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A B S T R A C T   

The short-chain fatty acids (SCFAs) are metabolites originated from the fermentation of dietary fibers and amino 
acids produced by the bacteria of the intestinal microbiota. The most abundant SCFAs, acetate, propionate, and 
butyrate, have been proposed as a treatment for inflammatory bowel diseases (IBDs) due to their anti- 
inflammatory properties. This work aimed to analyze the effects of the treatment of three combined SCFAs in 
TNBS-induced intestinal inflammation in zebrafish larvae. Here, we demonstrated that SCFAs significantly 
increased the survival of TNBS-exposed larvae, preserved the intestinal endocytic function, reduced the 
expression of inflammatory cytokines and the intestinal recruitment of neutrophils caused by TNBS. However, 
SCFAs treatment did not appear to avoid TNBS-induced tissue damage in the intestinal wall and did not restore 
the number of mucus-producing goblet cells. Finally, exposure to TNBS induced dysbiosis of the microbiota with 
an increase in Betaproteobacteria and Actinobacteria, while the treatment with SCFAs maintained these popu-
lation levels similar to control. Thus, we demonstrate that the treatment of three combined SCFAs presented anti- 
inflammatory properties previously seen in mammals, opening an opportunity to use zebrafish to explore the 
potential benefit of these and other metabolites to treat inflammation.   

1. Introduction 

Short-chain fatty acids (SCFAs) are metabolites produced by gut 
microbiota as a result of anaerobic fermentation of dietary amino acids 
and fiber (den Besten et al., 2013). SCFAs are organic acids from one to 
six carbons of which the most abundant in the human intestine are ac-
etate (C2), propionate (C3), and butyrate (C4), present in concentrations 
between 50 and 200 mM (Louis et al., 2007; Louis and Flint, 2017). 
Butyrate is mainly used as an energy source by colonocytes, while pro-
pionate and acetate are absorbed and taken up by the liver to participate 
in gluconeogenesis and the metabolism of cholesterol, fatty acids, and 
glutamine/glutamate, respectively (den Besten et al., 2013). SCFAs have 
been extensively related to host health, metabolism, and regulation of 
inflammation (Tan et al., 2014). In intestinal epithelial cells (IECs) 
SCFAs have increased the expression of antimicrobial peptides and 

regulated the production of IL-18, a cytokine related to epithelial 
integrity, as well as an increase of mucin production and expression of 
tight junctions (Raqib et al., 2006; Peng et al., 2009; Kelly et al., 2015). 
SCFAs effects on immune cells include the regulation of recruitment, 
effector function, and survival of neutrophils (Rodrigues et al., 2016), 
modulation of migration, production of cytokines and prostaglandin E2 
(PGE2) on monocytes and macrophages (Cox et al., 2009; Maa et al., 
2010; Liu et al., 2012; Vinolo et al., 2012b), inhibition of maturation and 
expression of activation markers and cytokines in dendritic cells (DCs) 
(Millard et al., 2002; Liu et al., 2012) that had led to a decreased ca-
pacity of stimulating T-cells (Liu et al., 2012). SCFAs also modulate 
T-cells activation and effector response, inducing T-regulatory (Treg) 
cells indirectly, through the effect on DCs and macrophages, and directly 
on the generation of extra-thymic Treg Foxp3+ cells through histone 
deacetylases (HDACs) inhibition (Singh et al., 2010, 2014; Arpaia et al., 
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2013; Furusawa et al., 2013; Gurav et al., 2015). 
The therapeutic potential of SCFAs has been of great interest to the 

clinic as their immunomodulatory effects could be used for the treat-
ment of inflammatory diseases, in particular inflammatory bowel dis-
eases (IBDs) (Parada Venegas et al., 2019). IBDs comprise a series of 
chronic and recurrent inflammatory conditions of the intestine, 
including Ulcerative Colitis (UC) and Crohn’s Disease (CD) (Ko and 
Auyeung, 2014). IBDs are multifactorial diseases influenced by genetics, 
immunological, microbial, and environmental factors (Ko and Auyeung, 
2014). Dysbiosis is one of the main characteristics present in IBDs, 
creating an inflammatory environment in the gastrointestinal tract 
(Joossens et al., 2011; Nishida et al., 2018). Interestingly, IBD patients 
have reduced concentrations of SCFAs in the intestine and a lower 
abundance of SCFAs-producing bacteria compared with healthy in-
dividuals (Wang et al., 2014; Takahashi et al., 2016; Zhuang et al., 
2019). Nowadays, researchers have taken advantage of genetic and 
chemically-induced IBD models to study different aspects of these dis-
eases (Kiesler et al., 2015; Mizoguchi et al., 2020). Common induced 
murine models of IBD include the administration of chemicals on the 
drinking water of the animals such as dextran sodium sulfate (DSS) 
(Eichele and Kharbanda, 2017) or by intrarectal administration of 
oxazolone or 2,4,6-trinitrobenzene sulfonic acid (TNBS) (Antoniou 
et al., 2016; Weigmann and Neurath, 2016). The SCFAs have been used 
as a treatment in murine models of colitis and patients with IBDs, with 
different outcomes (Tominaga et al., 2018; Parada Venegas et al., 2019). 
For example, treatment with butyrate alone reduced mucosal damage 
and expression of inflammatory cytokines in the intestine of mice with 
DSS-induced colitis (Ji et al., 2016), however, this was not effective in 
mice treated by antibiotics (Chang et al., 2014). Another study showed 
that butyrate alone was less efficient in reducing inflammation in 
TNBS-induced colitis mice when compared to the treatment with the 
supernatant of/or live Faecalibacterium prausnitzii, a known 
SCFA-producing bacterium (Sokol et al., 2008). This demonstrates that 
the concentration of SCFAs, and the duration and route of administra-
tion of the treatment, as well as the type of inflammation during col-
itis/IBDs, can influence the outcome of the treatment. Extensive details 
about the effects of SCFAs in animal models and patients can be found in 
the literature (Vinolo et al., 2012a; den Besten et al., 2013; 
Corrêa-Oliveira et al., 2016), however little is known about the effect of 
SCFAs in non-mammalian systems. 

To better understand the complexity of IBD and find effective 
treatments, it is crucial to conduct robust reliable studies, preferably 
reproducible in different pre-clinical animal models. Thus, we choose an 
emerging model in the immunology field, the zebrafish (Danio rerio) to 
investigate the role of SCFAs as a treatment for intestinal inflammation. 
This small tropical fish has become a versatile model in scientific 
research because of its characteristics such as size, high fecundity, and 
fast development, which make it an optimal model for visualization 
techniques and drug testing (Bradford et al., 2017). Additionally, the 
external fertilization, the availability of a sequenced genome and the 
fact that the zebrafish shares 70% of orthologous genes with humans, 
make it a great model for genetic manipulation (Howe et al., 2013). 
Moreover, the zebrafish presents a differentiated innate and adaptive 
immune system, the former being functional at 48 h post-fertilization 
(hpf) while the latter is mature around four to six weeks after fertiliza-
tion (Trede et al., 2004). Zebrafish presents most of the immune cells 
seen in mammals with conserved developmental processes (Willett 
et al., 1997; Palis and Yoder, 2001; Trede et al., 2004; Lam et al., 2002; 
Langenau et al., 2004; Paik and Zon, 2010; Page et al., 2013). These data 
demonstrate that the zebrafish is an excellent model to study 
immune-mediated diseases. 

The zebrafish are stomachless animals, as the intestine is directly 
connected to the esophagus (Wallace et al., 2005). The zebrafish intes-
tine is a compartmentalized tubular structure with three regions: the 
bulb or anterior intestine, the mid-intestine and the posterior intestine. 
It is formed by columnar absorptive enterocytes, goblet cells, and 

enteroendrocrine cells, but lacks Paneth cells (Wallace et al., 2005). This 
organ is completely functional around 5 days post-fertilization (dpf) and 
shares gastrointestinal functions analogous to mammals in the liver, 
pancreas, and gallbladder (Wallace et al., 2005; Brugman, 2016). 
Nowadays, different models of genetic and chemically-induced intesti-
nal inflammation have already been validated in zebrafish and showed 
parallel inflammatory features with human IBD (Morales Fénero et al., 
2016; Uyttebroek et al., 2020). Induced protocols in larvae have the 
advantage of applying chemicals directly on the water avoiding the 
invasiveness of the mouse models (Morales Fénero et al., 2016). The 
most recognized model of intestinal inflammation in zebrafish is 
induced by TNBS, which has demonstrated dose-dependent effects 
related to the presence of the microbiota (Fleming et al., 2010; Oehlers 
et al., 2011b; He et al., 2013). In this sense, zebrafish have also been 
important for the study of the microbiota and its interactions with the 
host. The development of germ-free (GF) animals has allowed the dis-
covery of the microbiota influence on intestinal development, immune 
cell development, and metabolism (Rawls et al., 2004; Bates et al., 2006; 
Milligan-Myhre et al., 2011; Melancon et al., 2017; Stagaman et al., 
2020). Although there is a difference between the abundance of gut 
bacteria populations in humans and zebrafish, the main phyla are 
shared: Proteobacteria, Bacteroidetes, and Firmicutes (Roeselers et al., 
2011). The production of SCFAs has been detected in the intestines of 
adult zebrafish, and recently, researchers have shown that the micro-
biota of this teleost is capable of producing acetate, butyrate, and pro-
pionate ex vivo (Zhang et al., 2019; Cholan et al., 2020). 

To our knowledge, no other study has shown that SCFAs can be used 
as a treatment for intestinal inflammation in zebrafish, although an anti- 
inflammatory effect of butyrate has been reported in a model of tail-fin 
cut (Cholan et al., 2020). Hence, here we aim to investigate the effect of 
three SCFAs: acetate, butyrate, and propionate, on a zebrafish intestinal 
inflammatory model induced by TNBS. Our results showed that using a 
combination of SCFAs ameliorated the inflammation, maintained in-
testinal function, and increased the survival of TNBS-exposed larvae but 
did not recover mucus production, goblet cell numbers nor prevent 
tissue damage. Besides this, SCFAs were capable of restoring 
TNBS-induced dysbiosis. Thus, we concluded that the anti-inflammatory 
properties of SCFAs seen in mammalian models are conserved in the 
zebrafish although the exact mechanisms of action need further 
investigation. 

2. Materials and methods 

2.1. Ethics statement 

All procedures were submitted and approved by the Ethics Com-
mittee for the Use of Animals of the Institute of Biomedical Sciences of 
the University of São Paulo (nº: 119/2013 and 9351280818), following 
the legislation of the regulation of the use of animals in teaching and 
scientific research in Brazil. All procedures involving euthanasia were 
performed between 8 and 10 dpf with an overdose (0.3 mg/mL) of MS- 
222 (E10521, Sigma-Aldrich) and placement of the tube containing the 
larvae on ice for 20 min (Wilson et al., 2009; Matthews and Varga, 
2012). 

2.2. Animal housing 

Zebrafish (Danio rerio) larvae from AB and Tg(lysC:DsRed2)nz50 

strains were obtained by natural spawn, collected in 1x E3 medium (5 
mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, pH 7.2) and 
kept in Petri dishes at 28 ◦C incubator with 14/10 dark-light cycle with 
daily medium changes until 3 dpf (Westerfield, 2007). Fishes were 
provided by the Zebrafish Facility of the Institute of Bioscience (IB) at 
the University of São Paulo (USP). Experiments were performed at the 
Institute of Biomedical Sciences (ICB) – USP. 
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2.3. SCFAs preparation 

Stock solutions of 1M of Acetic acid (71251, Supelco), Propionic acid 
(402907, Sigma-Aldrich), and Butyric acid (B103500, Sigma-Aldrich) 
were prepared in 40 mL of sterile 1X PBS. Then, adjusted to pH 7.4, 
filter-sterilized, and stored at − 20 ◦C in 1 mL aliquots in Eppendorf tubes 
until use. 

2.4. SCFAs treatment 

Larvae were kept in groups of 100 in Petri dishes with 40 mL of 1X E3 
medium from spawning/fertilization day until day 3. On day 3 post- 
fertilization groups of 20 larvae were randomly separated into 6 well 
plates with 10 mL of liquid. Controls were transferred to 6 well plates 
with new 1X E3. Mixtures of 3, 6, and 9 mM SCFAs were prepared from 
the combination of 1M acetic acid, 1M propionic acid, and 1M butyric 
acid, diluted in 1X E3 medium. Then, 10 mL of this mixture was added to 
the wells, at least in triplicates. 

2.5. TNBS-induced inflammation 

A 2,4,6-trinitrobenzene sulfonic acid (TNBS) solution (P2297, 
Sigma-Aldrich) was prepared directly from the stock the day of the 
experiment, using concentrations of 50–75-100 μg/mL. The total 
quantity of TNBS to be used was prepared in 1X E3 medium and 10 mL of 
this solution was added to 20 larvae at 7 dpf, at least in triplicates, and 
maintained until the day of analysis. 

2.6. Histology 

At 10 dpf, larvae were euthanized as mentioned in 2.1., collected in 
groups of 10 in Eppendorf tubes, and fixed in 4% paraformaldehyde 
(PFA) overnight at 4 ◦C. The next day, fixed larvae were washed 3 times 
with 1X PBS and immersed in 2% agarose until solid. Blocks of agarose 
were processed for histology and embedded in paraffin. Paraffin blocks 
were cut in sections of 5 μm thickness and stained with Hematoxylin and 
Eosin. Pictures were taken in the microscope Nikon Eclipse Ti–S and 
analyzed using ImageJ. 

2.7. Neutral red staining 

At 9 dpf, Neutral red solution was added to the medium of live larvae 
to a final concentration of 5 μg/mL (Stock solution 2.5 mg/mL) and 
incubated overnight at 28 ◦C. The next day, the excess dye was washed 
with repeated changes of 1X E3 medium. Then, larvae were anesthetized 
with 0.168 mg/mL MS-222 (Matthews and Varga, 2012) and mounted in 
1% agarose covered with anesthetic solution. Images were taken on 
ZEISS AxioZoom.V16 microscope and the stained area was delimited 
manually using the "Color Threshold" selection option from ImageJ in a 
double-blind analysis. Larvae were euthanized after the procedure. 

2.8. Alcian blue staining 

At 10 dpf, larvae were euthanized, collected in groups of 10 in 
Eppendorf tubes, and fixed in 4% PFA overnight at 4 ◦C. The next day, 
fixed larvae were washed with acid ethanol (1% HCl/ 70% ethanol), 
incubated in slow agitation in Alcian blue solution (0.1% Alcian blue, 
80% ethanol, and 20% glacial acetic acid) for 3 h at room temperature. 
Then, stained larvae were washed repeatedly with acid ethanol until all 
blue background was washed away. Next, stained larvae were washed 
and transferred to 1X PBS to image taking on ZEISS AxioZoom.V16 
microscope. Goblet cells were counted manually using the "cell counter" 
plug-in from ImageJ in a double-blind analysis. 

2.9. Cytokine quantification 

The relative expression of genes related to inflammation was 
assessed using qPCR. At 8, 9 and 10 dpf (24, 48 and 72 h after TNBS 50 
μg/mL exposure, respectively), groups of 20 larvae were euthanized 
with an overdose of Tricaine (0.3 mg/mL) and collected in Precellys® 
tubes. Then, the liquid was discarded and total RNA extraction was 
performed by TRIzol™ method (Rio et al., 2010). The total RNA was 
quantified, and 2 μg was used to synthesize cDNA using the M-MLV 
enzyme. Samples were diluted at 1:10. Primers were obtain by online 
available TaqManTMGene Expression Assay (FAM) sequences (Thermo-
Fisher Scientific): il1b (Dr03114371_m1), tnfa (Dr03126850_m1), il6 
(Dr03431399_m1) and eef1a1 1 (Dr03432748_m1). qPCR was perform 
using TaqMan™ Gene Expression Master Mix (Applied Biosystems) in a 
QuantStudio 12k Flex PCR System (Applied Biosystems). Data analysis 
was made using 2(− ΔΔCT) formula, using eef1a1 1 as the reference gene 
and normalizing by the mean of the controls. Outliers were excluded 
before statistical analyses were performed. 

2.10. Neutrophil visualization and quantification 

For this experiment, the Tg(lysC:DsRed2)nz50 strain was used (Hall 
et al., 2007). This strain has red fluorescent protein labeling the lyso-
zyme promoter, which is expressed mainly in neutrophils. At 10 dpf, 
larvae were euthanized as in 2.1., oriented to the side over a glass slide 
and photographed using the ZEISS AxioZoom.V16 microscope. Next, the 
intestine was separated from the body using micro dissecting needles 
and the fluorescent cells were directly counted. 

2.11. Microbiota phylum analysis 

At 10 dpf, larvae were euthanized, as previously described (2.1) and 
the intestines were dissected using micro dissecting needles. For DNA 
extraction of the microbiota, pools of 40 intestines were placed in 
Eppendorf tubes with Extraction Buffer (10 mM Tris pH 8.0, 10 mM 
EDTA, 200 mM NaCl, 0.5% SDS, 200 μg/mL Proteinase K) and incubated 
at 55 ◦C for 3 h with intermittent vortex mixing. Then, an equal volume 
of Phenol: Chloroform (1:1) was added, vortexed for 2 min, and 
centrifuged. The upper phase was recovered in a new tube with 3M 
sodium acetate and isopropanol, and incubated overnight at − 20 ◦C. The 
next day, the samples were centrifuged and washed with 70% ethanol, 
air-dried, and suspended in 20 μL of nuclease-free water. DNA was 
quantified, diluted and 10 ng were used to perform the qPCR reaction. 
Phylum-specific primers were used to identify bacteria groups (Table 1). 
qPCR was perform using Power SYBR® Green Master Mix (Thermo-
Fisher Scientific) in a QuantStudio 12k Flex PCR System (Applied Bio-
systems). Data analysis was made using relative expression formula, 
normalized by primer efficiency, using Total Bacteria (16S) as the 
reference gene (Pfaffl, 2001). 

2.12. Statistical analysis 

Graphical data are presented with mean and standard deviation. 
Survival curves were analyzed by Log-rank (Mantel-Cox) test. The dif-
ference between the experimental groups was determined by One-way 
ANOVA with Tukey’s multiple comparisons and Two-way ANOVA 
with Tukey’s multiple comparisons when more than one time point were 
evaluated. Values of p considered significant were expressed as: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All graphs and sta-
tistical analysis were performed using the GraphPad PRISM® 7 program. 

3. Results 

3.1. Administration of SCFAs increased survival of TNBS-exposed larvae 

SCFAs are bacterial products from fermentation with known 
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immunomodulatory effects. Reports have shown that the concentrations 
of SCFAs in the human large intestine range between 50 and 200 mM 
(Louis and Flint, 2017). However, at the beginning of this study, there 
were no reports of known physiological concentrations of SCFAs in the 
intestine of the zebrafish, furthermore, previous experiments in our 
laboratory showed human physiological concentrations (50–200 mM) to 
be toxic for zebrafish survival (data not shown). Thus, we tested a 
low-dose combination of the three main intestinal SCFAs on the water of 
larvae from day 3 post-fertilization to day 10 (Fig. 1A - Green). Initially, 
acetate, propionate, and butyrate were combined and administered in 
three different concentrations: 3, 6, and 9 mM (from now on 
SCFA3/6/9). A survival analysis of these animals showed a decrease in 
survival from day 8 on SCFAs with a concentration of 6 and 9 mM but 
not at 3 mM, which remained alive until the end of the experiment 
(Fig. 1B). 

TNBS has been used by other groups as an efficient inducer of in-
testinal inflammation in zebrafish (Fleming et al., 2010; Oehlers et al., 
2011b; He et al., 2013). Based on this we tested the effect of 50 μg/mL 
TNBS (from now on T50) from day 7–10 (Fig. 1A - Orange) and 
compared the survival of animals with a treatment of SCFAs (Fig. 1C). 
T50 alone induced a decrease in survival 24 h after application, with 
total mortality of 52.2% at the end of 10 days (Fig. 1C - Orange). 
Interestingly, the treatment with SCFA9 worsened the survival in com-
parison with T50 alone (Fig. 1C – Dark Green). SCFA6 had little effect on 
T50 animal survival, delaying the larval mortality by one day (Fig. 1C – 
Medium Green). However, SCFA3 had a protective effect on T50 sur-
vival, decreasing death to 28.3% at the end of day 10 (Fig. 1C – Light 

Green). Thus, we selected the dose of SCFA3 as treatment for 
TNBS-induced colitis. To further assess the hypothesis that SCFA3 was 
protective, we tested increased concentrations of TNBS in treatment 
with SCFA3. The concentrations of 50, 75, and 100 μg/mL (T50, T75, 
and T100) induced death of 38.2%, 65.8%, and 100%, respectively, of 
the total larvae 24 h after application (Fig. 1D). SCFA3 treatment was 
capable of maintaining survival in all TNBS concentrations until day 10 
(Fig. 1D). This demonstrates the capacity of SCFAs to maintain the 
survival of animals subjected to lethal levels of TNBS. 

3.2. Treatment with SCFAs did not ameliorate TNBS-induced histological 
changes 

In murine models, TNBS is usually administrated intrarectally, hav-
ing a direct effect on the intestine (Antoniou et al., 2016). However, in 
zebrafish larvae this chemical is applied to the water, thus having the 
chance to induce global effects. As our main focus was to investigate the 
effect of TNBS in the intestine, we analyzed the histology of this organ in 
animals exposed to TNBS as well as the effect of SCFAs treatment at 10 
dpf. The analysis of the intestinal segments of T50-exposed larvae 
showed an increase of the lumen in the anterior region and a decrease in 
the thickness of the intestinal wall on the bulb (Fig. 2B, black arrow) and 
at the junction of anterior and mid-intestine (Fig. 2G, black arrow) in 
comparison to the controls (Fig. 2A and F). This thinning of the intestinal 
wall was not seen in SCFA3-treated animals (Fig. 2C and H). However, 
treatment of T50 with SCFA3 did not avoid the erosive effects caused by 
TNBS on the intestinal wall (Fig. 2D and I, black arrows). Analysis of the 

Table 1 
Bacteria phylum-specific primers.  

Phylum Primer Sequences Reference 

Total Bacteria (16S) Forward 
Reverse 

TGGCTCAGGACGAACGCTGGCGGC 
CCTACTGCTGCCTCCCGTAGGAGT 

Gómez-Hurtado et al. (2011) 

Fusobacteria Forward 
Reverse 

CGAGGAACCTTACCAGCGTT 
ATCTCACGACACGAGCTGAC 

This study 

Firmicutes Forward 
Reverse 

CAGCAGTAGGGAATCTTC 
ACCTACGTATTACCGCGG 

Pfeiffer et al. (2014) 

Bacteroidetes Forward 
Reverse 

CRAACAGGATTAGATACCCT 
GGTAAGGTTCCTCGCGTAT 

Bacchetti De Gregoris et al. (2011) 

Alphaproteobacteria Forward 
Reverse 

CIAGTGTAGAGGTGAAATT 
CCCCGTCAATTCCTTTGAGTT 

Bacchetti De Gregoris et al. (2011) 

Betaproteobacteria Forward 
Reverse 

CGAAAAACCTTACCTACC 
GTATGACGTGTGAAGCC 

Pfeiffer et al. (2014) 

Gammaproteobacteria Forward 
Reverse 

CCATGCCGCGTGTGTGAA 
ACTCCCCAGGCGGTCAACTTA 

Mühling et al. (2008) 

Actinobacteria Forward 
Reverse 

GAGACTGCCGGGGTCAACT 
TCTGCGATTACTAGCGAC 

Pfeiffer et al. (2014)  

Fig. 1. SCFAs increase survival in TNBS- 
exposed larvae. A. Experimental design of 
SCFAs and TNBS treatment. Larvae were 
treated with SCFAs from 3 to 10 dpf with a 
change of medium at day 7. TNBS was added 
to the medium at 7 dpf and kept until 10 dpf. 
B. Percent survival of larvae exposed to 
SCFAs at 3 mM (SCFA3), 6 mM (SCFA6) and 
9 mM (SCFA9), from 3 to 10 dpf. Log-rank 
(Mantel-Cox), ****p < 0.0001 compared to 
control. N = 90–130. C. Percent survival of 
larvae exposed to TNBS 50 μg/mL (T50) 
from 7 to 10 dpf and treated with SCFA 3, 6 
and 9 mM from 3 to 10 dpf. Log-rank 
(Mantel-Cox), ****p < 0.0001 compared to 
control. N = 100–136. D. Percent survival of 
larvae exposed to TNBS 50 μg/mL (T50), 75 
μg/mL (T75) and 100 μg/mL (T100) from 7 
to 10 dpf and treated with SCFA 3 mM from 
3 to 10 dpf. Log-rank (Mantel-Cox), ****p <
0.0001 compared to control. N = 70–80.   
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posterior segment of T50-exposed animals (Fig. 2K) did not show any 
apparent morphological changes compared to controls (Fig. 2J). This 
was also consistent in larvae administered with SCFA3 alone or T50 

treated with SCFA3 (Figs. 2L and M, respectively). These results 
demonstrate that the TNBS is affecting mainly the first portion of the 
intestine and although SCFA3 increase the survival of T50 larvae its 

Fig. 2. SCFAs do not restore TNBS-induced erosion damage. Representative histology images stained with Hematoxylin and Eosin from the intestine of the 
zebrafish, focusing on the bulb (A–D), anterior and mid-intestine junction (F–I), and posterior intestine (J–M) from larvae of 10 dpf. Rostral to the left and dorsal up. 
Black arrow showing thickness of the intestinal wall. Scale bar 500 μm. N = 10. 

Fig. 3. SCFAs restore endocytic function but not 
mucus production. A. Representative images of the 
mid-intestine of larvae at 10 dpf exposed to Neutral 
Red vital staining. Rostral to the left and dorsal up. 
Scale bar 100 μm. B. Graph representing the area of 
neutral red staining in the mid-intestine of 10 dpf 
larvae. One-way ANOVA with multiple comparisons. 
****p < 0.0001. N = 19–32. C. Representative im-
ages of the mid-intestine of larvae at 10 dpf stained 
with Alcian Blue. Rostral to the left and dorsal up. 
Scale bar 100 μm. D. Graph representing the number 
of goblet cells stained by Alcian Blue at the mid- 
intestine of 10 dpf larvae. One-way ANOVA with 
Tukey’s multiple comparisons. **p < 0.01; ****p <
0.0001. N = 42–45. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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effects do not seem to reconstitute the intestinal wall from T50 damage. 

3.3. SCFAs maintained endocytic intestinal function during TNBS- 
exposure 

After verifying that TNBS was effectively causing damage in the in-
testine but that SCFA treatment did not restore the tissue damage caused 
on the intestinal wall, we decided to analyze other parameters of in-
testinal function. The mid-intestine of the zebrafish presents a highly 
endocytic epithelium with lysosomes-rich enterocytes (LREs) (Oehlers 
et al., 2011b; Park et al., 2019). We used a Neutral Red uptake assay as a 
way of estimate the viability and the endocytic capacity of these cells by 
incorporation of the dye on lysosomes (Repetto et al., 2008). Thus, in 
control animals, we observed an extended portion of the red dye 
captured by IECs (Fig. 3A, Control). The intensity and extension of the 
dye were decreased in TNBS-exposed animals (Fig. 3A, T50) and were 
recovered in a treatment with SCFA3 (Fig. 3A, T50 + SCFA3). As ex-
pected the administration of SCFA3 alone did not affect the capacity of 
the intestine of capturing the dye (Fig. 3A, SCFA3). This data was 
confirmed by the quantification of the area of neutral red staining 
(Fig. 3B), demonstrating that SCFAs maintain the endocytic capacity of 
intestinal epithelial cells even in presence of a colitis inductor. 

3.4. SCFAs did not recover the goblet cell number affected by TNBS 

One of the protective mechanisms of SCFAs is to increase the pro-
duction of mucus in the intestine through the expression of MUC genes 
(Gaudier et al., 2004). To analyze the number of intestinal goblet cells 
we performed a whole larva staining with the acid mucin dye Alcian 
Blue. In the zebrafish, goblet cells are spread through the intestine but a 
major accumulation of these cells is present in the mid-intestine (Wal-
lace et al., 2005; Chen et al., 2012). Considering this anatomic charac-
teristic, we focused our examination of goblet cells on the midgut 
section. Visualization of the intestine did not show any apparent dif-
ference in mucus production between the different groups (Fig. 3C). 
Nonetheless, the exposure to T50 significantly decreased the number of 
goblet cells in larvae compared with untreated controls (Fig. 3D). The 
treatment with SCFA3 alone did not have any effect on goblet cell 

number compared with the control, and the treatment with SCFA3 in 
T50 larvae did not show recovery of the number of these cells (Fig. 3D). 
These results indicate that the regeneration of goblet cells is not part of 
SCFAs protective mechanisms. 

3.5. SCFAs reduced inflammation in TNBS-exposed larvae 

After analyzing the impact of SCFAs treatment on morphology and 
physiology of the intestine in TNBS-exposed larvae, we decided to study 
the immunomodulatory effects of SCFAs in this model. SCFAs are known 
to act as a chemoattractant to neutrophils in vitro but induce different 
responses depending on the inflammatory context in vivo, either 
increasing the recruitment or reducing the migration to the inflamma-
tory site (Vinolo et al., 2009, 2011a, 2011b, 2011c). Thus, to verify the 
effect of SCFAs on intestinal inflammation, we observed the neutrophils 
present in the intestine of Tg(lysC:DsRed2)nz50 larvae after 72h of TNBS 
exposure and treated with SCFAs (Fig. 4A and B). The direct visualiza-
tion of fluorescent neutrophils in the intestine was apparently increasing 
with T50 and T75 (Fig. 4A). T100 exposed larvae were not able to sur-
vive the experiment. Yet, the treatment with SCFA3 seemed to reduce 
the infiltration of neutrophils in the gut, even in the T100 + SCFA3 
group (Fig. 4A). To corroborate this, we performed the quantification of 
neutrophils in the whole gut. Although T50 had a slight increase in 
neutrophil infiltration, this was not significant, however, the exposure to 
T75 was able to increase the infiltration of neutrophils in the whole 
intestine (Fig. 4B). The treatment with SCFA3 was able to keep the 
inflammation at control levels in increasing concentrations of TNBS 
including T50, T75, and T100 (Fig. 4B). SCFA3 alone did not affect the 
number of neutrophils in the gut. 

Another effect of SCFAs on human and mouse cells is the modulation 
of the production of cytokines (Blais et al., 2007; Park et al., 2007; 
Tedelind et al., 2007; Cox et al., 2009; Vinolo et al., 2011b, 2011c). To 
know whether the expression of cytokines is modulated by SCFAs after 
TNBS exposure, we analyzed the kinetics of whole-body expression of 
the cytokines il1b, il6 and tnfa. At 24h after T50 exposure (8 dpf) we 
observed a significant increase in il1b and il6, but no difference was 
found on tnfa expression (Fig. 4C–E, 24h). The same was seen at 48h (9 
dpf), where the expression of il1b and il6 was even higher in T50 group 

Fig. 4. SCFAs decrease TNBS-induced inflamma-
tion. A. Representative images of the intestinal area 
(yellow dotted line) of Tg(lysC:DsRed2)nz50 trans-
genic larvae after 72h (10 dpf) of 50 μg/mL (T50) 
and 75 μg/mL (T75) TNBS exposure and treated with 
3 mM of SCFAs (SCFA3). Rostral to the left and 
dorsal up. Scale bar 200 μm. B. Graphical represen-
tation of the number of lysC: DsRed + cells (neu-
trophils) in the intestine of 10 dpf larvae. One-way 
ANOVA with Tukey’s multiple comparisons. ****p 
< 0.0001. N = 7–26. C-E. Relative expression of il1b 
(C), il6 (D), and tnfa (E), in whole larvae after 24, 48 
and 72h of TNBS 50 μg/mL exposure and treated 
with SCFA 3 mM. Two-way ANOVA with Tukey’s 
multiple comparisons. *p < 0.05; **p < 0.01; ***p 
< 0.001; ***p < 0.0001. N = 4–7. (For interpreta-
tion of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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compared to 24h, while tnfa was not affected (Fig. 4C-E, 48h). In both 
cases, SCFA3 was able to reduce the expression of il1b and il6 (Fig. 4C 
and D, 24h). At 72h after T50 exposure (10 dpf) there were not evident 
changes in any of the cytokines, although il1b showed a tendency to 
increase that was not significant (Fig. 4C-E, 72h). The treatment with 
SCFAs also did not significantly modify the expression of any cytokine 
(Fig. 4C-E, 72h). Interestingly, tnfa did not show changes in expression 
in any of the time points analyzed. These results demonstrate that SCFAs 
can modulate inflammation in the zebrafish, properties already seen in 
mammals. 

3.6. The microbiota dysbiosis caused by TNBS is recovered by SCFAs 
treatment 

SCFAs are known for maintaining the homeostasis of the intestine, 
including the homeostasis of the microbiota populations. Thus, using 
specific phylum-primers of the 16S rRNA we analyzed the different 
groups that compose the microbiota of the zebrafish. The exposure to 
T50 significantly increased the population of Betaproteobacteria 
(Fig. 5A) and Actinobacteria (Fig. 5B), which was maintained compa-
rable to control levels with the SCFA3 treatment. Curiously, the com-
bination of T50 and SCFA3 induced an increase in the population of 
Gammaproteobacteria (Fig. 5C), which was not observed on controls or 
T50 and SCFA3 isolated exposition. The phyla of Alphaproteobacteria, 
Bacteroidetes, Firmicutes, and Fusobacteria did not show any significant 

variations (Fig. 5D–G). These results demonstrate that the changes in the 
microbiota populations caused by TNBS are reversible by the treatment 
with SCFAs. 

4. Discussion 

Intestinal inflammation studies in zebrafish have shown they share 
similar disease features with human IBDs (Brugman, 2016; Morales 
Fénero et al., 2016; Hanyang et al., 2017). For instance, mutations in 
NODs genes, which encode intracellular bacterial recognition receptors, 
have been related to a higher risk for the development of UC (NOD1) and 
CD (NOD2) (Mukherjee et al., 2019). In zebrafish, nod1 and nod2 genes 
are expressed in IECs and neutrophils and have been related to defense 
against infection and inflammation (Oehlers et al., 2011a). Moreover, 
zebrafish knockout studies involving the adaptor molecule myeloid dif-
ferentiation primary response 88 (MyD88) have shown the importance of 
this molecule in the response against bacterial infections and for the 
expression of immune-related transcription factors, such as NFκB and 
AP-1 (Stockhammer et al., 2009; van der Vaart et al., 2013; Warner and 
Núñez, 2013). IBDs in zebrafish have not only been studied in a genetic 
approach but also have been modeled using chemicals such as TNBS, 
DSS, and oxazolone (Brugman et al., 2009; Fleming et al., 2010; Oehlers 
et al., 2011b, 2013; Geiger et al., 2013; He et al., 2013). In these models, 
signs of disease are displayed in different morphological features that 
appear within hours to days, affecting the epithelial integrity, the 

Fig. 5. Microbiota changes induced by TNBS and SCFAs-exposed animals. Relative expression of 16S rRNA phylum-specific genes representatives of Beta-
proteobacteria (A), Actinobacteria (B), Gammaproteobacteria (C), Alphaproteobacteria (D), Bacteroidetes (E), Firmicutes (F), and Fusobacteria (G), from 10 dpf 
larvae. One-way ANOVA with Tukey’s multiple comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. N = 3–4. 
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thickness of the intestinal epithelial wall, the conformation of intestinal 
folds, and the number of goblet cells, in different proportions. However, 
all of them induce an inflammatory reaction with immune cells infil-
trating the intestine and high expression of pro-inflammatory cytokines, 
such as IL-1β and TNFα (Brugman et al., 2009; Fleming et al., 2010; 
Oehlers et al., 2011b, 2013; Geiger et al., 2013; He et al., 2013). 
Moreover, zebrafish intestinal inflammation models have shown a 
strong microbiota influence, as antibiotic treatment animals have 
decreased inflammation and increased survival (Brugman et al., 2009; 
Oehlers et al., 2011a, 2012). This correlates with the microbiota dys-
biosis seen in IBD patients (Mirsepasi-Lauridsen et al., 2018). Thus, we 
decided to focus on microbiota-derived metabolites with 
anti-inflammatory properties to treat intestinal inflammation in 
zebrafish. 

Recently, Cholan (2020) analyzed the microbiota of zebrafish using 
an ex vivo culture approach and demonstrated the production of acetate, 
propionate, and butyrate by the gut commensals of this teleost (Cholan 
et al., 2020). Other authors have managed to measure the production of 
SCFAs in adult zebrafish intestines (Ma et al., 2020). However, there are 
no reports of the production of SCFAs in the zebrafish larvae. In this 
work, we used a combination of three SCFAs as a treatment in a 
TNBS-induced intestinal inflammation model in zebrafish larvae. To our 
knowledge, this is the first time that these microbiota metabolites are 
used to treat this inflammation model in zebrafish. Our results demon-
strated that low doses of SCFAs (3 mM) are enough to increase the 
survival of larvae immersed in TNBS concentrations of 50, 75, and 100 
μg/mL. However, concentrations of SCFAs higher than 3 mM caused 
mortality in larvae, probably due to toxic effects but acidification of the 
medium could be another possibility, as SCFAs have shown to decrease 
intestinal luminal pH (den Besten et al., 2013). Cholan (2020) also tested 
acetate, propionate, or butyrate in the water of zebrafish larvae in an 
isolated treatment with a concentration 10 times higher (30 mM) and in 
a shorter period (6 h) (Cholan et al., 2020). The survival of animals at 
this concentration was not mentioned in the study as the aim was to 
analyze the anti-inflammatory effects of SCFAs in a fin tail cut model 
(Cholan et al., 2020). This indicates that the concentration of SCFAs 
diluted in zebrafish medium can have different effects depending on the 
time of exposure, however, the bases for future research can be estab-
lished by Cholan’s and this study. 

Next, we analyzed the morphology of the intestine under TNBS- 
induced inflammation and SCFAs treatment. Studies have shown that 
TNBS aggravates enterocolitis score in a dose-dependent way in zebra-
fish, with features that include epithelial disruption, expansion of the 
lumen, loss of villi and clefts reduction (Fleming et al., 2010; Oehlers 
et al., 2011b; He et al., 2013). These changes are usually observed in the 
anterior region (bulb) of the gut. In this study, was observed loss of the 
thickness of the epithelial wall and an increase of the lumen in the 
anterior region. However, there was no recovery of the erosion damage 
caused by TNBS with the SCFAs treatment. This has also been reported 
in rats with TNBS-induced colitis, where the treatment with SCFAs en-
emas did not decrease the intestinal damage (Tarrerias et al., 2002), and 
in diversion colitis patients, where the use of SCFA enemas did not 
change endoscopic and histologic lesions (Guillemot et al., 1991). This 
could mean that SCFAs have limiting effects on the regeneration of the 
intestinal tissue. 

The posterior mid-intestine of the zebrafish gut has been described to 
have a highly endocytic epithelium with lysosome-rich enterocytes 
(LREs) (Oehlers et al., 2011b; Chuang et al., 2019; Park et al., 2019). 
Neutral red staining is captured by lysosomes inside the cell indicating 
healthy organelles. Hence, the decrease in Neutral red staining indicates 
low endocytic capacity and unhealthy LREs (Chuang et al., 2019; Park 
et al., 2019). We showed that TNBS exposure induced a loss of Neutral 
red staining in the mid-intestinal region indicating a decrease in endo-
cytic function. This phenomenon was also observed by Oehlers (2011b) 
when describing the TNBS-induced colitis model (Oehlers et al., 2011b). 
SCFAs treatment avoided the loss of neutral red staining seen in 

TNBS-exposed larvae, demonstrating the capacity of these metabolites 
to maintain intestinal endocytic function, however, the mechanisms 
involved in this protection need further investigation. On the other 
hand, the analysis of goblet cells at 10 dpf with an exposure of 50 μg/mL 
TNBS showed a decrease in the number of these cells. In this sense, other 
studies have shown different results: Fleming (2010) observed an in-
crease in goblet cell number at 8 dpf with a TNBS exposure of 75 μg/mL 
for 6 days (Fleming et al., 2010). He (2013) also observed an increase of 
these cells at 6 and 8 dpf with 25, 50, and 75 μg/mL TNBS, and at 4 dpf 
with 75 μg/mL TNBS only, applied from day 3 (He et al., 2013). How-
ever, Oehlers (2011b) tested these same concentrations and did not find 
any changes in goblet cell numbers (Oehlers et al., 2011b). One possible 
explanation for this is that goblet cells could be releasing their mucus 
content upon proinflammatory stimulation so the Alcian blue staining is 
not staying inside the cells, decreasing the appearance of visible goblet 
cells (Dartt and Masli, 2014; Grondin et al., 2020). Another explanation 
could be that goblet cells differentiated around 100 hpf (~4 dpf), so 
these differences could be attributed to the stage of larval development 
when the TNBS exposure occurs (Ng et al., 2005; Wallace et al., 2005). 
Thus, exposure of goblet cells to TNBS during an early differentiation 
stage, such as 3 dpf (Fleming et al., 2010; Oehlers et al., 2011b; He et al., 
2013), might lead to a different outcome than when they are completely 
differentiated (7 dpf, this study). Nonetheless, the treatment with SCFAs 
did not change the mucus production nor recover goblet cell numbers in 
TNBS-exposed larvae. Although SCFAs, especially butyrate, have been 
demonstrated to induce MUC-2 expression and increase the production 
of mucus in the intestine, there are no reports of induction of new goblet 
cells (Shimotoyodome et al., 2000; Willemsen et al., 2003; Blaak et al., 
2020). 

One of the most important features of the SCFAs treatment is the 
modulation of the immune system. Studies in humans and mice have 
demonstrated the effects of SCFAs in neutrophils and macrophages 
migration, regulation of the production of chemokines and cytokines, 
changes in the production of reactive oxygen species (ROS), modulation 
of phagocytic capacity, and response and activation of lymphocytes 
(Vinolo et al., 2011c; Corrêa-Oliveira et al., 2016). Reports in teleosts 
using SCFAs as food additives have shown improvement in growth, di-
gestibility, survival rate, immune responses, resistance to diseases, and 
enhanced intestinal mucosal immunity (Safari et al., 2016; Hoseinifar 
et al., 2017; Tran et al., 2020). However, there is currently one report in 
zebrafish testing the SCFAs in an inflammation model. In order to study 
the effects of SCFAs on a zebrafish intestinal inflammation model, we 
analyzed the number of neutrophils in the intestine after 72h of TNBS 
exposure. We demonstrated that the SCFAs treatment reduced the 
recruitment of neutrophils to this organ, an anti-inflammatory property 
reported in zebrafish in a tail fin cut model, where they observed a 
decrease in neutrophil migration in the larvae treated with butyrate 
(Cholan et al., 2020). Other studies have demonstrated that the effect of 
SCFAs in immune cells varies depending on the experimental context. 
The administration of tributyrin, a pro-drug of butyrate, reduced the 
recruitment of neutrophils to the peritoneum after the injection of a 
glycogen solution (Vinolo et al., 2011b). In another study by the same 
authors, the migration of neutrophils was increased when SCFAs were 
injected in a sterile air pouch in rats (Vinolo et al., 2009). 

In vitro experiments with mouse neutrophils demonstrated that 
SCFAs increase the chemotaxis of these cells through activation of the G- 
protein coupled receptor (GPR) 43 and increased expression of L-selectin 
(Vinolo et al., 2009, 2011a). SCFAs are sensed by GPR43 and GPR41, 
also known as free fatty acid receptor (FFAR)-2 and − 3, respectively, as 
well as by GPR109a and the Olfactory receptor 78 (Olfr78), expressed in 
the intestinal epithelium and immune cells (Sina et al., 2009; Than-
garaju et al., 2009; Pluznick, 2014; Nastasi et al., 2015; Agus et al., 
2016; Ang et al., 2016). In zebrafish, there are no studies describing 
GPR43, GPR41, GPR109a, or Olfr78 as SCFAs receptors, although 
orthologs of the three first receptors are present in the zebrafish genome 
(EMBL-EBI, 2021a, b, c). Different studies have described GPR81 (hcar1) 
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as lactate and butyrate receptor in the zebrafish, with high expression in 
neutrophils and the gut (Kuei et al., 2011; Athanasiadis et al., 2017; 
Rougeot et al., 2019; Cholan et al., 2020). Moreover, the effect of 
butyrate on decreasing neutrophil migration after a tail fin cut was 
inhibited in hcar1-depleted embryos but did not affect the effect of 
butyrate in macrophages and TNFα expression (Cholan et al., 2020). 

To further analyze the capacity of SCFAs to modulate the immune 
response we performed kinetics of cytokine expression analyzing at 24, 
48 and 72 h after TNBS exposure. The expression of il1b and il6 followed 
a pattern where T50 induced their increase at 24h and a higher 
expression at 48h, but then this expression was decreased at 72h to 
levels not significantly different compared with the control group. 
Interestingly, studies in mammals have associated the IL-6 expression to 
be induced by IL-1β, through the activation of NF-κB transcription factor 
or a pathway involving PI3K/AKT/IKKαT23 upstream of AP-1 (Tosato 
and Jones, 1990; Libermann and Baltimore, 1990; Cahill and Rogers, 
2008). This was also seen in other teleost fish but the mechanisms are 
still not known (Varela et al., 2012). In both cases, the increased 
expression of il1b and il6 induced by TNBS was decreased by SCFAs 
treatment, a phenomenon also seen in mammals (Blais et al., 2007; 
Vinolo et al., 2011c). However, we did not observe differences in gene 
expression of tnfa in any time point, while other groups have described 
increased protein expression using TNBS after 2–5 days of exposure 
(Fleming et al., 2010; Oehlers et al., 2011b; He et al., 2013). This could 
mean we are not seeing differences in the transcript because the rate of 
protein transcription is too high or the transcripts are released earlier 
than the time points we measured, as has been demonstrated by other 
immunological challenges (Oehlers et al., 2010). In any case, SCFAs did 
also not change the expression of tnfa. These results demonstrate the 
capacity of SCFAs to modulate inflammation in the zebrafish. 

Finally, TNBS exposure increased the presence of Proteobacteria and 
Actinobacteria phyla. He (2013) observed an increase in the Proteo-
bacteria population and a decrease of Firmicutes in TNBS-induced colitis 
in zebrafish (He et al., 2013). Moreover, mouse models of colitis and 
patients with IBD, have also shown an increase in these two bacteria 
phyla, demonstrating the correlation and conservation that these groups 
have in the development and maintenance of inflammatory bowel dis-
eases (Gophna et al., 2006; Frank et al., 2007; Carvalho et al., 2012; 
Maharshak et al., 2013; Selvanantham et al., 2016; Rizzatti et al., 2017). 
Interestingly, the treatment with SCFA3 was enough to decrease Pro-
teobacteria and Actinobacteria markers to control levels. However, the 
combination of TNBS with SCFAs increased the phylum of Gammapro-
teobacteria. Although this phylum is characteristic of patients with 
Crohn’s disease and mouse models of TNBS, and it has known members 
that are pathogens, such as Legionellales, Pseudomonadacea, Aero-
monadales, and Vibrionales, many of the main members of the zebrafish 
commensal microbiota belongs to this group (Sokol and Seksik, 2010; 
Berman, 2012; Stephens et al., 2016; Bauer and Thiele, 2018; Wiles 
et al., 2018; Busbee et al., 2020). Moreover, gamma-proteobacteria are 
the most abundant class of commensals on zebrafish larvae and as they 
live in an aquatic system we probably would see some differences in 
affected populations in comparison to terrestrial mammals (Stephens 
et al., 2016). Nonetheless, we are aware that qPCR is not the best 
method to measure these differences and that sequencing techniques can 
address our questions in a better setting. Overall, it is difficult to deduce 
the real effect of microbiome modulation in this model once we are not 
seeing the effect of SCFAs without the microbiota (gnotobiotic model). 
Thus, the effect of SCFAs could be happening directly on host cells 
through the activation of a SCFA receptor, such as HCAR1, which has 
been already shown to be present in the zebrafish and activated by 
butyrate (Kuei et al., 2011; Cholan et al., 2020). A second option is the 
action of SFCAs as inhibitors of HDACs (Singh et al., 2010, 2014; Arpaia 
et al., 2013; Furusawa et al., 2013; Gurav et al., 2015), increasing 
epithelial barrier function. On the other side, an indirect effect could be 
mediated by unknown microbiota by-products or microbiota competi-
tion driven by the low pH in presence of SCFAs (Louis and Flint, 2009). 

Nonetheless, the results presented here demonstrate that SCFAs have 
effects that counteract the dysbiotic changes induced by TNBS in 
zebrafish, which are in some cases shared with mammals. We do not 
expect these changes to be exactly the same as in humans because 
zebrafish live in an aquatic environment and present different pro-
portions of the microbiota populations. Therefore, we think is important 
to continue this work with a deeper analysis of the microbiome at the 
genus and species level, and also include the evaluation of changes 
induced by SCFAs in gnotobiotic larvae. 

5. Conclusions 

In this study, we demonstrated for the first time that treatment with 
SCFAs in a model of induced intestinal inflammation in zebrafish is 
effective. We confirmed that SCFAs have positive effects on survival, 
immune cells and cytokines regulation, and conservation of the 
epithelial integrity related to endocytic function. Importantly, SCFA 
modulated the microbiota of TNBS-exposed larvae, maintaining a bal-
ance of bacteria similar to healthy fish. A more in-depth study of the 
mechanisms involved in this protection by SCFA could clarify whether 
the effects of these metabolites are shared between zebrafish and 
mammals. 
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Dijkstra, G., Harmsen, H.J.M., Faber, K.N., Hermoso, M.A., 2019. Corrigendum: 
short chain fatty acids (SCFAs)-Mediated gut epithelial and immune regulation and 
its relevance for inflammatory bowel diseases. Front. Immunol. 10, 1486. https:// 
doi.org/10.3389/fimmu.2019.01486. 

Park, J.S., Lee, E.J., Lee, J.C., Kim, W.K., Kim, H.S., 2007. Anti-inflammatory effects of 
short chain fatty acids in IFN-gamma-stimulated RAW 264.7 murine macrophage 
cells: involvement of NF-kappaB and ERK signaling pathways. Int. Immunopharm. 7, 
70–77. https://doi.org/10.1016/j.intimp.2006.08.015. 

Park, J., Levic, D.S., Sumigray, K.D., Bagwell, J., Eroglu, O., Block, C.L., Eroglu, C., 
Barry, R., Lickwar, C.R., Rawls, J.F., Watts, S.A., Lechler, T., Bagnat, M., 2019. 
Lysosome-rich enterocytes mediate protein absorption in the vertebrate gut. Dev. 
Cell 51, 7–20. https://doi.org/10.1016/j.devcel.2019.08.001 e6.  
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