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ABSTRACT
In the present work, morphological and molecular effects of short-term 
feed deprivation and refeeding with Spirulina (Arthrospira platensis) 
on zebrafish digestive tract were determined. Once elucidated the 
proximate composition of Spirulina feed, immunohistochemical 
and western blot analyses of peptide transporter (PepT1) and 
cholecystokinin (CCK8) were carried out in the gastrointestinal tract 
of zebrafish, previously morphologically investigated. Two and five 
fasting days caused not only morphostructural alterations, but 
also the downregulation of PepT1 and CCK8 proteins. Conversely, 
the recovery of normal morphological conditions, along with an 
increased PepT1 and CCK8 expression, were observed after refeeding 
with Spirulina. The increase of PepT1 expression in zebrafish may be 
responsible for the enhanced CCK8 secretion, so that both proteins 
may contribute to an improved digestion process during refeeding. 
These observations could be supported not only by compensatory 
mechanisms induced by fasting and refeeding but also by an higher 
protein quality of Spirulina-based diet.
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1. Introduction

Different field studies have pointed out that aquatic organisms are often threatened by 
different stressful agents in their habitats. Indeed, organic and inorganic pollutants (Lo Turco 
et al. 2012; Wågbø et al. 2012; Arukwe et al. 2014; Salvo et al. 2014, 2015; Di Bella et al. 2015; 
Naccari et al. 2015; Albergamo et al. 2016; Gomes et al. 2016), parasites (Graci et al. 2016), 
farming facility type and location (Cangialosi et al. 2012a, 2012b), as well as feeding regimes 
(Costa et al. 2016) may affect wild and/or farmed species by inducing morphological and 
molecular changes, whose severity typically depends on the length and intensity of the 
stress condition. Nevertheless, differently from field studies, controlled laboratory studies 
offer the precious possibility to investigate a specific stress condition without the influence 
of several extrinsic variables affecting the success or failure of the experimental protocol, 
since much simpler physical environment, restricted space and optimal water conditions 
are present.

Teleosts undergo natural periods of restricted food supply throughout a normal life cycle, 
leading to reduced protein synthesis, as well as metabolism and growth depression. However, 
several studies have already demonstrated that the re-establishment of favourable condi-
tions lead to compensatory metabolic mechanisms when compared with continuously fed 
organisms, as a result of increased appetite and feeding activity (Terova et al. 2009; Ferrando 
et al. 2009). Being an important ecological strategy for fish living in high variable environ-
ments, it becomes mandatory to further elucidate these compensatory events, by exploiting 
fasting and refeeding trials on fish. In fact, it has been widely reported that morphological 
integrity (Denaro et al. 2006), enzymatic patterns (Caruso et al. 2014; Abolfathi et al. 2012; 
Caruso et al. 2012, 2011), hormonal regulation and peptide transport (Olsson et al. 2008) of 
fish gastrointestinal tract are primarily compromised as a result of changes in diet and star-
vation periods. In addition, it has also been demonstrated that Danio rerio (Hamilton 1822), 
zebrafish, is a well suitable model for studying the effects of the fasting and refeeding par-
adigm (Koven & Schulte 2012). In zebrafish, as in all vertebrates, luminal digestion is regulated 
by complex mechanisms involving aminoacid and oligopeptide transporters and peptide 
signals. PepT1 is a 708 aminoacids transporter, with 12 putative membrane-spanning 
domains, assuring that di- and tri-peptides obtained via digestion are absorbed in the small 
intestine through the brush border membrane. Its substrate transport requires proton bind-
ing and co-transport, as well as an inside-negative membrane potential. The high degree of 
aminoacid sequence conservation through vertebrates, suggests that PepT1 role in digestion 
process may be similar in mammals (Ford et al. 2003) and fish, such as sea bass (Terova et al. 
2009), Atlantic cod (Ronnestad et al. 2007), zebrafish (Verri et al. 2003) and sea bream 
(Lauriano et al. 2012). Among satiety hormones, CCK8 is a putative anorexigenic peptide 
secreted from the endocrine cells of the gastrointestinal tract. Being its aminoacid sequence 
well conserved through vertebrates (Kamisaka et al. 2005), CCK8 has been shown to have 
several digestive functions also in Teleosts, since it regulates the release of pancreatic 
enzymes, gallbladder contraction, gut motility and gastric emptying to decrease food intake 
(Liou et al. 2011; Verri et al. 2011).

Many bioactive products coming from different natural sources have already been imple-
mented in feed formulations to test their beneficial effects on stressed fish (Alesci et al. 2015, 
2014). In particular, several non-toxic cyanobacteria strains have become very attractive for 
use in feed, since they resulted to be a good source of antioxidant compounds (Ijaz & Hasnain 
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2016). Among them, the planktonic blue–green algae Spirulina platensis has gained a great 
interest as commercial aquafeed, due to its unique blend of nutrients. The beneficial effects 
of this microalga on fish growth, feed intake, pigmentation and nutrient utilisation have 
already been investigated for several fish species, including tilapia, Oreochromis niloticus 
(Takeuchi et al. 2002), white sturgeon, Acipenser transmontanus (Palmegiano et al. 2005) and 
rainbow trout, Oncorhynchus mykiss (Matty & Smith 1978). Its implementation in feed strat-
egies has also been recommended in a food chain involving cichlids in a closed ecological 
recirculating aquaculture system (CERAS) (Güroy et al. 2012). However, no study has been 
yet focused on the employment of such microalga during fasting and refeeding protocols. 
Accordingly, the aim of the present study was to evaluate the short-term effects of feed 
deprivation and refeeding with a Spirulina sp. diet on adult zebrafish, compared to a control 
group continuously fed with commercial flakes. To this purpose, proximate compositions of 
commercial Spirulina tabs and commercial flakes were first elucidated and compared. Then, 
morphological observations of the digestive tract of zebrafish, as well as immunohistochem-
istry and western blot analyses of the gastrointestinal PepT1 and CCK8 proteins were carried 
out to study the effects related to the fasting and refeeding cycle.

2. Results

2.1. Proximate compositions of zebrafish diets

Proximate compositions of Spirulina and commercial flakes are reported in Table 2S. Obtained 
results were in agreement with previous studies focused on the characterisation of conven-
tional and alternative aquafeeds (Belay 2002; Gatlin et al. 2007). Spirulina showed a valuable 
nutritional profile characterised by protein and lipid content (46.82% and 170%, respectively) 
significantly higher than commercial flakes (p < 0.05). Also, total dietary fibre and ash were 
significantly higher, respectively, of 117% and 131%, when compared to the conventional 
counterpart (p < 0.05). Thanks to the high-quality protein content, lipid composition con-
sisting of essential fatty acids, as well as valuable mineral ash, Spirulina reasonably provides 
insights into the context of aquafeed management (Estrada et al. 2001; Belay 2002).

2.2. Histological analyses

Zebrafish belongs to the group of stomach-less fishes, in which the intestine emerging 
directly from oesophagus, is folded into anterior, middle and caudal sections. Intestine epi-
thelium is the site where nutrient absorption takes place thanks to the presence of intestinal 
villus-type structures at tissue level and thousands of microvilli at cellular level, allowing a 
significant expansion of the absorption surface. AB-PAS stained cross-sections (6 μm) of 
intestinal segments of control samples, revealed a simple architecture consisting of a mucosa, 
muscularis externa and serosa layer. The intestinal mucosa consists of villus-type structures 
with columnar-shaped enterocytes and enteroendocrine cells, specialised in nutrient absorp-
tion, and mucous secreting goblet cells, playing a role in water and salt absorption. The 
underlying lamina propria contains blood capillaries and muscle fibres. The mucosal layer 
is surrounded by circular and longitudinal smooth muscle fibres of the muscolaris externa 
(Figure 1S A). After 2 and 5 days of fasting, cross sections of the gastrointestinal tract of 
zebrafish showed smaller and fewer folds of mucosa layer and, even, they appear to be linked 
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by anastomosis, almost obliterating the intestinal lumen. In addition, mucous-secreting 
goblet cells decreased in size, number and intensity. A marked alcianophilia and PAS posi-
tivity of the intestinal mucosa of zebrafish following 2 days and, even more, 5 days of fasting 
were also observed (Figure 1S B and E). Conversely, cross sections of the intestine of speci-
mens refeeded, respectively, after 2 and 5 days, revealed a gradual re-establishment of the 
normal morphostructure and of the intestinal lumen (Figure 1S C,D and F,G).

2.3. Immunostaining Techniques

Immunohistochemical investigation performed with the use of antibody for PepT1 revealed 
weak immunopositivity in the enteroendocrine cells of control samples (Figure 2S A). After 
2 days of fasting immunopositivity decreased; while it increased after 2 days and, even more, 
5 days of refeeding. Similar results were observed after 5 fasting days and a marked immu-
nopositivity was detected after 5 refeeding days (Figure 2S B-G). Immunohistochemical 
investigation performed with the use of antibody for CCK-8 revealed a weak immunoposi-
tivity in enteroendocrine cells of control samples (Figure 3S A). After 2 days of fasting, immu-
nopositivity significantly decreased. Refeeding of 2 and 5 days caused an increase of 
immunopositivity, particularly marked after 5 days (Figure 3S B-G).

2.4. WesternBlot

The regulation of PepT1 and CCK8 proteins of the digestive tract of zebrafish was also inves-
tigated by western blot analysis, to evaluate the effect of fasting and spirulina based- refeed-
ing, as a substitute of the standard diet of zebrafish (Figure 4S). With respect to the control 
condition (CF), PepT1 levels decreased after 2 days of feed deprivation (F2) and gradually 
increased following 2 and 5 refeeding days (F2R2 and F2R5, p < 0.01). However, PepT1 protein 
showed to be more downregulated after 5 days of fasting (F5) and, coherently, it was found 
more upregulated after 2 and 5 refeeding days (F5R2, p < 0.01 and F5R5, p < 0.001), when 
compared to the CF, F2R2 and F2R5 conditions. Concerning CCK8 protein, its levels decreased 
after 2 days of feed deprivation (F2), while they gradually increased from the F2R2 to the 
F2R5 condition (p < 0.01). After 5 fasting days (F5), such protein levels were lower than control 
(CF), but not lower than F2 condition. However, also in this case, a gradual increase was 
confirmed after 2 and 5 refeeding days (F5R2 and F5R5, p < 0.01).

3. Discussion

Both western blot and immunohystochemistry approaches demonstrated that PepT1 and 
CCK8 proteins of the digestive tract of zebrafish were downregulated during the fasting 
period while they resulted upregulated following the Spirulina-based refeeding, when com-
pared to the control condition. Furthermore, the down- and upregulation of these proteins 
was more marked with the increasing of the length of fasting and refeeding periods. These 
observations are also in line with the morphological analyses reporting a morphological 
impairment of the digestive tract of zebrafish during the starvation period and a subsequent 
re-establishment of its normal morphostructure thanks to the refeeding phase.

Assuming that PepT1 expression increases to improve the absorption process in patients 
affected by short-bowel syndrome, chronic ulcerative colitis and Crohn’s disease (Merlin  
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et al. 2001; Ziegler et al. 2002), it is reasonable to hypothise that a similar strategy may be 
adopted by fish to compensate a period of food deprivation, by assuring a major absorption 
and digestion efficiency (Bélanger et al. 2002). Not surprisingly, an increase in PepT1 mRNA 
levels was also observed in the digestive tract of zebrafish that underwent a period of fasting 
and refeeding (Verri et al. 2011; Koven & Shulte 2012). Furthermore, the increase of PepT1 
protein could be also explained by the fact that its activity is typically modulated in depend-
ency on the diet, particularly when alternative protein sources are utilised (Ostaszewska  
et al. 2010), since its affinity and stereoselective capacity differ for different types of peptides. 
Accordingly, the high protein content present in Spirulina-based diet could significantly 
contribute to the upregulation of PepT1 expression.

On the other side, CCK8 levels were consistently similar to those of PepT1 through the 
cycle of fasting and refeeding (Figure S4). This is in agreement with previous works focused 
on the change in CCK8 mRNA levels in the digestive tract of Seriola quinqueradiata (Murashita 
et al. 2006) and zebrafish (Koven & Shulte 2012) in response to fasting and refeeding. The 
concomitant increase of PepT1 and CCK8 levels observed in zebrafish suggests a possible 
interaction of both proteins, which may be initiated by PepT1 upregulation. Indeed, Liou 
and co-workers (2011) have recently proposed that PepT1 may affect CCK-related functions. 
According such study, PepT1 could indirectly, but not directly, mediate CCK secretion, as 
well as its downstream effects on gastric motility.

On the basis of obtained results, it could be also suggested that an increased PepT1 
activity could not only improve absorption processes and satiety hormone secretion, but it 
also could contribute to a potential compensatory growth phenomenon. Indeed, it has 
already been shown that PepT1 was involved in compensatory growth during cycles of 
fasting and refeeding periods in sea bass (Verri et al. 2011).

These mechanisms could also be supported by the Spirulina-based diet rich in protein 
and lipids. In this respect, several fish and terrestrial plant meals have been widely included 
in feed formulation, leading to discutible effects on fish growth and production quality 
(Sánchez-Lozano et al. 2011). Spirulina-based formulations typically have an higher protein 
quality and, thus, digestibility, allowing for better growth performances (Palmegiano et al. 
2005). Consequently, such study providing a good starting point to investigate more thor-
oughly compensatory growth mechanisms in dependency of improved feed strategies.

4. Experimental

See Supplementary Materials for: Animals and Diets, Proximate Compostion analyses; 
Histological Analyses, Immunostaining Techniques, Western Blot and Statistical Analysis.

5. Conclusion

In the present work, the levels of the gastrointestinal proteins PepT1 and CCK8 were investi-
gated on adult zebrafish that underwent a short-term fasting and Spirulina-based refeeding 
cycle. Obtained results confirmed the ability of zebrafish to overcome feed deprivation periods 
and compensate them by ad libitum refeeding with an increased PepT1 and CCK8 expression, 
when compared to the control condition. Due to a valuable nutritional profile of Spirulina, 
the substitution of conventional feed with such microalga could contribute to a greater extent 
to compensatory phenomena occurring by fasting and refeeding condition.
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