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�e present study was therefore undertaken to evaluate how dietary lipid content may in�uence the gut micro-
biota and metabolism in adult zebra�sh, and if a probiotic may alleviate potential dysbiosis and secondary host 
metabolic disruptions. �e probiotic Lactobacillus rhamnosus, which we have demonstrated a�ects appetite con-
trol and lipid metabolism in zebra�sh9, 10 was used as a probiotic supplement for adult zebra�sh fed either a high 
fat diet (HFD; 15% lipid), medium fat diet (MFD; 10% lipid), or a low fat diet (LFD; 5% lipid). In order to accom-
plish this, through an integrated approach, we evaluated the changes in gut microbiota community and host gene 
expression of zebra�sh exposed to diets with di�erent lipid contents with and without the supplementation of L. 
rhamnosus. �e expression of a wide network of genes involved in lipid metabolism and appetite control, together 
with the synthesis of orexigenic and anorexigenic peptides in the zebra�sh gut was examined. Moreover, we 
evaluated the e�ect of L. rhamnosus, and di�erent dietary lipid contents, on intestinal epithelial architecture, total 
body cholesterol and TAG content and total body weight.

Results
Diet fat content and probiotic feeding modulates the expression of genes involved in appetite 
control.  In order to investigate the e�ects of probiotic administration in zebra�sh fed a HFD (15% dietary 
lipid), MFD (10% dietary lipid) and LFD (5% dietary lipid), we evaluated the expression of genes associated 
with the appetite, by performing Real Time PCR on 9 samples, each sample made of a pool of 8 adult. NUCB2/
nesfatin-1 enhances insulin release from �-cells and reduces food intake11�14. Our analysis revealed that with 
medium content of fat in the diet (MFD-C), signi�cant lower nucb2a gene expression was observed compared to 
high (HFD-C) and low (LFD-C) content of fat in the diets (Fig.�1A) (p � 0.05). �e addition of the probiotic to the 
diets signi�cantly increased nucb2a gene expression in �sh fed a HFD-P and MFD-P compared to HFD-C and 
MFD-C fed �sh (p � 0.05), while no signi�cant di�erences in mRNA levels of this gene was observed between 
LFD-C fed �sh and LFD-P fed �sh (Fig.�1A) (p � 0.05). Glucagon-like peptide 1, encoded by gcga and gcgb in 
zebra�sh, has crucial role in stimulating insulin release and inhibiting appetite and is successfully used as an 
anti-diabetic drug15. Our results indicate that di�erent dietary fat content did not a�ect the expression of this gene 
among HFD-C, MFD-C and LFD-C fed �sh (Fig.�1B) (p � 0.05). However, the administration of the probiotic 

Figure 1.  L. rhamnosus modulates the expression of genes involved in the regulation of appetite. Relative 
nucb2a (A), gcga (B), npy (C), gene expression normalized against �-act and rplp, in �sh fed a HFD-C, MFD-C 
and LFD-C and �sh fed a HFD-P, MFD-P and LFD-P. Assays were performed in triplicate. Values with di�erent 
superscript letters are signi�cantly di�erent (p � 0.05).
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signi�cantly up-regulated gcga gene expression in �sh fed HFD-P and MFD-P compared to HFD-C and MFD-C 
fed �sh (Fig.�1B) (p � 0.05). No signi�cant di�erences in mRNA levels were observed between LFD-P and LFD-C 
fed �sh (Fig.�1B) (p � 0.05). Neuropetide Y (NPY) stimulates food intake16. Our results show that the expression 
of the npy gene was modulated in correlation to fat content. npy mRNA level gradually and signi�cantly decreased 
with increasing fat in the diet, with the lowest mRNA level in the �sh fed HFD-C (Fig.�1C) (p � 0.05). In the pro-
biotic treated groups, data showed a signi�cant down-regulation of npy gene transcripts in HFD-P and MFD-P 
fed �sh compared to HFD-C and MFD-C fed �sh (p � 0.05), while no signi�cant di�erences in npy mRNA was 
observed in LFD-C and LFD -P fed �sh (Fig.�1C) (p � 0.05).

Western blot (WB) analysis, perfomed on 4 samples, each sample made of�a zebra�sh trunk, using a rabbit 
anti-nesfatin-1 antibody demonstrated the presence of 50 kDa NUCB2, the precursor of nesfatin-1, in zebra�sh 
trunk. NUCB2 peptide was signi�cantly lower in HFD-C compared to diets with lower fat content (MFD-C and 
LFD-C) (Fig.�2A) (p � 0.05). With the addition of probiotic, the NUCB2 displayed a similar trend observed in 
the control groups, as well as it was signi�cantly decreased in HFD-P and MFD-P fed �sh compared to control 
diet. �is reduction in NUCB2 is likely due to the secretion of the precursor peptide (NUCB2), and/or processed 
nesfatin-1 into circulation. �e presence of a signal peptide enables the secretion of NUCB2 into circulation17. A 
band representing the processed nesfatin-1 was not visible in samples tested from any of the groups. �is might 
be due to the lower, undetectable levels of nesfatin-1 in the trunk of zebra�sh. To the best of our knowledge, only 
one study so far reported a processed nesfatin-1 band in a Western gel18, and that was feasible due to the use of 
protein from enriched cells/tissues that express nesfatin-1 in abundance. Further studies to determine gut speci�c 
relative abundance of NUCB2 versus nesfatin-1 in zebra�sh are warranted. �ere were no di�erences in NUCB2 

Figure 2.  L. rhamnosus a�ects the protein expression of NUCB2 and preproghrelin in zebra�sh trunk fed a 
HFD-P, MFD-P and LFD-P. A Western blot using the rabbit anti-nesfatin-1 antibody showed the presence of 
50 kDa NUCB2 proteins in zebra�sh trunk. NUCB2/Nesfatin-1 was signi�cantly decreased in MFD-P and 
HFD-P fed �sh compare to MFD-C and HFD-C (A). Graph (B) showed no di�erences between preproghrelin 
content in zebra�sh fed a MFD-P and HFD-P compared to MFD-C and HFD-C fed �sh. Preproghrelin 
protein was signi�cantly increased in LFD-P compare to LFD-C. Values with di�erent superscript letters are 
signi�cantly di�erent (p � 0.05).
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levels in LFD-P and LFD-C fed �sh (Fig.�2A) (p � 0.05). In addition, Western blot analysis of zebra�sh trunk with 
mouse anti-ghrelin antibody showed full-length preproghrelin protein (16 kDa). Preproghrelin levels signi�cantly 
decreased in HFD-C fed �sh compared to �sh fed MFD-C and LFD-C (Fig.�2B) (p � 0.05). Preproghrelin protein 
was signi�cantly increased in the LFD-P group compared to the LFD-C fed group, and this likely suggests less 
conversion of the precursor to processed orexigen ghrelin. �ere were no di�erences between preproghrelin con-
tent in zebra�sh fed a MFD-P and HFD-P compared to �sh fed a MFD-C and HFD-C (Fig.�2B) (p � 0.05). While 
inter individual variations in band intensities were observed, the normalized results with v inculin clearly indicate 
that precursors of nesfatin-1 increase while the�fat content increase in the diet and ghrelin decreased when the�fat 
content increase in the diet.

By analysing 4 zebra�sh intestines (10 sections per �sh), results showed that cross sections of 4 zebra�sh 
intestine stained positive for nesfatin-1-like within rounded or �ask-shaped cells (Fig.�3). Most of these cells were 
dispersed along the apical regions of the villi. Lightly stained processes emanating from the nesfatin-1 immu-
nopositive cells are visible and appear to project towards the lumen (Fig.�3). Ghrelin-like immunoreactivity (ir) 
was detected in some cells in the villi (Fig.�4). DAPI stained the nuclei of nesfatin-1 and ghrelin- like ir cells 
and non-ir cells (Figs.�3 and 4). No immunoreactivity was observed in sections treated with the secondary anti-
body alone (Figs.�3E and 4E). Quantitative analysis of immunopositive cells to nesfatin-1 show that the num-
ber of positive cells to nesfatin-1 is higher in HFD compare to MFD in control group. Similar to our result in 

Figure 3.  NUCB2/nesfatin-1-like ir in the gut of zebra�sh fed with HDF-P and HFD-C compare to MFD-C. 
Cross sections of the zebra�sh for nesfatin-1-like show higher abundance of nesfatin-1-like cell in HFD-C 
compared to HFD-P (3 F). For details on methods employed for percentage of positive intestinal epithelial 
cells calculation, please consult the Materials and Methods section. Values with di�erent superscript letters are 
signi�cantly di�erent (p � 0.05).
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and probiotic-free diets revealed that the supplementation of the probiotic to the diet signi�cantly up-regulated 
mgll gene transcripts in HFD-P, MFD-P and LFD-P fed �sh compared to HFD-C, MFD-C and LFD-C fed �sh 
(Fig.�5C) (p � 0.05).

�e analysis of �t2 gene, which codi�es for a transmembrane proteins (FIT2), which distribute TAG into lipid 
droplets16, 25, 26, showed that the transcription process of such mRNA is fat-dependent. In fact, �t2 gene transcript 
gradually and signi�cantly decrease concomitantly with the decreasing of fat content in the diet, highlighting the 
higher transcript level in �sh fed a HFD-C (Fig.�5D) (p � 0.05). �e comparison among group fed a diets probiotic 
enriched or not, showed a signi�cantly down-regulation of �t2 gene transcripts in HFD-P, MFD-P and LFD-P 
probiotic fed �sh compared to HFD-C, MFD-C and LFD-C fed �sh (Fig.�5D) (p � 0.05).

HPLC analysis performed on total body of 9 samples per group (each sample made of a pool of adult until 
reaching 300 mg of tissue) evidenced that TAG content signi�cantly decrease with the decreasing of the fat in 
the diet; HFD-C (92.5 � 0.8 µg mg�1), MFD-C (83.7 � 3.8 µg mg�1) and LFD-C (67.6 � 0.3 µg mg�1) (p � 0.05). 
Interestingly, comparing the group fed a diet probiotic enriched or not, results shows that zebrafish fed a 
HFD-P had signi�cantly lower content of total TAG (73.5 � 0.4 µg mg�1) compared to the �sh fed a HFD-C 
(92.5 � 0.8 µg mg�1). Similarly, signi�cantly lower total TAG content in zebra�sh fed a MFD-P (66.5 � 4.9 µg mg�1) 
compared to �sh fed a MFD-C (83.7 � 3.8 µg mg�1) was observed; while no signi�cant di�erence was observed 
in total TAG content between the LFD-C (67.6 � 0.3 µg mg�1) and LFD-P (66.1 � 0.3 µg mg�1) groups (p � 0.05).

Dietary fat content and probiotic L. rhamnosus does not impact intestinal ultrastructure.  �e 
intestine of adult zebra�sh is a folded duct that occupies the abdominal cavity and is composed of three segments 
involved in di�erent processes27. In particular, as the anterior segment is marked by the presence of proteins 
involved in the absorption of lipids27, this intestinal region has selected for ultrastructural analysis. Ultrathin 
sections of the anterior intestine of zebra�sh fed a HFD-C (Fig.�6A,B) revealed an intact brush border and the 
presence of large lipid droplet accumulations in the apical cytoplasm of the enterocytes. Some macrophages 
(Fig.�6A) with spherical or ovoidal shapes, euchromatic nuclei with marginal heterochromatin and �ne-granular 
cytoplasm were in�ltrated in the epithelium. Similarly, the MFD-C fed �sh also contained macrophages with typ-
ical features of phagocytic cells (Fig.�6C), mainly localized in the basolateral epithelium and seldom in the apical 
zone. �ese cells o�en contacted the cell membranes of in�ltrated lymphocytes and granulocytes (Fig.�6C). Some 
macrophages and granulocytes, the latter characterized by heterochromatic nuclei and cytoplasm containing 

Figure 6.  Elevated fat content increases lipid droplets, but did not alter intestinal mucosal epithelium in 
zebra�sh fed a HFD, MFD and LFD. TEM micrograph showing large lipid droplets accumulation in the 
apical epithelium of enterocytes and intraepithelial macrophages in HFD-C fed �sh (A). Intact brush border 
in HFD-C fed �sh, (B). Macrophages in MFD-C fed �sh in contact with the cell membrane of in�ltrated 
lymphocytes and granulocytes (C). Intraepithelial macrophages with typical features of phagocytic cells in 
LFD-C fed �sh (D). Magni�cation of intra-epithelium granulocytes in MFD-C fed �sh (E). L � lymphocyte; 
G � granulocyte; Asterisk � macrophage. Scale bars: A � 5 µm, B � 1 µm, C � 10 µm, D � 5 µm, E � 2 µm.


















