAPK (ERK1/2) (#9107, Cell
Signaling) or Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204)
(#9101, Cell Signaling) or IkBa (#55481S, ANASPEC, USA), Phospho-
IkBa (Ser32/36) (#9246, Cell Signaling) or p38 (#315599, Biorbyt) or
Phospho-p38 MAPK (Thr180/Tyr182) (#¥MA5-15182, Invitrogen) and
B-actin (#8457, Cell Signaling) antibodies. The membranes were incu-
bated with anti-mouse or anti-rabbit IgG (1:3000) (#7076 and #7074,
Cell Signaling, respectively) as secondary antibody. The ChemiDoc (Bio-
Rad) was used to detect signals by chemiluminescence with the clarity
western ECL substrate (#1705061, Bio-Rad). Protein size was detected
by using a pre-stained molecular weight ladder (Precision Plus Protein™
Dual Xtra Prestained Protein Standards #1610377, Biorad). Image Lab
(Bio-Rad) software was used to quantify the western blot bands.

2.10. Statistical analysis

GraphPad Prism 6 software, version 6.05 (GraphPad, Inc.) was uti-
lized to perform the statistical analyses. For normally distributed data
the one-way ANOVA coupled to Bonferroni's post-hoc test was
employed. Not-normally distributed data, such as that obtained by
densitometric analysis, cytokines analysis and western blotting, were
evaluated by Kruskal-Wallis ANOVA non-parametric test followed by
Dunn's post hoc test. The differences were defined statistically signifi-
cant atp < 0.05.

3. Results
3.1. Total phenolic content

The standard curve of gallic acid for determining the phenol content
in the extracts of chestnut shell and V. macrurum is shown in Fig. 1. The
concentration of gallic acid in the standard curve ranged from 0.02 to
0.15 mg/ml. The concentration of total phenolic content in chestnut
shell and V. macrurum extracts was determined as milligrams of gallic
acid equivalent (GAE) by extrapolation from the standard curve. The
total content of phenols in the extracts, was 45 + 2.5 mg/gr for chestnut
shell and 4.3 + 0.3 mg/gr for V. macrurum.

0,35 4

R?*=0,9897
0,3 -

Abs 760 nm

0,1 A >

0,05 -

0 T T T T T T T 1
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16

Gallic acid concentration (mg GAE/ml)

Fig. 1. Gallic acid calibration curve for total phenolic quantification.
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3.2. HPLC analysis

Fig. 2 reports the HPLC profile of the V. macrurum extract. By
comparing with the current literature data and the standards, the main
peak was represented by apigenin. Other minor peaks identified were
quercetin and ellagic acid.

3.3. CSVP effects on zebrafish intestinal histology

The histological status of the MI, shown in Fig. 3, was evaluated
using the score system reported in Orso et al. (2021). The score analysis
showed that the score number of the k-carrageenan enriched diet fed
group was significantly increased compared to the control (C =2 + 0.26
vs I = 10.73 £+ 0.24; p < 0.0001), exhibiting strong signs of inflamma-
tion such as enhancement of goblet cells number and intraepithelial
leucocytes infiltrates, mucosal thinning, expansion of the gut lumen
with decrease of intestinal folds (villi) that looked thinner and irregular.
Moreover, the Alcian blue staining showed, in the inflamed zebrafish, a
significant higher number of positive goblet cells/villus with respect to
the control (C = 7.92 + 0.41 vs I = 12.83 £ 0.35, p < 0.0001).

The different administration schedule of CSVP showed different ef-
fects. Specifically, the score number was significantly lower in CSVPprel
(3.53 £ 0.37, p < 0.0001), CSVPwithI (8.73 + 0.32, p < 0.001), and
CSVPpostl (9.16 + 0.31, p < 0.05) compared to the inflamed group
(10.73 + 0.24), even if CSVPwithl and CSVPpostl showed a score
number significantly higher than the control group (2 + 0.26). On the
contrary, the goblet cells number was significantly lower in CSVPprel
and CSVPwithl zebrafish with respect to I group (CSVPprel = 9.08 +
0.41 vs I =12.83 + 0.35, p < 0.001; CSVPwithl = 10 + 0.64 vs I =
12.83 £ 0.35, p < 0.05), but no significant variations were detected for
the CSVPpostl with respect to the I group. Moreover, the qualitative
analysis of H&E-stained tissues indicated that the intestine of CSVPprel
zebrafish, as the control group, was characterized by compact villi and
intact basal membrane. Observing the intestinal structure of CSVPpostI
regular and well-organized villi could be noticed, even if their border
was not well defined. Finally, the leukocytes infiltrate in the lamina
propria and epithelium appeared reduced in CSVPprel and CSVPpostl,
but not in the CSVPwithI group. Zebrafish fed with the CSVP enriched
diet did not show intestinal alterations and displayed a score number
near to the control. The CP group showed a score and intestinal alter-
ation similar to the inflamed group.

3.4. CSVP effect on pro-inflammatory markers in the zebrafish intestine

In addition to the morphological alterations, the k-carrageenan
induced also an increased immunoexpression of pro-inflammatory fac-
tors TNFa and COX-2 in the epithelial and enteroendocrine cells of the
MI as showed in Figs. 4 and 5. The zebrafish treated with CSVP showed a
lower immunoexpression of TNFa and COX-2 with respect to the k-
carrageenan enriched diet group. Specifically, by densitometric analysis
a significantly higher optical density of TNFa was detected in the in-
testinal epithelium of inflamed zebrafish in comparison to the control (C
=0.16 + 0.018 vs I = 0.61 + 0.03, p < 0.0001). The TNFa immuno-
density decreased significantly in all the groups fed with CSVP enriched
diet (I =0.61 + 0.03 vs CSVPprel = 0.29 + 0.015, p < 0.0001; I = 0.61
+ 0.04 vs CSVPwithl = 0.42 + 0.027, p < 0.0001; I = 0.61 + 0.04 vs
CSVPpostl = 0.48 + 0.021, p < 0.05). However, CSVPwithl and
CSVPpostl zebrafish groups showed a TNFa optical density significantly
higher than the control (Fig. 4).

COX-2 immunoexpression, even if mainly localized on the villus
epithelium, showed a similar trend to TNFa (Fig. 5). Specifically, in
inflamed zebrafish COX-2 displayed a strong immunosignal, confined on
the apical side of the epithelial cells, with the optical density signifi-
cantly higher than the control group (C = 0.16 £+ 0.017 vs I = 0.6 +
0.024, p < 0.0001). A significant lower optical density of COX-2 was
found in CSVPprel zebrafish compared to the inflamed zebrafish (I = 0.6
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Fig. 2. Representative HPLC profile of V. macrurum extract. The peak identification is based on literature data analysis and standards. 1 = Apigenin; 2 = ellagic acid;

3 = quercetin.

+ 0.024 vs CSVPprel = 0.2 £ 0.011, p < 0.0001), as well as CSVPwithl
and CSVPpostl (CSVPwithI = 0.28 + 0.026, p < 0.0001; I = 0.6 + 0.024
vs CSVPpostl = 0.3 + 0.018, p < 0.0001), although COX-2 immuno-
density in CSVPwithl and CSVPpostI groups increased significantly in
comparison to the control (C = 0.16 + 0.017 vs CSVPwithl = 0.27 +
0.02, p < 0.05; C = 0.16 £+ 0.017 vs CSVPpostl = 0.3 £+ 0.018, p <
0.001).

Zebrafish fed with the CSVP enriched diet, and the CP group showed
a TNFa and COX-2 immunoexpression similar to the control and
inflamed groups respectively.

3.5. CSVP effect on antioxidative enzymes immunoexpression in the
zebrafish intestine

K-carrageenan enriched diet induced a decrease of Sod2 and Cat
immunoexpression in the MI of zebrafish. These antioxidative enzymes
were increased by diet enriched with CSVP (Fig. 6). Specifically, a strong
increase of Sod2 immunosignal was found in the epithelial cells of MI of
CSVPprel zebrafish group (I = 0.27 + 0.021 vs CSVPprel = 0.63 +
0.025, p < 0.0001), while CSVPwithI and CSVPpostl showed only a
slight enhancement of Sod2 immunoexpression with respect to the
inflamed group (I = 0.27 + 0.021 vs CSVPwithI = 0.38 + 0.009, p <
0.001; I = 0.27 £ 0.021 vs CSVPpostl = 0.36 £+ 0.01, p < 0.05).

On the contrary, observing Cat immunoexpression only a mild in-
crease of the immunosignal was found in the epithelial cells of MI of
CSVPprel, CSVPwithl and CSVPpostI zebrafish groups with respect to
the inflamed group (I = 0.32 + 0.009 vs CSVPprel = 0.54 £+ 0.011,p <
0.0001; I = 0.32 + 0.009 vs CSVPwithl = 0.39 + 0.010, p < 0.001; [ =
0.32 £ 0.009 vs CSVPpostl = 0.38 + 0.015, p < 0.05). However,
zebrafish fed with the CSVP enriched diet showed a significant increase
of Cat immunosignal (Fig. 7).

3.6. CSVP effect on cytokines gene expression in the zebrafish intestine

The cytokines gene expression in the zebrafish MI is reported in
Fig. 8. TNFa gene expression was significantly higher in the inflamed
(6.92 £+ 0.13, p < 0.0001), CSVPpostl (7.26 + 0.02, p < 0.0001) and
CSVPwithl (5.29 + 0.2, p < 0.0001) groups than in the control.
Conversely, TNFo expression significantly decreased in the CSVPprel
zebrafish with respect to the I group (I: 6.92 + 0.13 vs CSVPprel: 2.99 +
0.19, p < 0.05). Also, the COX2A gene appeared significantly more
expressed in the intestine of k-carrageenan enriched diet fed group (3.73
+ 0.15, p < 0.0001) than in the control, while it was significantly
reduced in the CSVPprel (1.22 + 0.05, p < 0.001) and CSVPpostI (1.93
+ 0.1, p < 0.05) compared to the inflamed zebrafish. A significantly
higher relative gene expression of IL-1p was evidenced in the inflamed
group (5.53 + 0.04, p < 0.001) in comparison to the control and
significantly decreased in the CSVPprel (0.79 + 0.31, p < 0.001) with
respect to the inflamed group. CSVPpostl (6.05 + 0.17, p = 0.992) and
CSVPwithI (4.59 + 0.12, p = 0.999) did not showed significant differ-
ences. On the contrary, the expression of the anti-inflammatory cytokine
IL-10 was higher in all the groups fed with CSVP enriched diet than in
the control and inflamed zebrafish. Interestingly, the polyphenols con-
trol group showed a cytokines gene expression like the inflamed group,
with TNFa, COX2A and IL-1f relative gene expression significantly
higher than the control, accompanied by a low expression of IL-10 gene.
CSVP group relative genes expression appeared like the control group.

3.7. CSVP effects on p38, ERK, and Nuclear Factor-Kappa B (NF-kB)
Signaling Pathway in the zebrafish intestine

p38 mitogen-activated protein kinase (p38 MARK) and extracellular
signal-regulated kinase (ERK) were evaluated by Western blotting. As
shown in Fig. 9, the ERK phosphorylation was significantly promoted in
the control and inflamed groups fed with CSVP enriched diet, both at 15
min and 1 h after treatment. On the contrary, after CSVP treatment the
phosphorylation of p38 MAPK was significantly inhibited in inflamed
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Fig. 3. Hematoxylin-eosin (H&E) staining of zebrafish (D. rerio) MI: (A) control (C), (B) inflamed (I), (C) I pre-treated with chestnut shell and V. macrurum extract
(CSVPprel), (D) I co-treated with chestnut shell and V. macrurum extract (CSVPwithl), (E) I post-treated with chestnut shell and V. macrurum extract (CSVPpostl), (F)
fed with chestnut shell and V. macrurum extract enriched diet (CSVP), and (G) control polyphenols (CP). Asterisks show leukocytes infiltrate. Scale bar: 100 pm, and
50 pm for the higher magnifications. (H) Bar graph showing the total intestinal alteration score defined for each group. (I) Bar graph showing the number of goblet
cells/villus for each group. Goblet cells were counted based on Alcian Blue staining. Data are expressed as mean + SE. ***p < 0.0001, **p < 0.001 compared to the
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Fig. 4. TNFa immunostaining in the MI of zebrafish (D. rerio): (A) control (C),
(B) inflamed (1), (C) I pre-treated with chestnut shell and V. macrurum extract
(CSVPprel), (D) I co-treated with chestnut shell and V. macrurum extract
(CSVPwithI), (E) I post-treated with chestnut shell and V. macrurum extract
(CSVPpostl), (F) fed with chestnut shell and V. macrurum extract enriched diet
(CSVP), and (G) control polyphenols (CP). Scale bar: 100 pm, and 50 pm for the
higher magnifications. (H) Bar graph showing TNFa optical density (0.D.) in
the MI of each group. Data are expressed as mean + SE. ***p < 0.0001, **p <
0.001 and *p < 0.05 compared to C group; °°°p < 0.0001, °p < 0.05 compared
to the I group.

group starting from 15 min (Fig. 9A, 15 min: p < 0.05; Fig. 8B, 1h: p <
0.001), and in the control group after 1 h (Fig. 9B, p < 0.05).

To investigate the effect of CSVP on the NF-kB pathway, the IkBa
phosphorylation was analyzed. As shown in Fig. 9, CSVP led to the in-
hibition of IkBa phosphorylation levels in inflamed group after 1 h of

Aquaculture 563 (2023) 738878

0,7 ~
dedkek
0,6
dedkk

0,5
a
O. 0,4 4 000 000

& *k
0,3 4
ooo
02 | o000
0,1 4
0 T T

c I CSVPprel ' CSVPwithl ' CSVPpostl  CSVP cp

Fig. 5. COX-2 immunostaining in the MI of zebrafish (D. rerio): (A) control (C),
(B) inflamed (I), (C) I pre-treated with chestnut shell and V. macrurum extract
(CSVPprel), (D) I co-treated with chestnut shell and V. macrurum extract
(CSVPwithI), (E) I post-treated with chestnut shell and V. macrurum extract
(CSVPpostl), (F) fed with chestnut shell and V. macrurum extract enriched diet
(CSVP), and (G) control polyphenols (CP). Scale bar: 100 pm, and 50 pm for the
higher magnifications. (H) Bar graph showing COX-2 optical density (O.D.) in
the MI of each group. Data are expressed as mean + SE. ***p < 0.0001, **p <
0.001 and *p < 0.05 compared to C group; °°°p < 0.0001 compared to the
I group.

administration (Fig. 9B, p < 0.001). On the contrary, no significant effect
was found after 15 min of treatment and in the control group fed with
CSVP.
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the MI of each group. Data are expressed as mean + SE. ***p < 0.0001 and *p
< 0.05 compared to C group; °°°p < 0.0001, °°p < 0.001 and °p < 0.05
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Fig. 7. Cat immunostaining in the MI of zebrafish (D. rerio): (A) control (C), (B)
inflamed (I), (C) I pre-treated with chestnut shell and V. macrurum extract
(CSVPprel), (D) I co-treated with chestnut shell and V. macrurum extract
(CSVPwithI), (E) I post-treated with chestnut shell and V. macrurum extract
(CSVPpostl), (F) fed with chestnut shell and V. macrurum extract enriched diet
(CSVP), and (G) control polyphenols (CP). Scale bar: 100 pm, and 50 pm for the
higher magnifications. (H) Bar graph showing TNFa optical density (0.D.) in
the MI of each group. Data are expressed as mean + SE. ***p < 0.0001, **p <

0.001 and *p < 0.05 compared to C group; °°°p < 0.0001, °°p < 0.001 and °p <
0.05 compared to the I group.
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4. Discussion

In this study, the results demonstrated that the treatment with
polyphenols prevented the severity of the intestinal inflammation
induced in zebrafish by k-carrageenan, while the co-treatment and post-
treatment only partially counteracted it. The polyphenols employed in
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Fig. 8. Relative expression of TNFa, COX2A, IL-1, and IL-10 genes in zebrafish (D. rerio) MI: control group (C), inflamed group (1), I pre-treated with chestnut shell
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6. ***p < 0.0001, **p < 0.001 and *p < 0.05 compared to control group; °°°p < 0.0001, °°p < 0.001 and °p < 0.05 compared to the inflamed group.
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this research were extracted from chestnut (C. sativa) shell and
V. macrurum, a perennial European spontaneous plant, easily found in
cultivated lands and along roads (Frezza et al., 2019). Chestnut shell
polyphenols were condensed tannins (CT), formed by monomeric units
of epigallocatechin and catechin/epicatechin (Sorice et al., 2016). CT
were characterized by a remarkable antioxidant activity (Deng et al.,
2016) and the capacity to maintain intestinal health of fish (Peng et al.,
2021). The polyphenols reported in several Verbascum species, were
mainly flavonoids, such as apigenin, luteolin, quercetin and kampferol
(Kahraman et al., 2011). In this study, apigenin was the major flavonoid
found in ethanol:water extract (1:10) of V. macrurum, in agreement with
Karalija et al. (2020) who reported apigenin as the major flavonoid in
water extracts of Verbascum sp. Apigenin was reported to be one of the
most potent anti-inflammatory flavonoids and may explain the use of
Verbascum sp. as herbal drug against inflammation (Tatli and Akdemir,
2006; Tatli et al., 2008) and to ameliorate the clinical symptoms of
colitis (Hausmann et al., 2007; Lenoir et al., 2011).

Very few studies directly addressed the timing issue of polyphenols
administration. Cirmi et al. (2021), studying the anti-inflammatory role
of a flavonoid-rich orange extract on a Vibrio anguillarum-induced en-
teritis in zebrafish, observed that the pretreatment reduced the intestinal
villi damage and avoided the rise of the pro-inflammatory factors IL-1p,
IL-6, and TNFa. Another study, carried out on dextran sulfate sodium
(DSS)-induced colitis in mouse, underlined the capacity of luteolin to
attenuate the symptoms, ameliorate tissue damage and inflammation
both in post- and co-treated animals (Vukelic¢ et al., 2020). Moreover,
Gong et al. (2020) indicated that Dendrobium candidum polyphenols
improved the oxazolone-induced intestinal inflammation in zebrafish,
restored morphological intestinal structure and regulated the host im-
mune system. In addition, Wang et al. (2019) evaluated the effects of
tannins pretreatment on herbicide-induced oxidative stress in mouse,
revealing that this class of bioactive compounds was able to improve
intestinal morphology and ameliorate intestinal barrier acting on the
tight junction. Finally, our results agree with Liu et al. (2020), who re-
ported the tannin's protective actions on intestinal health and
morphology. Thus, our study showed how polyphenols could effectively
improve the tissue damage and intestinal mucosal injury in k-carra-
geenan-induced inflammation, indicating their enteritis preventing
value and the capability to ameliorate the inflammatory status.

Recently, various studies revealed the polyphenol's capability to
restrain intestinal inflammation by controlling cytokines expression
(Santino et al., 2017; Xu et al., 2020), and suppressing COX2 expression
(Li et al., 2020). The polyphenols employed in this study contained
bioactive flavonoids, mainly apigenin, small amounts of quercetin, and
CT. Previous findings showed that apigenin and quercetin could signif-
icantly lower the protein and mRNA levels of the proinflammatory
marker COX2 both in vitro, in lipopolysaccharide (LPS)-induced mac-
rophages, through the inhibition of inflammatory cytokines (Marzoc-
chella et al., 2011) and in vivo, in DSS-induced chronic ulcerative mice
model, by decreasing the infiltration of immune cells in colon tissues (Ai
et al., 2017). Furthermore, apigenin suppressed the release of TNFa
interfering with NF-kB pathway in human epithelial cells (O'Prey et al.,
2003). In another study, Sadraei et al. (2017) observed that the pre-
treatment with apigenin showed anti-inflammatory effects comparable
with those of prednisolone in acetic acid-induced colitis in rats. In
agreement with the aforementioned authors, our results also proved that
the pre-treatment with chestnut shell and Verbascum sp. polyphenols
prevented the k-carrageenan-induced TNFa and COX2A increase, while
the co- and post-treatment only partially modulated the pro-
inflammatory cytokines expression, without being able to prevent or
improve inflammation as showed by score number and morphological
analysis. Furthermore, our results on immunoexpression emphasized the
importance of using a mix of polyphenols. In fact, in the present study,
the use of CSVP determined a more marked effect on the inhibition of
immunoexpression in the intestine of inflamed zebrafish compared to a
previous study, where only the chestnut shell polyphenols were used
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(Orso et al., 2021). This result confirmed the strong anti-inflammatory
action of Verbascum sp. polyphenols and the importance of exploiting
the synergy of these bioactive molecules.

Gut health is crucial to allow animal growth and is closely related to
intestinal immune function. In piglets, for example, the supplementation
of chestnut tannins enhanced the growth performances (Girard and Bee,
2020). The positive impact of tannin supplementation in monogastric
animals is likely related to the antioxidant, antimicrobial, and anti-
inflammatory properties (Biagi et al., 2010; Huang et al., 2018).
Several in vitro studies indicated that tannins exerted an anti-
inflammatory action through the decrease of the cytokines IL-1p and
IL-6, and the prostaglandin synthesizing inducible enzyme COX-2
expression (Xiong et al., 2017; Khalilpour et al., 2019). Additionally,
the anti-inflammatory action of tannins was reported in different tissues
of human and livestock such as intestine, skeletal muscle, and lung
(Fraga-Corral et al., 2021). Gonzalez-Quilen et al. (2019) demonstrated
how tannins reduced the proinflammatory cytokine TNFo expression,
ameliorating intestinal health in diet-induced obese rats. Interestingly,
due to the high number of hydroxyl groups, CT have a stronger anti-
oxidant activity with respect to other simple phenolic compounds
(Hagerman et al., 1998; Koleckar et al., 2008). In this study, Sod2 and
Cat immunoexpression increased significantly in the polyphenols
treated groups, especially in the pre-treatment one. Accordingly, tannins
pretreatment ameliorated the oxidative stress status through the acti-
vation of the antioxidant enzymes in mice (Wang et al., 2019). Poly-
phenols were powerful stimulators of the antioxidant system in
numerous fish species (Long et al., 2017; Hoseinifar et al., 2020; Ji et al.,
2020). Quercetin and rutin enhanced the antioxidant capacity in silver
catfish (Rhamdia quelen) (Pes et al., 2016), and caffeic acid dietary
supplementation remarkably improved the Sod and Cat activities in
rainbow trout (Yilmaz, 2019).

Cytokines are crucial in the pathogenesis of colitis and their increase
induces inflammation with consequent tissue damage (Marafini et al.,
2019; Martinez-Fierro et al., 2019). The downregulation of anti-
inflammatory cytokines (like IL-10) and wup-regulation of pro-
inflammatory cytokines (like IL-1B) exacerbated inflammatory re-
sponses in fish (Wang and Secombes, 2013). Our findings showed that
polyphenols significantly decreased the relative level of gene expression
of pro-inflammatory cytokines TNFa, IL-13, and COX2A, while increased
the level of the anti-inflammatory cytokine IL-10. Since the increased
expression of pro-inflammatory factors like TNFa and IL-1p is consid-
ered a distinctive feature of intestinal inflammation (Li et al., 2018),
several authors mentioned that an important and logical therapeutic
approach in the treatment of colitis is represented by the decrease of
inflammatory cytokines (Sireswar et al., 2021; Sheng et al., 2020).
Previous studies reported that polyphenols, such as apigenin, quercetin,
and epigallocatechin gallate, could modulate the gene expression of
cytokines in the intestine of rodents and zebrafish or in epithelial cell
lines (Hoensch and Weigmann, 2018). Our results indicated that the pre-
treatment was able to simultaneously reduce the TNFa, IL-1p, COX2A,
and increase IL-10. In agreement with our study, Cirmi et al. (2021)
showed that flavonoid pretreatment was effective in the prevention of
V. anguillarum-induced enteritis in zebrafish, hindering the rise of pro-
inflammatory factors, like IL-1f, IL-6, and TNFa. Furthermore, apple
polyphenols ameliorated intestinal inflammation by decreasing the pro-
inflammatory cytokines expression in DSS-zebrafish model and the
combined treatment of polyphenols with probiotics induced a signifi-
cant enhancement in the anti-inflammatory cytokine IL-10 expression
(Sireswar et al., 2021). Comparable results were identified in in vitro
pretreatment studies with apigenin that significantly lowered the levels
of COX-2, IL-1p, and TNF« and raised the level of IL-10 (Kumar et al.,
2018). In addition, chestnut CT exhibited the anti-inflammatory and
cytoprotective properties downregulating the IL-13, TNFa and NF-kB
expression in the neuroinflammatory cell model BV-2 microglia cells
(Chiocchio et al., 2020). Therefore, CT inhibited the formation of pro-
inflammatory cytokine in animal models (Xiong et al., 2017) and
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downregulated NF-kB, iNOS, COX-2, TNFq, and IL-6 (Dobroslawa et al.,
2009).

The signaling pathways NF-kB and MAPK play essential roles in the
appearance and progression of inflammation (Gaestel et al., 2009). It
was reported that polyphenols and their metabolites exerted anti-
inflammatory activity through the modulation of such signaling path-
ways (Yahfoufi et al., 2018; Peng et al., 2019; Vukeli¢ et al., 2020). Our
results indicated that the CSVP modulated the MAPK pathway through
the inhibition of p38 phosphorylation and activation of ERK. Moreover,
CSVP suppressed the activation of NF-kB by blocking the phosphoryla-
tion of IkB. According to Gkouveris et al. (2014) ERK activation led to
the reduction of inflammation by STAT3 suppression. It is worth noting
that CSVP showed the beneficial effects faster (15") and in the presence
of intestinal inflammation, acting more rapidly on the MAPK pathway
and subsequently, at 1 h, blocking the IkB phosphorylation leading to
NF-kB pathway inhibition. In agreement with our findings, Maeng et al.
(2006) reported that ERK directly blocked NF-kB signaling playing a
pivotal role in the suppression of inflammation. Moreover, p38 played a
key role in inflammation and triggered important intracellular responses
in inflammatory diseases, such as regulating the transcription activity of
NF-kB (Gao et al., 2019).

In conclusion, our results suggest that chestnut shell and V. macrurum
polyphenols mixed extract (CSVP) exerts anti-inflammatory effects in k-
carrageenan-induced intestinal inflammation, and the timing-related
administration of polyphenols is essential to obtain more beneficial
advantages and preserve or maintain the intestinal health status in
zebrafish as animal model. Furthermore, in an era of circular economy,
the presence of polyphenols easily extractable from renewable sources
can be considered an advantageous and innovative strategy both for the
aquafeed sector and for aquaculture.
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