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Simple Summary: With the increase in global population the production of animal proteins becomes
increasingly crucial. Aquaculture is the first animal protein supply industry for human consumption.
Intensive farming techniques are employed to increase productivity, but these may cause stressful
conditions for fish, resulting in impaired growth and poor health conditions. Intestinal inflammation
is one of the most common diseases of fish in intensive farming. Intestinal inflammation is usually
accompanied by an alteration of the microbiota or dysbiosis. Inflammation and dysbiosis are so tightly
intertwined that inflammation may contribute to or result from dysregulation of gut microbiota.
Natural substances of plant origin rich in bioactive molecules or more simply phytochemicals,
have been proved to be able to reduce inflammation and improve the general health status in
various commercially relevant species. In this study, we evaluated the effect of tannins, a class
of polyphenols, the most abundant phytochemicals, on intestinal inflammation and microbiota in
zebrafish (Danio rerio), a small freshwater fish become an attractive biomedicine and aquaculture
animal model during the last decades. The zebrafish has been employed in a vast array of studies
aiming at investigating the essential processes underlying intestinal inflammation and injury due to
its conservative gut morphology and functions. In this study, we administered a diet enriched with
chestnut shell extract rich in tannins to a zebrafish model of intestinal inflammation. The treatment
ameliorated the damaged intestinal morphophysiology and the microbiota asset. Our results sustain
that products of natural origin with low environmental impact and low cost, such as tannins, may
help to ease some of the critical issues affecting the aquaculture sector.

Abstract: The aim of the present study was to test the possible ameliorative efficacy of phytochemicals
such as tannins on intestinal inflammation and dysbiosis. The effect of a chestnut shell (Castanea sativa)
extract (CSE) rich in polyphenols, mainly represented by tannins, on k-carrageenan-induced intestinal
inflammation in adult zebrafish (Danio rerio) was tested in a feeding trial. Intestinal inflammation
was induced by 0.1% k-carrageenan added to the diet for 10 days. CSE was administered for
10 days after k-carrageenan induced inflammation. The intestinal morphology and histopathology,
cytokine expression, and microbiota were analyzed. The k-carrageenan treatment led to gut lumen
expansion, reduction of intestinal folds, and increase of the goblet cells number, accompanied by the
upregulation of pro-inflammatory factors (TNFα, COX2) and alteration in the number and ratio of
taxonomic groups of bacteria. CSE counteracted the inflammatory status enhancing the growth of
health helpful bacteria (Enterobacteriaceae and Pseudomonas), decreasing the pro-inflammatory factors,
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and activating the anti-inflammatory cytokine IL-10. In conclusion, CSE acted as a prebiotic on
zebrafish gut microbiota, sustaining the use of tannins as food additives to ameliorate the intestinal
inflammation. Our results may be relevant for both aquaculture and medical clinic fields.

Keywords: zebrafish; intestinal inflammation; microbiota; polyphenols; prebiotics; cytokines

1. Introduction

Tannins are water-soluble phenolic compounds present in a wide variety of plants
utilized as food and feed [1]. In the last decade, tannins have been used in animal nutrition
raising a great interest in the animal feed sector, due to their promising antioxidant, anti-
inflammatory and antibacterial properties [2,3]. Tannins have been employed among the
monogastric animals, such as poultry and swine, although contrasting results on animal
performance and intestinal health have been reported [4]. Tannins are known to be able to
interact with biological systems through the induction of some physiological effects, such as
antioxidant, anti-allergy, anti-hypertensive, as well as antimicrobial activities [5,6]. Tannins
show “prebiotic-like” effects and promote the growth of lactobacilli and bifidobacteria
in in vitro and in vivo models [7]. Recent research has revealed that they can improve
the intestinal microbial ecosystem and enhance gut health [3]. Sugiyama et al., (2010)
reported the protective effect of the Japanese horse chestnut (Aesculus turbinate) extract
in methotrexate-induced intestinal injury in rats [8]. The addition of tannin-rich extract
from chestnut (Castanea sativa Mill.) wood ameliorated the intestinal inflammatory status,
antioxidant capacity, barrier function, and improved the intestinal microflora in heat-
stressed broilers [9].

However, there is a high number of variables that can influence the biological activity
of individual or mixtures of natural compounds. In silico methods have been developed
to obtain information before conducting the biological tests, to reduce the analysis times
and costs [10]. Tannins, as well as other polyphenols, can exert both pro-oxidant and
anti-oxidant activities [11,12], probably depending on the concentration used [13]. Thus, it
is important to determine the correct kind and dosage of tannins for promoting optimal
health conditions.

The intestine is the site of nutrient digestion and absorption, and an important barrier
against infectious agents and toxins [14,15]. A multitude of agents can induce intestinal ox-
idative stress [16], morphological impairment [17] and barrier dysfunction [18,19], resulting
in a decreased absorptive function and an increased inflammatory response [20]. More-
over, intestinal inflammation accompanies the proliferation of some potentially pathogenic
bacteria, which could exacerbate the barrier impairment and the inflammatory response in
the intestine [21–23].

Intestinal inflammation is one of the most common diseases of fish in intensive farm-
ing. Indeed, the gastrointestinal apparatus, mainly in aquatic animals, is particularly
sensitive, being to a more direct contact with the external environment and the possible
contaminants. It is the main site of entry of bacterial, viral, and parasitic infections, which
represent a major risk for the yield of aquaculture production [24,25]. Moreover, the artifi-
cial diet administered during the farming conditions may further stress the gastrointestinal
apparatus, with consequent negative effects on health and growth [26,27].

The diets evaluation in aquaculture species requires lengthy trials and high costs [28].
Given its small size, high fecundity, and the full knowledge of its genome, the zebrafish
(Danio rerio) has become an attractive biomedicine and aquaculture animal model during
the last decade [29,30]. Due to the well conserved gut morphology and functions, the
zebrafish represents to date an ideal organism to achieve the preliminary evaluation of
diets and has been employed in a vast array of studies aiming at investigating the essential
processes underlying intestinal inflammation and injury [28,31,32].
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Recent studies have shown that chestnut shell tannins improve the immune response
of rainbow trout in vitro [33] and the health status, feeding and growth performances of
farmed fish Nile tilapia (Oreocromis niloticus) [34], beluga sturgeon (Huso huso) [35], convict
cichlid (Amatitlania nigrofasciata) [36] and common carp (Cyprinus carpio) [37]. However,
no specific studies have been carried out to investigate the potential role of chestnut
(Castanea sativa) shell tannins in affecting the intestinal inflammation in fish. Thus, we
designed this study to investigate the effects of the chestnut shell extract rich in tannins
on induced intestinal inflammation in zebrafish (Danio rerio), using a multidisciplinary
approach: histological, immunohistochemical, molecular and microbiological.

2. Materials and Methods
2.1. Fish Husbandry

Male adult zebrafish (Danio rerio) (weight 0.58± 0.04 gr) were employed. Experiments
were performed at the Vakili Ornamental fish production complex, with the Permission
of the Department of Fisheries, Gorgan University of Agricultural Sciences and Natural
Resources, Gorgan, Iran (GUASNR). Animals were acclimated in recirculating tanks at a
density of 1 individual L−1. Animals were housed under standard conditions of photope-
riod (14/10 h of light/dark cicle with Zeitgeber Time-ZT0 at 9 AM (Anti Meridian)) and
temperature (28 ◦C). Animals were fed once per day at 11:00 AM with Artemia salina. The
feed was provided at 2% of the body weight. During all the experiments, water tempera-
ture, pH, nitrites, nitrates, and dissolved oxygen were monitored daily. The water system
was a closed circuit with constant aeration and 10% daily exchange. Before the feeding trial,
the fish were acclimatized to the laboratory conditions for two weeks. Fish used in this
study were treated in accordance with the GUASNR guidelines for animal husbandry. All
efforts were made to minimize fish suffering. Zebrafish did not receive medical treatment
prior or during the experience. No deaths occurred in the facilities before the euthanasia of
animals used for the experiments.

2.2. Intestinal Inflammation Induction

In preliminary experiments, adult zebrafish were fed from 3 days up to 4 weeks with
peeled Artemia salina cysts (22% fat, 44% proteins, 16% carbohydrates: Aqua Schwarz) with
and without variable percentages (0.05, 0.1 and 1%) of k-carrageenan (Sigma, St. Louis, MO,
USA), a polysaccharide capable to improve immunity parameters and increase growth and
survival in cultured aquatic species [38], but known also for its pro-inflammatory effects on
the intestine [39–41]. The morphological analysis was performed with classic histological
techniques on paraffin-embedded samples stained with hematoxylin-eosin (H&E). Goblet
cells and leukocytes infiltrates were analyzed with Alcian blue staining. Morphological
analysis was carried out at day 3, 10, 14 and 28.

2.3. Preparation of Chestnut Shell Extract

Chestnut shells were obtained from Chestnuts (Castanea sativa Mill., cultivar “Palom-
ina”) grown in Montella (Avellino, Italy). Shells were extracted as previously reported [33].
Briefly, shells were air dried and ground in a domestic grinder. A total of 2 g of shell
powder were extracted with 20 mL of water under magnetic stirring for two hours at 75◦C.
The total phenolic content was determined by the Folin-Ciocalteu colorimetric method [42],
modified according to Picariello et al., (2016) [43]. Gallic acid (GA) (Sigma, St. Louis, MO,
USA) was used as standard to construct the calibration curves. Results are expressed as
mg GA equivalent/g of chestnut shell (mg GAE/g). Samples were assayed in triplicate
and values were averaged. The absorbance was monitored at 765 nm.

2.4. High Performance Liquid Chromatography (HPLC) Analysis

Polyphenols analysis was performed by LC-4000 Series Integrated HPLC Systems
(JASCO, Tokyo, Japan) consisting of a column oven (model CO-2060 plus), set at 30 ◦C,
a UV/Vis photodiode array detector (model MD-2018 plus), an intelligent fluorescence
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detector (model PF-2020 plus), a liquid chromatography pump (model PU-2089 plus), an
autosampler (AS-2059plus) and a ChromNAV software program (JASCO, Japan). A C18
Luna column 5 µm particle size, 25 cm × 3.00 mm I.D. (Phenomenex, Torrance, CA, USA)
was used, with a guard cartridge of the same material. All solvents were filtered through
a 0.45 µm filter disk (Millipore Co., Bedford, MA, USA For chestnut shell HPLC mobile
phase were: water:formic acid (99.80:0.20, v/v) (A) and methanol (B). Running conditions
were: 0 min 95% A and 5% B; 0–45 min 55% B. The system was equilibrated between runs
for 10 min using the starting mobile phase composition. The temperature was maintained
at 30 ◦C. Each sample was analyzed three times. The flow-rate was 0.8 mL/min. The
injection volume was 20 µL.

2.5. Experimental Design and Feeding Protocol

The control diet consisted of peeled Artemia salina cysts. The proinflammatory diet
consisted of Artemia salina mixed with 0.1% of k-carrageenan. The chestnut shell extract
(CSE)-enriched diet consisted of Artemia salina mixed with CSE. The Artemia salina cysts
were reduced in powder and then mixed with k-carrageenan or CSE. Water was added
until a soft mixture was obtained. The mixture was poured into a dish plate and placed
in oven at 37 ◦C to complete dry. Then the mixture was removed, powdered and stored
at RT in a sealed bag. After two weeks of acclimation, the animals were divided into four
dietary groups (n = 32 fish per group) and treated as follows: (1) control group (C): fed
with Artemia salina in weight-maintaining amount; (2) inflamed group (I): fed with the
same amount of control of Artemia salina + 0.1% k-carrageenan for 10 days; (3) treated
with CSE group (CSE): fed with Artemia salina + CSE (4 µg/d/zebrafish) for 10 days; (4)
post-treated group (CSEpostI): fed with Artemia salina + 0.1% k- carrageenan for 10 days
followed by Artemia salina + CSE (4 µg/d/zebrafish) for 10 days. In previous experiments,
two levels of inclusion of CSE were chosen and tested: 0.4 and 4 µg/zebrafish. The choice
was based on previous studies carried out by the authors of this study and available in the
literature [33–36]. After the trial zebrafish were fasted overnight and sacrificed. For every
treatment, intestine from six fish were collected for histological and immunohistochem-
ical analysis, ten intestines for cytokine analysis, six intestines for microbiota by culture
dependent methods, and ten intestines for microbiota by metagenomic analysis.

2.6. Hystological Analysis

The intestine samples were processed as reported in Varricchio et al., (2012) [44].
Briefly, they were fixed in 4% formalin in 0.01 M phosphate-buffered saline (PBS) pH 7.4 for
no longer than 24 h at 4 ◦C and then dehydrated in a graded series of ethanol and cleared
with xylene before being embedded in paraffin. Samples were cut into 5 µm sections with
a microtome (Leica Microsystems). Subsequently, anatomically comparable sections of
medial intestine (MI) were deparaffinized with xylene and stained with haematoxylin-eosin
(H&E) for the morphological analysis. In order to perform a quantitative estimation of the
goblet cell number, sections of MI (n = 6 animals/treatment; n = 3 pairs of sections/animal,
each section selected at a 50µm distance to avoid counting the same cells) were stained with
Alcian blue (1 g of Alcian blue, pH 2.5, 3 mL/L of acetic acid, and 97 mL of distilled water)
for 1 h. Afterwards, the intestine slides were rinsed in tap water for 10 min, oxidized in
periodic acid (5 g/L) for 5 min, rinsed in lukewarm tap water for 10 min and dehydrated in
Alcohol and clarified in xylol. Histological sections were examined under a Leica DMI6000
light microscopy equipped with Leica DFC340 digital camera (Leica Microsystems) at 10×
or 20×magnification. For each section the MI was divided into three regions and goblet
cells were counted in each villus of each region. For the score quantification, a total of
10 folds per intestine and 6 intestines were evaluated for each experimental group from
three independent experiments. Two independent operators blinded to the experimental
protocol analyzed the sections.
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2.7. Immunohistochemical Analysis

Anatomically comparable sections of MI were deparaffinized and prepared to be
stained by the avidin-biotin immunohistochemical technique. Monoclonal antibodies
raised in mouse against tumor-necrosis factor-α (TNFα) (code ab1793, Abcam, Cam-
bridge, UK), and polyclonal antibodies raised in rabbit against cyclooxygenase 2 (COX2)
(code 69720, NovaTeinBio, Woburn, MA, USA) were employed. The sections were incu-
bated with 0.1% H2O2 for 5 min to inactivate the endogenous peroxidase activity and
then incubated with 10% normal goat serum (NGS) (Vector Laboratories, UK) in 0.1 M
Tris-buffered saline, pH 7.6, containing 0.3% Triton X-100 for 30 min. Thereafter, slides
were incubated overnight at 4 ◦C with primary antibodies (1:200 in the NGS). The day after,
the sections were rinsed several times and then incubated for 2 h, at room temperature, in
biotinylated goat anti-mouse or goat anti-rabbit immunoglobulin with appropriate dilution
(Vector Laboratories). Following incubation with secondary antibody, the slides were
incubated for 1 h with the avidin-biotin complex diluted in Tris-buffered saline according
to the manufacturer’s instructions (ABC Kit; Vectastain, Vector) and then with 0.05% of
3′-diaminobenzidine (DAB) for 10 min (DAB Sigma Fast, Sigma-Aldrich, Milano, Italy).
The sections were examined under Leica DMI6000 light microscopy (Leica Microsystems,
Wetzlar, Germany) and the digital images were acquired under constant light illumination
and magnification (20×), using a digital camera working on gray levels (JCV FC 340FX,
Leica). To quantify the density of TNFα- and COX2-positive signal each section of MI was
divided into three regions (n = 6 animals/treatment; n = 3 pairs of sections/animal, each
section selected at 50 µm distance). Densitometric analysis of TNFα and COX2 peroxidase-
based immunostaining was performed by measuring optical density using the image
analysis software Image Pro Plus® 6.0 (MediaCybernetics, Rockville, MD, USA) working
on a logarithmic scale of absorbance. In each region, the optical density zero value was
assigned to the background (i.e., a tissue portion devoid of stained cells) [45–47]. All the
histological analyses were performed by an independent operator blinded to the type of
treatment. The specificity of all the used antibodies was validated with controls as reported
in Imperatore et al., 2020 [47].

2.8. RNA Isolation, cDNA Synthesis and Real-Time PCR

The mRNA expression levels of COX-2A, IL-1β, IL-8, IL-10 and TNFα in intestinal
tissues were detected by quantitative real-time PCR. In order to detect the gene expression,
total RNA was extracted from intestinal samples by using Trizol Reagent (Thermo-Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. The RNA purity was de-
termined by electrophoresis in 1% agarose gels and its concentration was determined with
a Nanodrop 1000 Spectrophotometer (Thermo-Scientific, Waltham, MA, USA). Total RNA
(1 µg) was used to generate cDNA strands in a 20-µL-reaction volume (SensiFAST™ cDNA
Synthesis Kit, Bioline). Real-time quantitative RT-PCR was carried out on a QuantStudio 5
System (Thermo Fisher Scientific) using SensiFAST™ SYBR Lo-ROX Kit (Bioline Scientific,
Rome, Italy) as a reference dye in a total volume of 20 µL per reaction. The qRT-PCR analy-
sis was performed in triplicate for target mRNAs and the PCR conditions were as follows:
95 ◦C, 2 min, 40 cycles of 95 ◦C for 5 s, 60 ◦C for 10 s and 72 ◦C for 20 s. Melting curve
analysis was performed to confirm specificity. The relative mRNA expression levels of
genes were calculated by the 2−∆∆Ct method. Relative quantification of mRNA expression
was performed using β-actin and tuba1 as housekeeping genes to standardize results by
removing variations in mRNA. actb1 and actb2 are two of the most stable and suitable
genes for zebrafish intestine [48–51]. Primers with efficiency close to reference gene were
selected. The primer sequences used are listed in Table 1:
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Table 1. Primer Sequences.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

β-Actin TCTCTTAAGTCGACAACCCCC TCTGAGCCTCATCACCAAG

COX-2A AGGGCGTGTGTTTATCCAAG ACCTGGACGTCCTTCATAAG

IL-1β TGGACTTCGCAGCACAAAATG GTTCACTTCACGCTCTTGTG

IL-8 TGTGTTATTGTTTTCCTGGCATC GCGACAGCGTGGATCTACG

IL-10 CACTGAACGAAAGTTTGCCTAC TGGAAATGCATCTGGCTTTG

TNFα GCTTATGAGCCATGCAGTGA TGCCCAGTCTGTCTCCTTCT

tuba1 CCTGCTGGGAACTGTATTGT TCAATGAGTTCCTTGCCAAT

2.9. Microbiota Intestinal Isolation and Analysis by Culture-Dependent Methods

After sacrifice, intestinal tracts were aseptically removed from fish specimens, main-
taining their integrity as much as possible. They were mechanically crushed in sterile test
tubes within the appropriate volume of diluent (Buffered Peptone Water, Oxoid, Waltham,
MA, USA) necessary for the normalization (1:100 ratio sample/diluent), and were shaken
by vortex stirrer, at regular intervals in order to prevent samples overheating, until visible
dispersion of the sample in the diluent. Subsequently, serial dilutions were prepared,
and an aliquot of each dilution was spread on different culture media. In particular, the
researched microorganisms and the microbiological media and incubation conditions used
for the analysis were the following: total aerobic mesophilic bacteria on Luria Bertani (LB)
Agar (CONDA) in aerobic conditions; Enterobacteriaceae on MacConkey Agar (CONDA)
in aerobic conditions; Pseudomonas spp. on Cetrimide Agar Base (CONDA) in aerobic
conditions; Staphylococcus spp. on Baird Parker Agar (BPA) (CONDA) in aerobic conditions;
total anaerobic bacteria on Tryptose Sulfite syscloserine (TSC) (CONDA) in anaerobiosis;
yeasts on Sabouraud Agar (CONDA) in aerobic conditions. Plates were incubated under
the appropriate conditions for 24–96 h for microbial growth, in order to make the count
of viable colonies. Anaerobiosis was recreated using the AnaeroJar anaerobic jar (Bio-
Class) and the special bags for Atmosphere Generation System CampyGenTM (Thermo
Fisher Scientific). Representative microbial isolates, of each group in pure culture, were
stored frozen at −80◦C in broth media supplemented with 10% glycerol (v/v) (Carlo Erba
Reagents, Waltham, MA, USA). Microbial counts were expressed as the Log CFU g-1 ± SD
of triplicates.

2.10. Microbiome Analysis

Intestinal samples were used for DNA extraction procedure. Before the DNA ex-
traction, all 40 samples were placed into sterile microcentrifuge tubes with lysis buffer
and mechanically homogenized by pestle for 1 min using a handheld Homogenizer. All
samples were processed to extract DNA following the DNA-sorb B kit manufacturer’s
protocols (kit for DNA extraction, Central Research Institute of Epidemiology, Russia).

2.11. 16S rDNA Library Sequencing and Processing

Genomic DNA extracted from the samples was amplified using primer pair (S-D-Bact-0341-b-
S17 and S-D-Bact-0785-a-A-21) targeted to the V3–V4 region of the 16S rRNA genes [52]. The forward
(5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGA-CAGCCTACGGGNGGCWGCAG-3′) and re-
verse (5′-GTCTCGTGGGCTCGGAGATGT-GTATAAGAGACAGGACTACHVGGGTATCTAATCC-
3′) contained Illumina overhang adapter sequences (underlined regions). Amplicon libraries were
subcontracted for preparation and sequencing using an Illumina MiSeq (600 cycles—2 × 300
paired-end) by Evrogen (Moscow, Russia). Nucleotide sequences were deposited in the
Sequence Read Archive (NCBI), accession number: PRJNA699145. Read pairs were merged
and quality filtered with MOTHUR 1.31.2 [53]. Any reads with ambiguous sites and ho-
mopolymers of more than 8 bp were removed, as well as sequences shorter that 350 or
greater than 600 bp. QIIME 1.9.1 [54] was used for further processing of the sequences. De
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novo (abundance based) chimera detection using USEARCH 6.1 [55] was applied to iden-
tify possible chimeric sequences (‘identify_chimeric_seqs.py’ with an option ‘-musearch61′

in QIIME). After chimera filtering, the QIIME script ‘pick_open_reference_otus.py’ with
default options was used to perform open-reference OTU picking by UCLAST [55], tax-
onomy assignment (UCLAST, with a 0.80 confidence threshold), sequence alignment
(PyNAST1.2.2; [54]) and tree-building (FastTree 2.1.3; [56]). This algorithm involves several
steps of both closed-reference and open-reference OTU (Operational Taxonomic Units) pick-
ing, followed by taxonomy assignment, where the SILVA reference alignment (release 132)
was used as a reference. Chloroplast, mitochondria, and no bacterial sequences were
removed from further analysis.

2.12. Analysis of Alpha and Beta Diversity

The richness (number of OTU’s and Chao1 index) and diversity estimates (Shannon
and Simpson index) per sample were calculated using QIIME. The samples were then
rarified to the lowest sequencing effort (4500 sequences) and a weighted UniFrac dissimi-
larity matrix [57] was calculated in QIIME and used for downstream analysis. To test the
effect of k-carrageenan induced inflammation on the groupings of bacterial communities,
permutational multivariate analysis of variance (PERMANOVA) using distance matrices
were employed as implemented in the ‘adonis’ function of the R-package vegan 2.5-6 [58]
(https://CRAN.R-project.org/package=vegan) (accessed on 20 August 2020). Pairwise
comparisons for all pairs of levels of used factors were performed using the ‘adonis.pair’
function of EcolUtils 0.1 R-package [59] (https://github.com/GuillemSalazar/EcolUtils)
(accessed on 20 August 2020). Analysis of multivariate homogeneity of group dispersions
(variances) to test if one or more groups was more variable than the others, was performed
using the ‘betadisper’ function of the vegan R-package. In all the aforementioned tests the
statistical significance was determined by 10,000 permutations. The matrix was also used
to perform principle coordinates analysis (PCoA) to visualize differences among groups
of samples. Venn diagrams of OTU membership were calculated using R-package RAM
1.2.1.7 [60] (https://CRAN.R-project.org/package=RAM) (accessed on 13 November 2020).
The OTU was designated as a part of core microbiome if OTU was found in more than 50%
of samples from each group.

2.13. Statistical Analysis

The statistical significance of microbiota data obtained by culture methods was vali-
dated by the one-way ANOVA test with Dunnet correction and analyzed with GraphPad
Prism 6 software, version 6.05 (GraphPad, Inc., San Diego, CA, USA). One-way analy-
sis of variance with Bonferroni’s post hoc test was adopted for the analysis of normally
distributed data. In the case of the experiment concerning densitometric analysis and dif-
ferences in alpha and beta diversity measures between bacterial groups, the Kruskal–Wallis
ANOVA non-parametric test followed by Dunn’s post hoc test was adopted for the analysis
of non-normally distributed data. p-Values lower than 0.05 were considered statistically
significant. The microbiome and densitrometric data are expressed as mean ± SEM and
analyzed with GraphPad Prism 6 software, version 6.05 (GraphPad, Inc.).

3. Results
3.1. Chestnut Shell Extract Composition

In Figure S1 is reported the chromatogram of the chestnut shell extract analyzed
by HPLC. Three wavelengths (275, 325, and 375 nm) were chosen in order to detect
general phenolic compounds (275 nm), derivatives of hydroxycinnamic acid (325 nm) and
flavonols/ellagic acid (375 nm). The only identifiable compound at 275 nm was the Gallic
acid, followed by a broad peak formed by condensed tannins [61] that disappeared at
325 and 375 nm.

https://CRAN.R-project.org/package=vegan
https://github.com/GuillemSalazar/EcolUtils
https://CRAN.R-project.org/package=RAM
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3.2. Intestinal Histopathology

The intestinal inflammation was morphologically visible after three days of feeding
with 0.1% of k-carrageenan, while feeding with k-carrageenan at 1% resulted in severe
damage of the intestinal villi and disruption of the intestinal tissue integrity (see Figure S2).
In the subsequent experiments we employed zebrafish fed for 10 days with Artemia salina
enriched with 0.1% of k-carrageenan as the inflamed model.

Moreover, since the CSE concentration of 4 µg revealed to be more effective than 0.4 µg
on intestinal inflammation resumption, based on H&E and IHC analysis (see Figure S3),
this concentration was employed for the subsequent molecular and microbiota analysis.

The morphological evaluation of the intestine during the feeding experiments is
presented in Figure 1 and Figure S4. In order to evaluate the intestinal histological status,
we inspired to the score system for histologic evaluation of zebrafish larvae by He et al. [62]
but adapted to the adult zebrafish (Table 2, Figure 1). After ten days of feeding with the 0.1%
k-carrageenan enriched diet, the intestine showed a significant increase of the score number
with respect to the score of the control group, with clear signs of inflammation, such as
expansion of gut lumen, as observed by a qualitative analysis, mucosal thinning, ragged,
thin and irregular intestinal folds (villi), increase in goblet cell number and leukocyte
infiltrates. In particular, the quantitative analysis of histological slides stained with Alcian
blue, showed a significant increase in the number of goblet cells/villus in the MI of inflamed
zebrafish in comparison to the control (C: 5.9 ± 0.43 vs I: 11,8 ± 0.69; p < 0.0001).
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Figure 1. Haematoxylin-eosin (H&E) staining of MI of (A) control zebrafish (C), (B) inflamed zebrafish
(I), (C) inflamed zebrafish post-treated with chestnut shell extract (CSEpostI) and (D) zebrafish fed
chestnut shell extract (CSE). Scale bar: 100 µm. Arrows indicate leucocytes infiltrates, arrowheads
indicate ragged villi, asterisks indicate mucosal thinning. (E) Bar graph showing the total intestinal
alteration score defined for each zebrafish group. Data are expressed as mean ±SE. ** p < 0.001
compared to the control group; ◦ p < 0.05 compared to the inflamed group. (F) Bar graph showing
the number of goblet cells in the MI of C, I, CSEpostI and CSE. Goblet cells were counted based on
Alcian Blue staining. Data are expressed as mean ±SE. *** p < 0.0001 compared to the control group;
◦◦◦ p < 0.0001 compared to the inflamed group; ### p < 0.0001 compared to the CSEpostI group.
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Table 2. Score system for histologic evaluation.

Score Intestinal Architecture Disruption
Goblet Cell Number Leukocyte Infiltrate

Intestinal Folds Gut Lumen

0 Normal Normal Normal (~5 GC/villus) Normal

1 Slight modification Slight expansion Increased number
(~9 GC/villus)

Appearance of some
leukocytes

2 Moderate
modification

Moderate
expansion

Increased number and
different in size
(~12 GC/villus)

Increased number of
leukocytes in the
lamina propria

3

Severe alteration
with destruction of

the epithelial
surface

Severe alterations

Severe high number
and morphological

changes
(~16 GC/villus)

Severe increase of
leukocytes in the

lamina propria and
epithelium

CSE treatment partially reverted the morphological alterations, as shown by the
significant decrease of the score number compared to the score number of the I group. In
particular, CSE restored the intestinal structure, that showed regular and well-organized
villi. However, a significantly high number of goblet cells in the MI was present (13 ± 0.84).
CSE administered alone did not cause intestinal alterations (Figure 1 and Figure S4) and
showed a score number similar to the control. These alterations were also accompanied by
a significant increase in the leukocytes infiltrates in the lamina propria and epithelium of
both, the I and CSEpostI zebrafish (Figure S4).

Morphological alterations induced by k-carrageenan matched with the increased
expression of pro-inflammatory markers, such as TNFα and COX2. In particular, TNFα and
COX2 immunoreactivity increased in the enteroendocrine and goblet cells. CSE treatment
partially counteracted such increase (Figures 2 and 3). TNFα immunoexpression was
detected also in eosinophils and fibroblasts, infiltrated in the lamina propria (Figure 2B).
The densitometric analysis showed a significant increase of TNFα optical density in the
epithelium of MI of inflamed zebrafish with respect to the control (C: 0.17 ± 0.016 vs
I: 0.54 ± 0.03; p < 0.0001). However, the post treatment with CSE significantly reduced
the TNFα expression with respect to the inflamed zebrafish, although it was significantly
higher than the control (I: 0.54 ± 0.03 vs CSEpostI: 0.42 ± 0.02, p < 0.001; C: 0.17 ± 0.016 vs
CSEpostI: 0.42 ± 0.02, p < 0.0001) (Figure 2).
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blasts expressing TNFα. (E) Bar graph showing TNFα optical density (O.D.) in the MI of C, I, CSE-
postI and CSE. Data are expressed as mean ±SE. *** p < 0.0001 compared to C group; °°° p < 0.0001, 
°° p < 0.001 compared to the I group; ### p < 0.0001 compared to the CSEpostI group. 

Despite TNFα, COX2 was found largely confined to the villus epithelium. In partic-
ular, the epithelial cells of inflamed zebrafish showed a strong immunoreactivity of COX2 
on the apical side. The inflammatory status was confirmed by a significant increase of 
COX2 optical density in inflamed zebrafish with respect to the control (C: 0.18 ± 0.016 vs 
I: 0.52 ± 0.02, p < 0.0001;). CSEpostI zebrafish showed a significant decrease of COX2 ex-
pression compared to the inflamed zebrafish (I: 0.52 ± 0.02 vs CSEpostI: 0.39 ± 0.013, p < 
0.0001), although the expression was significantly higher than the control (C: 0.18 ± 0.016 
vs CSEpostI: 0.39 ± 0.013, p < 0.0001) (Figure 3). 

Figure 2. TNFα immunostaining in the MI of (A) control zebrafish (C), (B) inflamed zebrafish
(I), (C) inflamed zebrafish post-treated with chestnut shell extract (CSEpostI) and (D) zebrafish fed
chestnut shell extract (CSE). Scale bar: 50 µm. Asterisks indicate infiltrated eosinophils and fibroblasts
expressing TNFα. (E) Bar graph showing TNFα optical density (O.D.) in the MI of C, I, CSEpostI and
CSE. Data are expressed as mean±SE. *** p < 0.0001 compared to C group; ◦◦◦ p < 0.0001, ◦◦ p < 0.001
compared to the I group; ### p < 0.0001 compared to the CSEpostI group.

Despite TNFα, COX2 was found largely confined to the villus epithelium. In particular,
the epithelial cells of inflamed zebrafish showed a strong immunoreactivity of COX2 on the
apical side. The inflammatory status was confirmed by a significant increase of COX2 opti-
cal density in inflamed zebrafish with respect to the control (C: 0.18 ± 0.016 vs I: 0.52 ± 0.02,
p < 0.0001;). CSEpostI zebrafish showed a significant decrease of COX2 expression com-
pared to the inflamed zebrafish (I: 0.52 ± 0.02 vs CSEpostI: 0.39 ± 0.013, p < 0.0001),
although the expression was significantly higher than the control (C: 0.18 ± 0.016 vs CSE-
postI: 0.39 ± 0.013, p < 0.0001) (Figure 3).
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in the MI of control, inflamed, CSEpostI and CSE zebrafish. Data are expressed as mean ±SE. *** p < 
0.0001 compared to control group; °°° p < 0.0001 compared to the inflamed group; ### p < 0.0001 
compared to the CSEpostI group. 
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significantly higher in the inflamed (5.79 ± 0.34; p < 0.0001) and CSEpostI (7.43 ± 0.42; p < 
0.0001) zebrafish with respect to the control zebrafish. COX-2A expression significantly 
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while it significantly decreased in the CSEpostI (1.51 ± 0.21, p < 0.0001) with respect to the 
inflamed zebrafish. IL-1β and IL-8 expressions were significantly higher in the inflamed 
zebrafish compared to the control (7.65 ± 0.31 (p < 0.0001) and 6.63 ± 0.44 (p < 0.0001), 
respectively). In the CSEpostI zebrafish the relative gene expression levels of the pro-in-
flammatory cytokines IL-1β and IL-8, were significantly higher compared to the control 
group (IL-1β: 8.65 ± 0.23, p < 0.0001; IL-8: 8.67 ± 0.53, p < 0.0001). A significant increase was 
observed for the anti-inflammatory cytokine IL-10 in CSEpostI (5.86 ± 0.24) and CSE 
zebrafish (6.3 ± 0.21) (p < 0.0001). 

Figure 3. COX2 immunostaining in the MI of (A) control zebrafish (C), (B) inflamed zebrafish
(I), (C) inflamed zebrafish post-treated with chestnut shell extract (CSEpostI) and (D) zebrafish
fed chestnut shell extract (CSE). Scale bar: 50 µm. (E) Bar graph showing COX2 optical density
(O.D.) in the MI of control, inflamed, CSEpostI and CSE zebrafish. Data are expressed as mean
±SE. *** p < 0.0001 compared to control group; ◦◦◦ p < 0.0001 compared to the inflamed group;
### p < 0.0001 compared to the CSEpostI group.

3.3. PCR Analysis

The quantitative analysis of the relative gene expression of TNFα, COX-2A, IL-1β, IL-8
and IL-10 is reported in Figure 4. As detected by optical density, TNFα expression was
significantly higher in the inflamed (5.79 ± 0.34; p < 0.0001) and CSEpostI (7.43 ± 0.42;
p < 0.0001) zebrafish with respect to the control zebrafish. COX-2A expression significantly
increased in the inflamed zebrafish (3.51 ± 0.28, p < 0.0001) with respect to the control,
while it significantly decreased in the CSEpostI (1.51 ± 0.21, p < 0.0001) with respect to the
inflamed zebrafish. IL-1β and IL-8 expressions were significantly higher in the inflamed
zebrafish compared to the control (7.65 ± 0.31 (p < 0.0001) and 6.63 ± 0.44 (p < 0.0001),
respectively). In the CSEpostI zebrafish the relative gene expression levels of the pro-
inflammatory cytokines IL-1β and IL-8, were significantly higher compared to the control
group (IL-1β: 8.65 ± 0.23, p < 0.0001; IL-8: 8.67 ± 0.53, p < 0.0001). A significant increase
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was observed for the anti-inflammatory cytokine IL-10 in CSEpostI (5.86 ± 0.24) and CSE
zebrafish (6.3 ± 0.21) (p < 0.0001).
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The average values of triplicate experiments, expressed as Log of colony-forming units 
(CFU) per gram of intestine, are shown in Table S1. In particular, the amount of total mi-
croorganisms in the inflamed group was comparable to the control group, while signifi-
cantly increased in CSE group, that showed the highest amount of total microorganisms, 
and in CSEpostI group. Regarding total aerobic mesophilic bacteria, they were slightly 
reduced in the intestine of I group, but they remarkably increased in the CSE and CSEpostI 
groups, compared to C group. The amounts of Enterobacteriaceae and Pseudomonas spp. 
significantly decreased in the inflamed group, while significantly increased in the CSE 
group and in the CSEpostI group compared to the control one. A slight decrease of Staph-
ylococcus spp. levels was detected in the intestine of I group, while Staphylococcus spp. 
increased in the CSE group and were similar in the control group and in the CSEpostI 
group. Anaerobic bacteria significantly increased in I group compared to the control; a 
significant increase was also detected in CSE group and CSEpostI group. Finally, the 
amount of yeasts significantly increased in I, CSE and CSEpostI groups compared to the 
control. 

Figure 4. Relative expression of TNFα, COX2, IL-1β, IL-8 and IL-10 genes in control zebrafish (C),
inflamed zebrafish (I), inflamed zebrafish post-treated with chestnut shell extract (CSEpostI) and ze-
brafish fed chestnut shell extract (CSE). Values are presented as the mean ± SEM. n= 6. *** p < 0.0001,
* p < 0.05 compared to control group. ◦◦◦ p < 0.0001, ◦ p < 0.05 compared to the inflamed group.
### p < 0.0001 compared to the CSEpostI group.

3.4. Analysis of Intestinal Microbiota by Culture-Dependent Methods

Figure 5 shows the comparison intestinal microbiota profiles of the zebrafish control
group, fed on a standard diet, and groups fed on proinflammatory and polyphenolic
diets. The average values of triplicate experiments, expressed as Log of colony-forming
units (CFU) per gram of intestine, are shown in Table S1. In particular, the amount
of total microorganisms in the inflamed group was comparable to the control group,
while significantly increased in CSE group, that showed the highest amount of total
microorganisms, and in CSEpostI group. Regarding total aerobic mesophilic bacteria,
they were slightly reduced in the intestine of I group, but they remarkably increased in
the CSE and CSEpostI groups, compared to C group. The amounts of Enterobacteriaceae
and Pseudomonas spp. significantly decreased in the inflamed group, while significantly
increased in the CSE group and in the CSEpostI group compared to the control one. A
slight decrease of Staphylococcus spp. levels was detected in the intestine of I group, while
Staphylococcus spp. increased in the CSE group and were similar in the control group and in
the CSEpostI group. Anaerobic bacteria significantly increased in I group compared to the
control; a significant increase was also detected in CSE group and CSEpostI group. Finally,
the amount of yeasts significantly increased in I, CSE and CSEpostI groups compared to
the control.
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asterisks indicates no significance. C, control group; I, inflamed group; CSE, chestnut shell extract 
group; CSEpostI, chestnut shell extract administered post inflammation group. 
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numbers of OTUs and Chao1 index values were significantly lower (p ≤ 0.05) in the group 
CSEPostI (169.0 ± 11.5 and 245.1 ± 20.0, respectevely) than in all other groups (295.2 ± 22.9 
and 411.7 ± 29.5; 264.6 ± 17.9 and 380.1 ± 18.2; 281.9 ± 28.4 and 384.2 ± 35.9 for I, control, 
and CSE, respectively) (Figure 6A). For Simpson and Shannon indexes the effect of 
“group” factor was significant as well (Kruskal–Wallis χ2 test = 8.8, df = 3, p = 0.03 and 
Kruskal–Wallis χ2 test = 9.7, df = 3, p = 0.02, respectively) (Figure 6B). The significantly 
higher values of Simpson and Shannon indexes were found for the control group (0.81 ± 
0.02 and 3.65 ± 0.23, respectively) if compared to the I group (0.65 ± 0.5, Z = -2.77, p = 0.017 
and 2.5 ± 0.19, Z = -2.73, p = 0.019, respectively) and CSEPost I (0.64 ± 0.07, Z = -2.28, p = 
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Figure 5. Intestinal microbiota analysis by culture-dependent methods in zebrafish fed on a standard
control diet and proinflammatory and polyphenolic diets. The experiments were conducted in
triplicate. Results are expressed as Log CFU g-1 and reported as mean± standard deviation. Asterisks
indicate the statistical significance validated by One-Way ANOVA test with Dunnet correction
(* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001), compared to the Control group. The absence of
asterisks indicates no significance. C, control group; I, inflamed group; CSE, chestnut shell extract
group; CSEpostI, chestnut shell extract administered post inflammation group.

3.5. Gut Microbiome Metagenomic Analysis
3.5.1. Alpha-Diversity

The rarefaction curves for all samples are presented in Figure S5. The effect of “group”
factor was significant for the number of OTUs (Kruskal–Wallis χ2 test = 16.1, df = 3,
p = 0.001) and Chao1 ((Kruskal–Wallis χ2 test = 15.6, df = 3, p = 0.001) (Figure 6A). The
numbers of OTUs and Chao1 index values were significantly lower (p ≤ 0.05) in the group
CSEPostI (169.0± 11.5 and 245.1± 20.0, respectevely) than in all other groups (295.2 ± 22.9
and 411.7 ± 29.5; 264.6 ± 17.9 and 380.1 ± 18.2; 281.9 ± 28.4 and 384.2 ± 35.9 for I, control,
and CSE, respectively) (Figure 6A). For Simpson and Shannon indexes the effect of “group”
factor was significant as well (Kruskal–Wallis χ2 test = 8.8, df = 3, p = 0.03 and Kruskal–
Wallis χ2 test = 9.7, df = 3, p = 0.02, respectively) (Figure 6B). The significantly higher
values of Simpson and Shannon indexes were found for the control group (0.81 ± 0.02 and
3.65 ± 0.23, respectively) if compared to the I group (0.65 ± 0.5, Z = –2.77, p = 0.017 and
2.5 ± 0.19, Z = –2.73, p = 0.019, respectively) and CSEPost I (0.64 ± 0.07, Z = –2.28, p = 0.069
and 2.72 ± 0.40, Z = 2.60, p = 0.028, respectively). All detailed statistics for alpha-diversity
are presented in Table S2.
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in the group I (56.6 ± 5.1%) and lower in the control group (0.04 ± 0.02%) (PERMANOVA, 
p ≤ 0.05) if compared to CSE (29.6 ± 8.0%) and CSEpostI (23.2 ± 7.8%) groups, where the 
difference between them was insignificant (PERMANOVA, p = 0.57). The phyla Firmicu-
tes and Bacteroidetes were in relatively high abundance only in the Control group (32.8 ± 
4.7% and 13.8 ± 1.4%, respectively). For Bacteroidetes the differences among groups were 
significant (PERMANOVA, p ≤ 0.05). For Firmicutes the differences among groups were 
significant as well (PERMANOVA, p ≤ 0.01) with one exception (CSE vs I, PERMANOVA, 
p = 0.09). 
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Figure 6. (A) Richness (number of observed OTUs and Chao1 index values) and (B) diversity
(Shannon and Simpson indexes) estimates of bacterial communities from intestine of control zebrafish
(C), inflamed zebrafish (I), inflamed zebrafish post-treated with chestnut shell extract (CSEpostI) and
zebrafish fed chestnut shell extract (CSE).

3.5.2. Beta-Diversity

The composition of zebrafish gut microbiome at the phylum level is presented in
Figure 7A. In all studied groups, four phyla (Proteobacteria, Firmicutes, Fusobacteria,
and Bacteroidetes) represented from 96.9 to 99.5% of all bacterial diversity. In particu-
lar, the abundance of the phylum Proteobacteria was significantly higher in the control
(51.6 ± 3,9%), CSE (64.6 ± 8.2%), and CSEpostI (69.5 ± 8.1%) groups than in the I group
(34.4 ± 4.6%) (PERMANOVA, p ≤ 0.05). The abundance of Fusobacteria was significantly
higher in the group I (56.6 ± 5.1%) and lower in the control group (0.04 ± 0.02%) (PER-
MANOVA, p ≤ 0.05) if compared to CSE (29.6 ± 8.0%) and CSEpostI (23.2 ± 7.8%) groups,
where the difference between them was insignificant (PERMANOVA, p = 0.57). The phyla
Firmicutes and Bacteroidetes were in relatively high abundance only in the Control group
(32.8 ± 4.7% and 13.8 ± 1.4%, respectively). For Bacteroidetes the differences among
groups were significant (PERMANOVA, p ≤ 0.05). For Firmicutes the differences among
groups were significant as well (PERMANOVA, p ≤ 0.01) with one exception (CSE vs I,
PERMANOVA, p = 0.09).
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teobacteria (25 out of 33 OTUs) (Table S4). In terms of percentage, it was 12.5% of the 
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Figure 7. Gut microbiota community composition from intestine of control zebrafish (C), Inflamed
zebrafish (I), inflamed zebrafish post-treated with chestnut shell extract (CSEpostI) and zebrafish fed
chestnut shell extract (CSE) at phylum (A), family (B) and genus (C) level.
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As shown in Figure 7B, from the analysis of family taxonomic level it resulted the
presence of: Aeromonadaceae (C: 18.1 ± 7.6%; I: 14.4 ± 4.6%; CSE: 11.6 ± 8.5%; CSE-
postI: 7.4 ± 7.9%); Burkholderiaceae (C: 6.4 ± 14.3%; I: 0.3 ± 0.2%; CSE: 12.2 ± 17.8%;
CSEpostI: 9.8 ± 14.8%); Enterobacteriaceae (C: 2.3 ± 2.7%; I: 0.9 ± 1.8%; CSE: 16.5 ± 24.6%;
CSEpostI: 33.5 ± 29.1%); Erysipelotrichaceae (C: 32.5± 14.5%; I: 7.1± 6.3%; CSE: 2.5 ± 3.1%;
CSEpostI: 0.2 ± 0.3%); Flavobacteriaceae (C: 12.2 ± 3.8%; I: 1.1 ± 0.1%; CSE: 0.4 ± 0.3%; CSE-
postI: 0.1± 0.2%); Fusobacteriaceae (C: 0.04± 0.01%; I: 56.6± 15.3%; CSE: 29.6 ± 23,9%; CSE-
postI: 23.2 ± 23.3%); Mycoplasmataceae (C: 0.00 ± 0.00%; I: 0.04 ± 0.07%; CSE: 0.01 ± 0.03%;
CSEpostI: 3.5± 9.6%); Reyranellaceae (C: 4.4± 3.2%; I: 4.7± 3.3%; CSE: 1.9± 2.6%; CSEpostI:
1.13 ± 2.4%); Rhodobacteraceae (C: 2.1 ± 0.7%; I: 1.7 ± 1.2%; CSE: 0.9 ± 1.0%; CSEpostI:
4.1 ± 8.5%); Shewanellaceae (C: 13.5 ± 5.2%; I: 5.4 ± 1.7%; CSE: 4.4 ± 3.9%; CSEpostI:
1.8 ± 1.7%); Vibrionaceae (C: 0.01 ± 0.02%; I: 4.5 ± 10.7%; CSE: 1.8 ± 4.3%; CSEpostI:
7.9 ± 15.6%); Xanthomonadaceae (C: 0.7 ± 1.3%; I: 0.5 ± 0.5%; CSE: 10.7 ± 18.2%; CSE-
postI: 0.3 ± 0.5%); Others (C: 7.6 ± 0.05%; I: 2.6 ± 0.01%; CSE: 7.3 ± 0.01%; CSEpostI:
6.9 ± 0.03%).

On a lower taxonomic level (genus), the gut microbial community of zebrafish is
presented in Figure 7C. We identified eleven bacterial OTUs, the abundance of which was
higher than 3.0% at least in one studied group. Genus Cetobacterium was highly abundant
in all experimental groups (56.6 ± 5.1%, 29.6 ± 8.0%, and 23.2 ± 7.8% for I, CSE, and
CSEpostI groups, respectively) whereas in the control group this taxon was almost absent
(0.04 ± 0.02%). Similar relationship was found for genus Vibrio: the significantly high
abundance (PERMANOVA, p ≤ 0.05) in the experimental groups (4.5 ± 3.6%, 1.8 ± 1.4%,
and 8.0 ± 5.2% for I, CSE, and CSEpostI groups, respectively) if compared to the Control
group (0.003 ± 0.002%). In contrast, for ZOR0006, Shewanella and Flavobacterium signif-
icantly higher abundance (PERMANOVA, p ≤ 0.05) was found in the control group if
compared to the experimental groups (I, CSE, and CSEpostI). For the genera Aeromonas
and Reyranella similar trends were found, with a higher level of abundance in the control
group (18.1 ± 2.5% and 4.4 ± 1.1%) if compared to experimental groups (14.4 ± 1.5% and
4.8 ± 1.1%; 11.6 ± 2.8% and 10.3 ± 5.9%; 7.4 ± 2.6% and 1.1±0.8% for the groups I, CSE,
and CSEpostI, respectively). For the genera Comamonas and Plesiomonas similar trends
were found: the highest levels of abundance were noted in the groups CSE (6.3 ± 3.1% and
16.5 ± 8.2%, respectively) and CSEPostI (5.1 ± 2.6% and 33.5 ± 9.7%, respectively), then,
lower levels were registered in the Control group (3.1 ± 2.6% and 2.3 ± 0.9%, respectively)
and the lowest level found in the group I (0.1 ± 0.02% and 0.9 ± 0.6%, respectively). No
genus Mycoplasma was detected in the control group, whereas in all experimental groups
these bacteria were found (0.04 ± 0.02%, 0.01 ± 0.01%, 3.5 ± 3.2% for I, CSE, and CSEPostI
respectively). Only the genus Lysobacter was clearly dominant in the group CSE if compared
to all other groups. All detailed PERMANOVA statistics are given in Table S3.

According to Venn diagrams of OTU membership, the core microbiota among the
studied groups was represented by 33 OTUs (Figure 8A). The dominant phylum was
Proteobacteria (25 out of 33 OTUs) (Table S4). In terms of percentage, it was 12.5% of the
content of the control group and 11.2, 11.7, and 19.5% of the content of the I, CSE, and
CSEPostI groups, respectively (Figure 8A). A scatter plot based on PCoA scores showed
a grouping (ADONIS, F = 13.4, df = 3, p = 0.0001) of the microbiota into three groups: (i)
control; (ii) CSE and CSEpostI; and (iii) I (Figure 8B).
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4. Discussion

In the present study, a zebrafish model of intestinal inflammation induced by k-
carrageenan addition to the diet was developed to investigate the effects of the chestnut
shell extract (CSE) rich in tannins on gut histopathology by morphological analysis, evalu-
ation of cytokines expression and microbiota composition. The data obtained show that
k-carrageenan induced intestinal morphological alterations typical of inflammation and
increased the expression of pro-inflammatory markers. In particular, inflamed zebrafish
were characterized by an increase of the goblet cell number and lymphocytes, accompanied
by the enhancement of TNFα and COX2 immunoexpression, and the upregulation of
pro-inflammatory cytokines (IL-1β, IL-8, TNFα). This outcome is in agreement with the
diet-induced intestinal inflammation characterized by morphological and functional alter-
ations, increase in goblet cells, modifications of villi and alteration of microbiota in common
carp (Cyprinus carpio L.) [63], in Atlantic salmon (Salmo salar L.) [64] and zebrafish [65]. In
particular, diet-induced intestinal inflammation in zebrafish is characterized by the increase
of pro-inflammatory cytokines, mainly IL-1β, and inflammatory factors, such as TNFα and
COX2, accompanied by an increase of neutrophils infiltration, increase in goblet cells, loss
of mucosal architecture and villi alteration with fusion of apical cells [65,66].

A number of recent studies proved that k-carrageenan could induce inflammatory
events and metabolic disorders in different experimental models, including guinea pigs,
mice, rats, monkeys and zebrafish [39,67,68]. Huang et al. [67] showed a sharp increase
in leukocyte infiltrates in the intestine of carrageenan-induced inflammation zebrafish
model, as soon as 24 h after the intraperitoneal injection of carrageenan, accompanied by
an increase of TNFα gene expression in abdominal tissues. Moreover, it has been reported
that macroscopic lesions in the cecum and colon of guinea pigs drinking solution of 3%
carrageenan for 3 days were accompanied by an increase of macrophages and leukocytes
infiltrates. The presence of carrageenan within the epithelial cells associated with mucosa
damage was detected [68]. Guinea pigs drinking water supplied with carrageenan for
30 days develop ulcerations in their large intestines showing morphological alteration
like epithelial thinning and increase of vacuolated macrophages in the lamina propria
accompanied by the typical inflammatory changes [39,40]. A plethora of studies has
demonstrated that a chronic carrageenan diet in rat models induces epithelial cell loss,
macrophage infiltration, loss of crypts and microscopic mucosal changes in the cecum
and/or large intestine [39]. Carrageenan exposure leads to histological changes typical
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of acute or chronic inflammation in mice, such as mucosa alterations, crypt abscesses,
disruption of the epithelial barrier, triggering immune activation and development of
inflammatory disease characterized by an increase of IL-6 and TNFα expression and a
reduction of IL-10 [69]. Similar inflammatory mechanisms are induced by carrageenan in
the human intestine with morphological alteration of mucosa and epithelial barrier, stimu-
lation of pro-inflammatory cytokines and upregulation of TNFα secretion [70]. Therefore,
carrageenan is, at date, used to create experimental animal models of inflammation to test
the effect of anti-inflammatory drugs and their action on the inflammation mediators and
here, for the first time, we performed a k-carrageenan diet-induced inflammation zebrafish
model. In line with all these studies, our carrageenan-induced inflammation zebrafish
model showed intestinal architecture disruption characterized by an increase of ragged,
thin and irregular intestinal folds, expanded gut lumen, increase of goblet cells number
and leukocytes infiltrates, upregulation of TNFα, IL-1β and IL-8.

The chestnut shell extract (CSE) is mainly represented by tannins, important anti-
inflammatory and antioxidant polyphenolic compounds capable of improving gut health
and intestinal microbial ecosystem and for this proposed as an alternative to feed-antibiotics
in ruminants and other farm animals [3,71,72].

The diet supplemented with CSE partially counteracted the inflammation, amelio-
rating intestine morphology, inducing the reorganization of the basal membrane and the
thickening of villi, and modulating the expression of some of the cytokines involved in the
inflammatory response. Sorice et al. report that phenolic chestnut shell extracts are capable
to reduce vascular endothelial growth factor (VEGF) and TNFα in five different human
tumor cell lines, suggesting an anti-angiogenic and anti-inflammatory role of CSE [61].
Moreover, a study on the effects of Dendrobium candidum polyphenols on a model of ze-
brafish intestinal inflammation, showed how, in line with our results, polyphenols can
counteract the damaged intestinal cells, intestinal mucosal injury, alteration of goblet cells
and large number of cytokines (IL-4, IL-10, and TNFα) induced by inflammation [73].
Moreover, polyphenols exert their anti-inflammatory effects, restoring the balance between
the expression of pro- (IL-1, TNFα, IL-6, IL-8) and anti-inflammatory cytokines (IL-10,
IL-4, TGF), both in vitro and in vivo [74–77]. Furthermore, polyphenols like resveratrol,
curcumin and Epigallocatechin gallate, antagonize inflammation regulating, in vivo and
in vitro, not only the expression of the inflammatory cytokines, but also other important
inflammatory factors such as cyclooxygenase (COX), lipoxygenase, and prostaglandins in
mice and humans [78–83]. In line with this, the addition of tannins in the diet of inflamed
zebrafish decreased the expression of one of the primary proinflammatory factors, COX2,
an important player in the maintenance of the intestinal epithelium, while increased IL-10,
one of the most important anti-inflammatory cytokines [84]. These data were consistent
with a previous work reporting that polyphenols extracted from olive oil waste water
carry out anti-inflammatory activities modulating the gene expression of intestinal COX2
and IL- 10 [85]. Prata et al. [86] showed the anti-inflammatory effect of the medicinal
plant Annona crassilfora extract in a carrageenan-induced inflammation model of zebrafish.
The authors display the capability of natural compound to counteract the morphological
intestine alterations, such as damages of villi, lamina propria, epithelial cells and number
of goblet cells. Accordingly, our study shows that tannins counteracted, at least in part, the
morphological damages induced by k-carrageenan. In particular, tannins were capable of
restoring the intestinal structure, leading to regular and well-organized villi, and reporting
the gut lumen to normality, even though the number of goblet cells remained high.

The intestine is not only the organ of food absorption and digestion, but also a mi-
crobial ecosystem crucial for the intestinal immunity development [87–90]. The intestinal
inflammatory reactions, may cause modifications that disrupt the balance of the intestinal
microbiota [91]. Indeed, the complex of inner physic-chemical parameters formed under
normal conditions (healthy animal) in host intestine is critically changed during the in-
flammation process that, consequently, affects the gut microbiota in unpredictable way. In
the inflamed intestine the general digestive process and the absorption of nutrients (sugar
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and peptide) are impaired due to the change in the morphology of the mucosa (villous
height and crypt depth) [92]. Trying to heal inflamed tissue, neutrophils release the toxic
content of their granules, which include many various components such as reactive oxygen
and nitrogen species and hydrolases [93], substances that do not discriminate between
non-pathogenic or pathogenic targets, including the microbiota, further damaging the
gut [94].

As reported above, in this study, exposure to k-carrageenan caused morphologi-
cal alteration of the zebrafish intestine compatible with an inflammatory status as well
as an alteration of the microbiota. In the gut, the resident microbiota significantly con-
tributes to health maintenance, vitamin and other nutrients synthesis and assimilation,
production of short-chain fatty acids, adipose absorption, regulation of host glucose,
energy metabolism, development and homeostasis of mucosal and systemic immune sys-
tem [90,95]. The gut microbiota plays a crucial role in immunity and host response to
pathogens in zebrafish [96–98]. In zebrafish the gut microbiota is numerically dominated,
at all stages of the life cycle, by members of the bacterial phylum Proteobacteria, with the
phyla Firmicutes and Fusobacteria also prevalent during larval and adult stages respec-
tively [32,99–101]. Fusobacteria are commonly associated with the gastrointestinal tract
of freshwater fish and are identified as main contributors to the gut microbiota of fish fed
on formulated feed [102]. In our samples Fusobacteria presence was very low. This is in
agreement with Chen et al., (2018), who reported the virtual absence of Fusobacteria in the
gut microbiota of male and female zebrafish [103]. In zebrafish, despite a core bacterial
community, there are variations in relation to the stage of development [100] and dietary
changes. In agreement with our feeding conditions based on Artemia salina, Chen et al. [103]
reported a Proteobacteria-dominated microbiota and absence of Fusobacteria in zebrafish
subjected to a diet based on commercial pellets and Artemia salina. Further, the microbiome
of the gibel carp (Carassius auratus gibelio) was similar in larvae fed the same diet [104].

In recent years, it was suggested that the gut microbiome plays a critical role in
the development of carrageenan induced inflammation. In mouse, carrageenan alters
the microbiota composition inducing a decrease of anti-inflammatory bacteria [89]. Our
results highlighted that the administration of proinflammatory diet induces significant
changes in the structure of the gut microbiota, in agreement with previous studies that
demonstrate how graphene administration induces a condition of dysbiosis in the zebrafish
intestine [105].

Metagenomic analysis showed a significant reduction of Proteobacteria in inflamed
zebrafish, particularly Gammaproteobacteria, including Enterobacteriaceae family and
Shewanella spp. A similar trend was observed in a study by Gaulke et al. [106], in which
adult zebrafish were exposed to a commercial pelletized lab feed causing dysbiosis. Since
the majority of Enterobacteriaceae in the gut are considered commensals, as they perform
beneficial for the host [107,108], and some Shewanella species can be considered as fish
health modulators due to their probiotics activity [109], the decrease of these bacterial
groups can be regarded as a signal of detrimental perturbation in gut microbiome caused
by inflammation. The only significant increase among Gammaproteobacteria was ob-
served for Vibrio, a common genus in aquatic environments with some species responsible
for the most economically important diseases in fish aquaculture [110]. Metagenomic
data also showed a reduced abundance for the phyla Firmicutes and Bacteroidetes, which
are known to be butyrate and short-chain fatty acid producers, respectively, with im-
portant roles against gut inflammation [111,112]. The decrease of Firmicutes and Bac-
teroidetes in inflamed zebrafish, in accordance with other recent studies on dysbiosis
of gut microbiota in Danio rerio [105,113], was balanced by a notable increase in Fu-
sobacteria, such as Cetobacterium spp. Even though the genus Cetobacterium has been
identified as one of the major components of the microbiota of freshwater fish, such as
Oreochromis niloticus [114] and Cyprinus carpio [115], it has been recently demonstrated that
the abundance of Cetobacterium in small fishes is negatively correlated with Bacteroides,
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and this balance might be modulated by the diet [116]. In addition, a remarkable increase
in Fusobacteria in zebrafish inflammatory gut model was also reported by Qiao et al. [117].

Increasing evidence is gaining that the health promoting effects attributed to polyphe-
nols derive from the metabolic action of gut bacteria. Indeed, a relevant fraction of polyphe-
nols contained in food is not absorbed in the intestine, but is rather subjected to the action
of the microbiota degradation [7]. The metagenomic analysis showed that the treatment
of control zebrafish with tannins caused a change in the composition of the microbiota
(which sees an increase in both health promoting bacteria and some bacterial groups that
increase with inflammation). In particular, the increase in the number of Enterobacte-
riaceae family was observed also following the stimulating activity of chlorogenic acid
and caffeine contained in zebrafish diet [118]. In rats subjected to the diet-inclusion of
condensed tannins (proanthocyanidins) extracted from Acacia angustissima, an increase in
tannin-resistant Enterobacteriaceae was reported [119]. However, in some cases the changes
induced by tannins seem to resemble those detected in inflamed zebrafish, such as the
decrease in the genus Shewanella (phylum Proteobacteria; class Gammaproteobacteria) and
the increase in the genera Vibrio (phylum Proteobacteria; class Gammaproteobacteria) and
Cetobacterium (phylum Fusobacteria). The similarities with the inflammatory condition are
more difficult to explain. It is generally believed that an abnormal intestinal status may
result from dysregulation of gut microbiota. However, it is interesting to note that these
modifications in microbiota induced by tannins are not accompanied by gut morphological
degeneration or cytokine expression compatible to a pathological status. On the contrary, in
tannins treated zebrafish the expression of the anti-inflammatory cytokine IL-10 increased,
while the expression of the pro-inflammatory cytokins did not increase. So, it is possible to
hypothesize that the microbiota deviation from normal is counterbalanced by the dominant
abundance of families belonging to the Proteobacteria phylum, especially of the helpful
Enterobacteriaceae family (class Gammaproteobacteria). These results are consistent with
recent studies which have demonstrated how Proteobacteria are a microbial signature of
inflammation in the gut of mice and human [120,121].

When CSE is administered after inflammation there are some improvements in the
microbiota with respect to the picture of inflammatory dysbiosis, although the recovery of
the normal intestinal structure is not fully achieved. According to the PCA analysis, the
tannins treatment of the inflamed zebrafish shows a microbiota composition very similar
to the microbiota of the normal zebrafish treated with tannins. The improvement is also
confirmed by the histopathological analysis. The morphology of the tissue appears to be
restored, although the proinflammatory cytokines TNFα, IL-8 and IL-1β remain elevated,
while COX-2 decreases. Moreover, IL-10 increases. Our results are in agreement with the
beneficial effects of polyphenols extracted from Dendrobium candidum, an orchid widely
used in traditional Chinese medicine, on intestinal inflammation induced by oxazolone in
zebrafish [81].

Even if it is widely known that dietary changes can remarkably alter zebrafish gut
microbiota, we have focused on the trends of health-promoting and harmful bacteria under
different experimental conditions. In particular, both metagenomic and cultural analysis
shows that the balance between helpful bacterial groups with respect to potential harmful
ones is totally upset in inflamed zebrafish, while it remains preserved in the control group,
as well as in groups of zebrafish fed with polyphenols, also when administrated after
inflammation. In our study, the changes in intestinal microbiota composition and inflam-
mation regulation might be due to the effect of polyphenols, especially tannins, contained
in CSE. Tannins can modulate microbiota, inhibit microbial enzymes or form complex
with cell wall components [122]. The chestnut shell extract is dominated by condensed
tannins [61], known to induce important changes in the gut microbial community, although
it has been reported to exert a low influence on cellulolytic bacteria in zebrafish [81]. This
could explain our findings that show only marginal changes in the composition of the mi-
crobial community of zebrafish fed on CSE (rich in fibers) with respect to inflamed zebrafish
fed with k-carrageenan. The presence of considerable cellulolytic bacterial population, also
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belonging to Fusobacteria phylum, has been observed in fish digestive tracts [123]. High
levels of Fusobacteria were demonstrated in CSE and CSEpostI groups and their absence
in control specimens fed only animal protein (Artemia salina). The balance between helpful
bacterial groups with respect to harmful ones remains evident in the control group, as
well as in CSE and CSEpostI groups, where the recovery of the normal condition might
be affected by both polyphenolic extracts and microbiota. There is a complex two-way
interaction by which polyphenols can modulate gut microbiota and, reciprocally, microor-
ganisms may modulate the activity of polyphenols by regulating their bioavailability and
also converting naturally occurring polyphenols into metabolites, which can exert different
effects [124]. The dual concept of microbial degradation of polyphenols and modulation of
gut microbiota by polyphenols and phenolic metabolites must still be investigated in detail.
The literature on the effects of dietary polyphenols on gut microbiota modulation is wide
and contradictory. Some studies demonstrated the broad-spectrum antimicrobial activity of
polyphenolic extracts also against bacteria belonging to Enterobacteriaceae family [125,126],
generally responsible for beneficial effects in fish gut. Moreover, dietary supplementation
of polyphenolic extracts at a not adequate concentration may also have adverse effects on
beneficial bacteria and thus influence the microbiota balance, which might negatively affect
host health and consecuently intestinal morphology [127].

The quantitative and qualitative microbial profiles associated with the zebrafish gut, in
the group fed on the control diet and in the groups fed on pro-inflammatory and polyphe-
nolic enriched diets have been studied also by culture-dependent methods, in order to
develop fast markers of gut dysbiosis. In particular, results of cultural analysis showed
that diet supplemented with k-carrageenan significantly altered the relative composition of
the gut bacterial groups by decreasing the abundance of Enterobacteriaceae family (phylum,
Proteobacteria; class, Gammaproteobacteria; order, Enterobacterales) and Pseudomonas
(phylum, Proteobacteria; class Gammaproteobacteria; order, Pseudomonadales; family,
Pseudomonadaceae) and Staphylococcus (phylum, Firmicutes; class, Cocchi; order, Coccaceaes;
family, Staphylococcaceae) genera, and by increasing the levels of anaerobes (such as Fusobac-
teria), according to the literature data on changes in fish gut microbiota in inflammatory
dysbiosis conditions [90,103,117]. For specimens fed on diet supplemented with polyphe-
nols extracted from chestnut shell, the cultural analysis showed a significant increase
in the number of Enterobacteriaceae, Pseudomonas spp. and total anaerobic bacteria (e.g.,
Lactobacilli and Bifidobacteria), both in zebrafish specimens fed only with polyphenols
and in post-treated group. These results are in line with several studies in the literature
demonstrating the beneficial effects of phenolic molecules on fishes intestinal microbiota,
restoring and improving the fish intestinal health [36,101,118]. So, polyphenols extracted
from chestnut shell enhanceed the growth of several health helpful bacteria, such as Enter-
obacteriaceae and Pseudomonas. These bacterial groups could constitute possible biomarkers
of the health status of the animal host and could constitute potential probiotics for fish
health management. For example, the novel strain P. aeruginosa FARP72 demonstrated
the offering of protection against pathogenic infections in labeo rohita [128], validating
the hypothesis that the use of probiotics as biocontrol agents for disease prevention may
represent an alternative to antibiotics and other drugs, both in aquaculture practices and in
medical clinic [129].

Finally, cultural analysis revealed a high yeast content in all experimental groups. Cur-
rently, the knowledge of eukaryotic species belonging to the zebrafish intestinal microbiota
is poor and inaccurate. The yeast load in the fish gut is variable and can fluctuate from
non-detectable levels to up to 107 CFU g–1 of intestinal content [130], with Saccharomyces
spp. and Rhodotorula spp. among the most abundant microorganisms [131]. However, this
aspect, so far underestimated, needs further study.
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5. Conclusions

To conclude, this study highlighted how CSE rich in tannins may act as a prebiotic
on zebrafish gut microbiota. CSE can improve intestinal health, counteracting intestinal
inflammation by regulating immune factors and intestinal microbiota. In particular, tannins
exert modulator effects without upsetting the balance between advantageous bacterial
groups and potentially harmful groups in the zebrafish gut microbiota, thus allowing
the recovery of normobiosis conditions after inflammtory insult. Our work suggests a
protective effect of CSE intestinal level, being able to ameliorate the inflammatory status
and prevent the progression of intestinal inflammation, making CSE a good candidate as a
food additive in farmed fish diets to maintain intestinal health.
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zebrafish, Figure S5: The rarefaction curves for microbiota community from zebrafish intestine, Table
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