
   

1 
 

Potential Benefits of High-Added-Value Compounds from Aquaculture and Fish Side 1 

Streams on Human Gut Microbiota 2 

Min Wanga, Jianjun Zhoua, Marta Selma-Royob, Jesus Simal-Gandarac, Maria 3 

Carmen Colladob, Francisco J. Barba c,a,* 4 

 5 

a Nutrition and Food Science Area, Preventive Medicine and Public Health, Food Science, 6 

Toxicology and Forensic Medicine Department, Faculty of Pharmacy, Universitat de 7 

València, Avda. Vicent Andrés Estellés, s/n, 46100 Burjassot, València, Spain  8 

b Department of Biotechnology, Institute of Agrochemistry and Food Technology-National 9 

Research Council (IATA-CSIC), Agustin Escardino 7, 46980 Paterna, Valencia, Spain  10 

c  Nutrition and Bromatology Group, Department of Analytical and Food Chemistry, 11 

Faculty of Food Science and Technology, University of Vigo, Ourense Campus, E32004 12 

Ourense, Spain  13 

 14 

* Correspondence should be addressed to:  15 

Dr. Francisco J. Barba 16 

E-mails: francisco.barba@uv.es 17 

  18 



   

2 
 

Abstract:  19 

Background: Human gut microbiota dysbiosis has been linked to a higher risk of 20 

non-communicable diseases (NCDs) such us inflammatory disorders, allergy and obesity. 21 

Specific dietary strategies, including the use of specific food supplements targeted to 22 

microbiota modulation, have been suggested to be especially relevant in reducing the risk of 23 

NCDs. In this regard, marine environment is considered as a pivotal source of nutrients and 24 

bioactive compounds such as polyunsaturated fatty acids, polysaccharides and active 25 

peptides. These compounds, including algae- (alginate, fucoidan) and animal-derived 26 

polysaccharides (chitin, chitosan), among others, have been widely studied. The use of 27 

these active substances from marine organisms as a food supplements has been reported to 28 

affect human health.  29 

Scope and approach: This review provides the evidence-base information on the potential 30 

effects of various active substances from marine organisms, including fatty acids, proteins 31 

and polysaccharides, on the structure of gut microbiota and their effects on host health.  32 

Key findings and conclusions: These compounds could regulate the gut microbiota structure 33 

and thus, intestinal and systemic level with potential human health benefits. The exploration 34 

and evaluation of the relationship between these substances and gut microbiota may provide 35 

a new direction for further exploration of the influence of high-added-value components on 36 

gut microbiota with potential health effects. These high-added-value compounds have been 37 

explored to not only improve the utilization rate of aquatic products, but also reduce waste 38 

and contribute to the environment and economy sustainability. Meanwhile, it is possible to 39 

expand the commercial applications of these products by the industry. 40 

Keywords: Aquatic life; side streams; fats; protein; polysaccharides; gut microbiota.  41 
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1. Introduction 43 

Human Microbiota is considered as an “organ” that plays an important role in human 44 

health by interacting with the immune system. The vast majority of human microbes reside in 45 

the gastro-intestinal tract and these complex microbial community is known as “gut 46 

microbiota (GM)” (D’Amelio & Sassi, 2018; Zhang et al., 2012) and the predominant phyla 47 

are Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria (Matijašić et al., 2014).  48 

The number of bacteria in the stomach (102~104 CFU/mL) with high gastrointestinal flow 49 

is lower than that in the large intestine and they mainly consist of Gram-positive aerobic 50 

organisms (Streptococcus and Lactobacillus genus), while in the ileum and colon, the 51 

number is significantly higher (up to 1012 CFU/mL), and the concentration of anaerobic 52 

bacteria exceeds that of aerobic bacteria, including the genus Bacteroides, Bifidobacterium, 53 

and also Clostridium, among other bacterial groups.  54 

In addition, GM composition and structure changes along human life being early life  55 

microbiota less diverse and more sensitive to exogenous factors as compared with adults 56 

where microbiota is complex and resilient to changes, and again, during elderly, the 57 

microbiota is characterized by the loss of diversity and richness as well as shifts in GM 58 

composition (Li, Wang, Wang, Hu, & Chen, 2016). GM and immune system coexist in a 59 

balanced relationship to maintain a homeostatic state that can induce the body’s protective 60 

response to pathogens and antigens (Malys et al., 2015). The disruption of this balance due a 61 

microbial dysbiosis causes a series of physiological processes which has been related to some 62 

diseases such as obesity and diabetes (Pellegrini et al., 2018). 63 
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Although many factors have been described to shape the GM, including genetics, age, 64 

health status drugs, antibiotics, smoking, stress, etc., diet is one of the most important 65 

exogenous factor affecting the GM composition, diversity and activity (Emge et al., 2016; 66 

Rothschild et al., 2018). The relationship between nutrients and GM is essential for 67 

understanding the crucial role of microbiota for human health. GM is involved in important 68 

host functions, at physiological and metabolic level, it can participate in the metabolism of 69 

carbohydrates and proteins, producing metabolism products including vitamins and short 70 

chain fatty acids (SCFAs), which plays an important role in human health. As an example, 71 

Specific gut Anaerobic bacteria have the ability to ferment undigested foods, such as 72 

polysaccharides, dietary fiber and proteins, and then, produce SCFAs (Kasubuchi et al., 73 

2015). SCFAs can be used as an energy source by colonic mucosa cells and peripheral 74 

tissues, promoting cell growth, and also affect the water absorption and pH of the colon. In 75 

addition, SCFAs can induce the production of anti-inflammatory molecules and the reduction 76 

of inflammatory responses, inhibit the proliferation of tumor cells, thus acting as an 77 

anti-tumor (Felizardo, Mizuno Watanabe, Dardi, Venturini Rossoni, & Olsen Saraiva 78 

Câmara, 2019; Wang et al., 2019).  79 

On the other side, Food nutrients such as polysaccharides, proteins, fats, and dietary fiber, 80 

have been shown to affect the structure and composition of GM. The interventions of these 81 

compounds highlight the relationship between GM changes and health outcomes (Tidjani 82 

Alou, Lagier, & Raoult, 2016; Zhang, Ju, & Zuo, 2018). Thus, the identification of new 83 
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nutrient sources and products targeted to GM modulation, would be especially relevant in the 84 

prevention and treatment of microbial dysbiosis linked to higher risk of NCDs.  85 

In this regard, there are about 2,210,000 life forms in the marine environment, including 86 

animals, algae and microbes, which are an important source of life-active compounds (Mora 87 

et al., 2011). In addition to its rich nutritional value, they can also play an active 88 

physiological role in the body (Grienke et al., 2014). Many bioactive compounds derived 89 

from aquatic products are used in the food field, such as proteins, polyunsaturated fatty acid 90 

(PUFA), polysaccharides and minerals. These compounds can be obtained from fish, algae, 91 

crustaceans, etc., and have a great application potential. In recent years, the global fish 92 

consumption per capita increased from 9 kg/person in 1961 to 20.2 kg/person in 2015 93 

(Sarker, 2020). At the same time, the annual production of fish is also increasing. According 94 

to statistics from the Food and Organization of the United States (FAO), aquaculture "is 95 

understood to mean the farming of aquatic organisms including fish, molluscs, crustaceans 96 

and aquatic plants” (FAO, 1988). The global aquaculture fish caught reached 171 million 97 

tons in 2016 (FAO, 2018). The increase in fish consumption also brought about the waste of 98 

fish resources. In the industrial processing of fish, each ton of fish processed produce 99 

~350-600 kg of waste, including fish head, viscera, bones and so on (Stevens et al., 2018). In 100 

the processing of shrimps and crabs, edible accounts for only about 9% of the total weight, 101 

resulting in a large amount of crustacean waste (Deng et al., 2020). These wastes are often 102 

used as fertilizers, livestock feed or directly discarded, so that the protein, fish oil, chitosan, 103 

etc. contained in them are not properly used, and they also can cause an important damage to 104 
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the environment (Ananey-Obiri et al., 2019). In addition, there are about 25000 to 30000 105 

kinds of algae in the ocean, which contains a lot of high quality protein, polysaccharides, etc. 106 

They are considered a good source of biologically active substances due to their fast growth 107 

and due they do not use arable land (Charoensiddhi et al., 2017). Therefore, there is a 108 

growing interest of researcher on how to make a better use of the biologically active 109 

substances obtained from these aquatic products and more and more studies are being carried 110 

out (Atef & Ojagh, 2017; Suleria et al., 2016). In this line, this paper reviews and summarizes 111 

the effects of specific bioactive compounds isolated from aquatic products and fish side 112 

streams on GM and their potential value as food ingredients and food supplements (Figure 113 

1), aiming to improve the aquatic resources utilization rate and pollution reduction, while 114 

exploring the potential application value of these bioactive components in the field of food 115 

and medicine  116 

2. Effect of fat from fish-sources on gut microbiota 117 

Dietary fat is one of the most important nutrients for the human body as it provides energy 118 

and is basic for human nutrition and the development of some metabolic functions (Pateiro et 119 

al., 2019). It is mainly obtained by the consumption of animal-derived foods, nuts and edible 120 

vegetable oil (Suwapat et al., 2018). Most of the fat in the diet exists in the form of 121 

triacylglycerol, which contains three fatty acids combined with the main chain of glycerol. 122 

According to chain lengths and the number of saturations, fatty acids can be divided into 123 

saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty 124 

acids (PUFA).  125 
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Fat in diet has a significant role in GM that could vary depending on the type of fatty acid 126 

(Wolters et al., 2019). For instance, through dietary intervention, it was found that PUFA rich 127 

in ω-3 have been associated with increased levels of lactic acid bacteria and Bifidobacterium 128 

spp. in the intestine while SFA were suggested to disrupt the balance between the GM 129 

microbial components, increasing some genera such as Bilophila or Bacteroides, thus 130 

promoting inflammation (Noriega et al., 2016; Shin et al., 2015). On the other hand, by 131 

analyzing the microbial composition of women’s diet and feces during pregnancy, the 132 

authors observed that high MUFA diet over a long period affected GM richness and 133 

diversity, increasing the relative abundance of Salmonella spp., with possible negative 134 

effects (Roÿtiö et al., 2017). Dietary fats from other different sources have been shown to 135 

have an effect on GM. For instance, the role of olive oil on anti-inflammatory activity and 136 

regulatory effect of arterial pressure by affecting GM was recently reviewed (Gavahian et al., 137 

2019). On the other hand, the impact of sweet orange essential oil and kiwi seed oil as 138 

dietary additives to reduce the proportion of Bacteroides to suppress obesity was shown (Li, 139 

Wu, Dou, Guo, & Huang, 2018; Qu et al., 2019). In addition, corn oil, linseed oil, etc. have 140 

been also reported (Awoyemi, Trøseid, Arnesen, Solheim, & Seljeflot, 2019; Zhu et al., 141 

2020). 142 

Marine organisms are rich in ω-3 PUFA such as eicosapentanoic (EPA) and 143 

docosahexanoic acid (DHA) (Rai et al., 2013; Shen et al., 2020). Both ω-3 PUFA have been 144 

proven to have positive effects on the human host such as anti-inflammatory activity, obesity 145 

alleviation and reduction of the incidence of cardiovascular disease (Monk et al., 2019) 146 
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(Table 1). Besides, they could also affect the structure and composition of GM (Imamura et 147 

al., 2016; Zhang et al., 2018). In a study conducted by Monk et al., the effects of fish oil on 148 

the intestinal environment, including GM composition and epithelial barrier, were explored 149 

using male mice fed by high-fat diet (Monk et al., 2019). The results showed that, compared 150 

with a simple high-fat diet meal, a high-fat diet supplemented with fish oil feeding reduced 151 

the proportion of Firmicutes and increased proportions of Bacteroidetes phylum. Also, the 152 

barrier function of the intestinal epithelium and oral glucose tolerance were improved after 153 

using fish oil rich in ω-3 PUFA, thus the authors concluded that the addition of fish oil could 154 

improve intestinal health and metabolic dysfunction associated with obesity.  155 

Similarly, other authors have investigated the effects of fish and krill oils as dietary 156 

supplements to reduce weight gain in mice on a high-fat diet (Cui et al., 2017; Han et al., 157 

2018). It has been reported that mice receiving dietary supplements of fish oil and krill oil 158 

gained less weight, and gradually reduced their liver index and total cholesterol, being the 159 

effect greater on male mice than female mice.  160 

On the other hand, the effect of fish or algal oils on the structure of GM has also been 161 

studied by different authors. For example, Balfegò et al. (2016) explored the effect of a 162 

sardine-rich diet (6 weeks) on type 2 diabetes and compared it with a normal diet. They 163 

observed that the addition of sardines reduced the ratio of Phytoplankton/Bacteroidetes. In 164 

another work, the addition of fish oil rich in ω-3 PUFA significantly changed the GM 165 

composition in mice, which may partially explain the health effects of the fish oil addition 166 

(Yu et al., 2014).  167 
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In order to investigate the effects of ω-3 PUFA intake on mothers and their offspring, 168 

Robertson et al. fed pregnant female mice and their male offspring with ω-3 PUFA from 169 

microalgae, and assessed the cognitive and social skills of the male offspring. The analysis 170 

showed that the addition of ω-3 PUFA triggered slight changes in the behavior of the 171 

offspring and showed strong cognitive modulation ability (Robertson et al., 2017). In 172 

addition, Firmicutes to Bacteroidetes phylum ratio increased as well as the abundance of the 173 

genus Bifidobacterium (Actinobacteria phyla) and Lactobacillus (Firmicutes phyla). The use 174 

of PUFA of algae (Spirulina) as a dietary supplement to high-fat diet, triggered the inhibition 175 

of hepatic lipid accumulation and steatosis, as well as the reduction of relative abundance of 176 

Turicibacter, Clostridium_XIVa, and Romboutsia genus, which were positively associated 177 

with lipid metabolism (Li et al., 2019). Therefore, the authors suggested spirulina could be 178 

used as a functional food to improve lipid metabolism disorders.  179 

Fish oils have also been suggested to have an effect on intestinal disorders. For example, 180 

an elderly population was fed with a diet supplemented with fish oil (12 weeks) (with and 181 

without HIV) and the gut barrier function and inflammatory factors related to tract were 182 

determined (Zhang, Xia, Lu, & Sun, 2018). The results showed that the addition of fish oil 183 

could reduce inflammation and intestinal permeability. In summary, fish and algae oils have 184 

been suggested to have a positive role in regulating the structure and composition of GM as 185 

well as alleviating some symptoms of obesity and other diseases. 186 

3. Effect of protein on gut microbiota 187 
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Dietary proteins, being an important source of nitrogen, can provide energy for the human 188 

body apart from being involved in several physiological functions. Indeed, proteins can be 189 

also used as fermentation substrate for GM (Esteghlal et al., 2019). The amount of protein 190 

that enters the intestine depends on protein intake and digestibility. Regarding this, about 191 

6~18 g of nitrogen-containing compounds are obtained daily from the diet, in addition to a 192 

small amount of endogenous nitrogen-containing compounds (Yao et al., 2016). Undigested 193 

and endogenous proteins can be fermented by GM in the intestine to produce a wide range of 194 

metabolites, including SCFAs, branched-chain fatty acids (BCFAs), ammonia, indole, 195 

N-nitroso compounds, sulfur metabolites, etc.  196 

The amount of these metabolites is also related to the ratio of carbohydrate to nitrogen 197 

(Portune et al., 2016). The bacteria can degrade the proteins into smaller peptides, which will 198 

be further metabolized. In the colon, carbohydrate fermentation produces SCFAs, which are 199 

quickly absorbed by the colon and have been described to have beneficial effects on the host. 200 

At the end of the colon, where the pH increases, the protein fermentation becomes more 201 

active. The SCFAs, which are fatty acids produced by the fermentation of branched-amino 202 

groups, are metabolic products of colonic microorganisms with phenol and indole, and their 203 

excretion can be used to evaluate the fermentation of protein in the intestine (Yang et al., 204 

2020). These metabolites are related to the mucosal function of the intestinal tract and can 205 

interact with mucosal cells (Le Leu & Young, 2007). In addition, since protein fermentation 206 

is more active at the end of the large intestine, it may be associated with diseases such as 207 

colon cancer (Windey et al., 2012).  208 
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Marine products are rich in protein (Table 2), such as fish and algae, which are less 209 

restricted by cultivated land, which makes them especially relevant for commercialization 210 

(Aiello et al., 2019; de Boer et al., 2020; Ganesan et al., 2020). Limited evidence has been 211 

reported on the effect of aquatic product- protein derived on human GM. Fish or algae 212 

protein have been used as feed for fish breeding to explore its influence on the growth of 213 

artificially farmed juvenile barramundi (Siddik et al., 2020). Xie et al. (2019) used a 214 

bleomycin-induced pulmonary fibrosis model to determine the role of phycocyanin from 215 

Spirulina in vivo studies. The results showed that phycocyanin reduced lung fibrosis, and 216 

reduced the relative abundance of pro-inflammatory in parallel to an increased on GM 217 

diversity and richness and also, an increase on the total concentration of SCFAs (Xie et al., 218 

2019).  219 

In related studies, the effect of glycosylated fish protein on rats GM has also been 220 

explored (Han et al., 2018). The Maillard reaction between protein and reducing sugar causes 221 

the glycosylation of the protein, triggering the loss of essential amino acids and the 222 

decreasing of protein digestibility. Thus, there may be an increase in protein entering the 223 

colon and being fermented by microbes. At the same time, glycosylation of proteins is also a 224 

chemical modification method, which can change the function of proteins to a certain extent. 225 

The intermediate product of the Maillard reaction may be used by GM and could affect it 226 

(Delgado-Andrade & Fogliano, 2018).  227 

In the study of Han et al., mice were fed with different fish proteins (heated fish protein, 228 

and glycosylated fish protein) and mice fed with glycosylated fish protein showed a 229 
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reduction in the weight gain, in the colonic protein fermentation and in Escherichia-Shigella 230 

and Fusobacterium abundances. However, is the same group an increased on the butyrate 231 

levels and also, on the relative abundance of Allobaculum, Akkermansia, Turicibacter genera 232 

were observed (Han et al., 2018). It has been studied the impact of heating times (24 h and 48 233 

h, 50 °C) on the fermentation characteristics of glycosylated fish protein. Higher abundance 234 

of Lactococcus spp. in the mice intestine were observed at 48 h (71%) compared to those 235 

observed at 24 h (47%) (Han et al., 2018). In addition, the glycosylated fish protein heated for 236 

48 h triggered a higher increase in the relative abundance of the Streptococcus and 237 

Enterococci spp. than that heated for 24 h. The glycosylation of fish protein also reduces the 238 

production of ammonia and indole.  239 

Bioactive peptides are also studied as the constituent fragments of protein. In Wang’s 240 

research, Walleye pollock skin was used as the object to enzymatically hydrolyzed produce 241 

collagen peptides with a molecular weight between 500 and 5000 (Wang, Lv, Zhao, Wang, 242 

& He, 2020). Studies have found that collagen peptides not only have anti-obesity effects, 243 

but also can regulate the overall composition of the GM in mice and increase the relative 244 

abundance of specific genus as Lactobacillus and Akkermansia and decrease the abundance 245 

of pro-inflammatory bacteria (S. Wang et al., 2020). In addition, Han et al. (Han et al., 2020) 246 

also screened out antioxidant peptides in tuna roe and found that they could inhibit the 247 

release of pro-inflammatory cytokines in mice models and increase the abundance of 248 

3-indolepropionic acid and SCFAs has and also, influence the GM. In addition to protein 249 

from aquatic products, mung bean protein and tartary buckwheat protein have been also 250 
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found to relieve obesity and improve cholesterol metabolism by regulating GM (Nakatani 251 

et al., 2018; Zhou et al., 2018). 252 

4. Effect of Polysaccharides on Gut Microbiota 253 

Carbohydrates and polysaccharides comprise a large part of people’s daily diet and dietary 254 

intakes affecting the structure and function of GM (Table 3). Simple carbohydrates (such as 255 

starch and monosaccharides) in the diet can be directly digested and absorbed by the body. 256 

More complex carbohydrates (non-starch and resistant starch), that are resistant to human 257 

digestive enzymes, are not absorbed in the upper digestive tract and reach the distal 258 

gastrointestinal tract (Leong et al., 2019). These indigestible carbohydrates can be used as 259 

potential prebiotics compounds as they could be used by GM (Gibson et al., 2017). favoring 260 

specific bacteria and resulting in the production of SCFAs, which have a positive effect on 261 

improving glycometabolism, obesity, diabetes, among others (Nie et al., 2019). As a kind of 262 

abundant macromolecular compounds found in nature, polysaccharides have a wide range of 263 

sources. Apocynum venetum leaves, Aralia echinocaulis, mushrooms, fungus and other 264 

polysaccharides from multiple sources have been proven to be an important source of energy 265 

for GM, improving the structure of GM and alleviating diseases (Li, Dai, Wang, & Wang, 266 

2021; Yin et al., 2020; Zhang, Zhao, Xie, & Liu, 2020). The polysaccharides in aquatic 267 

products are distributed among algae, animals and microorganisms. Algae- (fucoidans, 268 

alginate) and animal-derived (chitin and chitosan) polysaccharides have been shown to 269 

improve intestinal health, regulate blood sugar and alleviate diseases such as metabolic 270 

syndrome (Mets) (Tang & Hazen, 2014) (Table 3, Fig 2). 271 
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4.1 Algae-derived polysaccharides 272 

Seaweeds, which are widely distributed around the oceans, constitute an important source of 273 

polysaccharides, some of them similar to those from terrestrial plants (Gullón et al., 2020; 274 

Roohinejad et al., 2017). The content of polysaccharide in seaweed is about 20~75 % and its 275 

type varies also among the different seaweeds (Wells et al., 2017). For example, brown algae 276 

contain alginates, laminarin and fucoidan, while red algae contain agarose and porphyran. 277 

Some of them have been shown to resist enzymatic degradation in the stomach and small 278 

intestine, to promote the growth of some components of GM and to improve intestinal health 279 

(Jesumani et al., 2019). 280 

Alginate, which is a structural polysaccharide, is a common component of the cell wall 281 

and it is commonly used in the food and pharmaceutical industries (Taemeh et al., 2020) due 282 

to its good physical and chemical properties as well as its beneficial effects on the intestinal 283 

environment. Different studies have shown that alginate can improve Mets in many ways. As 284 

a dietary supplement, it can increase satiety and reduce energy intake (Wang et al., 2018). 285 

Other benefits have also been reported including the regulation of postprandial blood glucose 286 

levels by delaying gastric emptying and interfering with digestion (Georg Jensen et al., 287 

2013). Furthermore, it can be also fermented by specific GM to increase the concentration of 288 

SCFAs (Hoebler et al., 2000).  289 

Bai et al. (2017) obtained alginate from Pseudomonas aeruginosa PAO1 mutant and 290 

alginate was used as the sole carbon source of the culture medium for batch fermentation in 291 

vitro to evaluate the degradation and utilization of alginate by human fecal samples. After in 292 
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vitro fermentation, SCFAs yield in bacterial alginate was similar and higher than that in a 293 

starch medium. The results showed that both algae and bacterial-source alginate could be 294 

degraded by human GM.  295 

Interestingly, the potential use of alginate against pathogen infections are getting interest  296 

(Kuda et al., 2017). Different studies have explored the effects of alginate on the adhesion 297 

and invasion of Salmonella Typhimurium in human enterocyte-like HT-29-Luc cells and 298 

also, in  BALB/c mice model (Bai et al., 2017), observing that supplementation of high and 299 

low concentrations of alginate could alleviate liver and spleen infection in mice and had 300 

immunomodulatory effects. Moreover, different researches have explored the effect of 301 

polymannuronic acid, one of the alginates, on the body weight and inflammation caused by 302 

high sucrose diets in mice as well as the effect of GM. Polymannuric was observed to 303 

increase the bacterial richness and has potential as a personalized therapy (Liu et al., 2017).   304 

On the other hand, fucoidan is a type of sulfated polysaccharide also present in brown 305 

seaweed whose biological activities are determined by their different sources (Zheng et al., 306 

2021). As a highly sulfated molecule, it cannot be degraded by human digestive enzymes or 307 

used by GM. But it can still play a prebiotic-like role to regulate intestinal ecology (Wang et 308 

al., 2018). In this regard, the inclusion of fucoidan in the diet has been reported to increase the 309 

concentration of gut SCFAs (Zaporozhets et al., 2014) and has been suggested to prevent and 310 

treat a variety of diseases (Shang et al., 2018). Kelp and sarcoidum on diet-induced Mets 311 

were investigated and the results showed that both types of seaweed polysaccharides reduced 312 

body weight, blood sugar and systemic inflammation. Moreover, fucoidan can enrich the GM 313 
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in beneficial microorganisms to human host health, such as Akkermansia muciniphila and 314 

SCFAs producers, and can be used as a functional food to Mets (Shang, Song, et al., 2017). It 315 

is worth noting that not all fucoidan would act on GM, and further research should be carried 316 

out to investigate the different effects of fucoidan on GM.  317 

Laminarin is also one of the most studied seaweed polysaccharides. As a linear 318 

polysaccharide, it is easier to ferment than alginate. Researchers evaluated the effects of 319 

alginate, fucoidan and laminarin on GM in rats (An et al., 2013). Laminarin has been 320 

described to increase the diversity of GM and may regulate intestinal metabolism by 321 

influencing mucus production (Y. Cui et al., 2020). Indeed, laminarin in the diet could 322 

stimulate the growth of Lactobacillus spp. in the gut, possibly improving intestinal health. 323 

In addition to the algae polysaccharides mentioned above, some aquatic carbohydrates 324 

have also been studied (Wang et al., 2018). Polysaccharides extracted from green algae have 325 

also been used as drugs to treat diseases such as obesity (Tang, Gao, Wang, Wen, & Qin, 326 

2013; Zhang et al., 2017). Agarose and porphyrins found in red seaweed that cannot be 327 

digested by human body enzymes. Some studies have shown that agarose oligosaccharides 328 

could have a prebiotic effect promoting the growth of Bifidobacterium and Lactobacillus 329 

genus, both considered beneficial bacteria (Suwapat et al., 2018). Regarding this, the 330 

presence of carrageenan in the diet significantly reduced the number of anti-inflammatory 331 

bacteria in the gut, suggesting that further research into the potential adverse effects of 332 

carrageenan (Shang, Sun, et al., 2017).However, some algae polysaccharides have also been 333 

reported to have adverse effects on GM (Sun et al., 2019).  334 
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4.2 Animal-derived polysaccharides  335 

Polysaccharides, including chitin, chitosan, chondroitin, etc. are found in many marine 336 

animals, such as fish, mollusks and shellfish. They have been observed to confer some 337 

protection to obesity and cardiovascular diseases (Shang et al., 2018). Chitin is a structural 338 

polysaccharide found in crustaceans and consists of linear β-1,4-linked 339 

N-acetylglucosamine. It is produced after partial or complete deacetylation of chitin, which is 340 

the most abundant polysaccharide in clams and shrimps, among others (Tao et al., 2020). 341 

Both chitin and chitosan cannot be metabolized by human digestive enzymes, but they can be 342 

used as potential GM regulators triggering the increment of SCFAs concentration. Chitin has 343 

been used in aquaculture and is considered a fish health promoter (Askarian et al., 2012). On 344 

the other hand, chitosan is widely used because of its beneficial effect on GM, which differs 345 

according to its molecular weight. Moreover, chitosan has been used as an antibacterial 346 

agent, as well as to reduce the release of tumor necrosis factor and interleukin and lowering 347 

blood sugar and improving glucose tolerance (Liu et al., 2015).  348 

Guan et al. fed mice with chitosan for 14 consecutive days, chitosan was also reported to 349 

have the ability to shape the mice GM, towards an increase in the Bacteroidetes phylum and a 350 

decrease in the relative proportion of Firmicutes phylum, (Guan et al., 2016). Chitosan has 351 

also been found to inhibit oxidative stress by the regulation of GM structure (Zhu et al., 352 

2020). Besides, chitosan has been shown to improve diabetes and suppress obesity by the 353 

reduction of weight gain in mice, the increase of serum leptin levels also influencing the 354 

inflammation associated with a high-fat diet (Tang et al., 2020)  355 
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On the other hand, chondroitin sulfate (CS) is a sulfated glycosaminoglycan that can be 356 

obtained from shark cartilage. Because of its special structure, four different types have been 357 

described, namely CSA, CSC, CSD and CSE (Abdallah et al., 2020). As a dietary 358 

supplement, CS can be degraded by GM (Shang et al., 2016). CS and its oligosaccharides 359 

were found to regulate the GM in mice, increasing the relative abundance of Lactobacillus, 360 

Odoribacter and Prevotellaceae. In addition, CSA has been reported to be metabolized by 361 

various microorganisms in the intestinal tract with different degradation rates among them 362 

(Shang et al., 2016). 363 

The fucosylated chondroitin sulfate (FCS) extracted from the wall of sea cucumber is 364 

similar to the core skeleton of CS. Studies have shown that FCS, as a biologically active 365 

substance, plays a significant role in preventing obesity and diabetes. FCS has been reported 366 

to inhibit the deposition of mesangial matrix and the expansion of interstitial tubules, 367 

relieving cell damage in diabetic rats, and thus, it has been proposed as a potential functional 368 

drug (Gomes et al., 2014). Similarly, FCS has been administered to mice on a high-fat, 369 

high-protein diet, and the results showed that it can effectively relieve obesity, 370 

hyperglycemia, and inflammation, reducing the proportion of Bacteroidetes and increasing 371 

the abundance of Porphyromonadaceae and Barnesiella genus. Therefore, it has been 372 

suggested to be further developed to prevent GM alterations and metabolic syndrome (Mets) 373 

(Li et al., 2019).  374 

In addition, other animal-derived polysaccharides have also been studied, such as squid 375 

ink polysaccharides (SIP) isolated from squid ink as well as abalone polysaccharides 376 
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contained in abalone. The biological activities of SIP have been confirmed, such as 377 

anti-tumor, antioxidant, anti-coagulant activity, etc. (Gao et al., 2014). SIP has been observed 378 

to reduce the relative abundance of Ruminococcus, Bilophila and Mucispirillum genus, 379 

which may cause intestinal inflammation (S. Lu et al., 2016) and to enhance intestinal 380 

mucosal immunity (Zuo et al., 2016). Sulfated polysaccharides contained in abalone have 381 

also been shown to affect the GM, reduce the ratio of Firmicutes phylum/Bacteroides phylum 382 

and change the overall GM structure, which also have an impact on nutrient absorption and 383 

energy metabolism (Ai et al., 2018; Liu et al., 2019). Compared with algae-derived 384 

polysaccharides, animal-derived polysaccharides may be more at risk of contamination and 385 

deserve attention. 386 

4.3 Other microorganisms 387 

In addition to animals and algae, there are many microorganisms in the ocean water, 388 

including fungi, bacteria, viruses and phages, which have been found to contain biologically 389 

active compounds. It has been proven that α-D-glucan extracted from Phoma herbarum 390 

YS4108 (a marine fungus) can increase the content of butyric and isovaleric acid produced by 391 

GM, and can be used as a potential adjuvant therapy in the ulcerative colitis treatment (Liu et 392 

al., 2020).  393 

Spirulina polysaccharides were reported to have a significant effect on the GM, showing 394 

an increased relative abundance of beneficial bacteria, such as Akkermansia, Lactobacillus, 395 

Butyricimonas genera, thus they could be considered as a useful strategy for the treatment of 396 

constipation (Ma et al., 2019). Moreover, other aquatic polysaccharides may play a role in 397 
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regulating GM composition and have a positive effect on the treatment and prevention of 398 

obesity, diabetes, and hyperlipidemia (Ma et al., 2019). 399 

Comparing these three compounds, most polysaccharides cannot be directly digested 400 

and absorbed by the human body to reach the distal colon because the human body lacks 401 

carbohydrate active enzymes (G. Chen et al., 2018). Polysaccharides are converted into 402 

fermentable polysaccharides in the intestine and produce SCFAs and other metabolites, 403 

which have a positive impact on the host (Song et al., 2020). Then, dietary fat is also 404 

important for regulating the composition of GM, being saturated and unsaturated fatty acids 405 

the opposite effect on GM. For instance, saturated fatty acids reduce the content of 406 

probiotic, while PUFA can increase the relative abundance of Bifidobacterium and 407 

Lactobacillus genus (Yang et al., 2020). After the undigested endogenous protein is 408 

degraded by GM, in addition to generating SCFAs, a series of other compounds were also 409 

produced (such as indoles and amines). In the intestine, they can be combined with 410 

macromolecules in the colon to disrupt the balance of GM (Ramos & Martín, 2021). 411 

In addition, the effects of other active compounds on GM have also been suggested. Sun et 412 

al. studied the effect of fucoxanthin in brown algae on high-fat diet mice (Sun et al., 2020) 413 

and they showed that the addition of fucoxanthin could inhibit the growth of the microbial 414 

families Lachnospiraceae and Erysipelotrichaceae, which are related to inflammation, and 415 

promote the growth of potential beneficial bacteria as Lactobacillus and Bifidobacterium 416 

genus. Therefore, dietary fucoxanthin could have the potential to reduce obesity and 417 
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inflammation by its effect on GM. The impact of other high-added-value components from 418 

aquatic sources on GM has been less studied. 419 

5. Perspectives 420 

Marine life is rich in high-added-value components, which would shape and modulate the 421 

GM. Furthermore, the dietary supplementation of high-added-value compounds may reduce 422 

the risk of specific diseases linked to GM dysbiosis such as Mets, obesity, diabetes, etc., and 423 

at same time, would have an impact on the immune regulation and intestinal homeostasis. 424 

Evidence is showing that diet with fish oil rich in ω-3 PUFA can improve intestinal health 425 

and alleviate the metabolic dysfunction associated with obesity. In addition to providing 426 

energy for the human body, protein and carbohydrate supplementation can also increase the 427 

relative abundance of beneficial bacteria (Lactobacillus, Bifidobacterium, etc.) and the 428 

concentration of SCFAs in the intestine. The intake of polysaccharides can increase the 429 

beneficial bacteria in the intestine, thereby reducing diseases related to sugar metabolism. 430 

Although it has been proved that the high-added-value components have a positive effect on 431 

GM, the results currently obtained mostly use animals as experimental models, and there are 432 

few experiments to test its efficacy through human clinical trials. Due to the complexity of 433 

the GM, the structure of high-added-value components and the complexity of their 434 

physiological functions, etc., may affect the results. In addition, most studies have been 435 

focused on the effects of polysaccharides, fats and proteins on GM, and the effects of other 436 

high-added-value components from aquatic products, such as polyphenols, on GM are rarely 437 

studied. This review also focuses on the impact of these three compounds on GM and host 438 
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health, there are few other compounds introduced. In the future, exploring the digestive 439 

behavior of high-added-value components of aquatic life in the intestine and the exact 440 

molecular mechanism of their interaction with GM needs to be more clarified. The effect of 441 

the interaction between high-added-value components on human health needs to be further 442 

studied. It is foreseeable that the application of high-added-value components as functional 443 

ingredients in food and medicine can be used as a new perspective to regulate GM, which can 444 

improve health while reducing the waste of high-added-value components. However, the 445 

available information about them and the possible impact on human health is still scarce and 446 

further research is needed. 447 
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Figure captions: 932 
 933 

Fig 1. Role of ocean-source derived nutrients such as fat, protein and polysaccharides and 934 

their potential effect on the gut microbiota composition and diversity. Images for 935 

“Anti-inflammatory activity” and “reduction hyperlipidemia” are from Wikimedia 936 

(commons.wikimedia.org). 937 

Fig 2. The interaction amongst high value-added products, gut microbiota, and host health. 938 
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Table 1. Effects of marine fat on gut microbiota (GM) 1 

Source Methods Study Microbiota analysis Daily dosage Effects on GM Ref. 

Menhaden 
fish oil 

high-fat diets were 
supplemented with fish oil  

mice 
Fecal samples 

16S rRNA 
sequencing 

60% /5.3 % 
kcal fat 

fish oil ↑ Bacteroidetes phyla, improved the barrier 
function of intestinal epithelial cells, and alleviated the 

metabolic dysfunction associated with obesity. 
(Monk et al., 2019) 

Fish oil 
fish oil, soybean and lard 

oil were compared 
mice 

Fecal samples 
16S rRNA 
sequencing 

15 % fat diet 
30 days 

fish oil diet ↑bile acids in feces ↑relative abundance of 
Firmicutes. 

(Hosomi et al., 2019) 

Sardines 
fish oil 

Patients with type 2 
diabetes were given a 

sardine diet 
human 

Fecal samples 
Quantitative PCR 

100 g, 5 
day/week 

↓ ratio Phytoplankton/Bacteroidetes 
(Balfegò et al., 2016) 

 

Fish oil 
high levels of fish oil (40 

and 27 %) were 
supplemented 

mice  
Fecal samples 

16S rRNA 
sequencing 

5 mg/kg 
10 mg/kg/day 

fish oil ↓Helicobacter, Uncultured bacterium 
Clone WD2_aaf07d12 (GenBank: EU511712.1), 

Clostridiales bacterium  
(Yu et al., 2014) 

Fish oil 
fish oil and soybean oil as 

contrast 
mice 

Fecal samples 
16S rRNA 
sequencing 

1.6 fish 
oil/100 g of 

diet 

↓ ratio of E. coli and Escherichia, inhibiting 
inflammatory bowel diseases. 

(Yamamoto et al., 
2018) 

Fish oil 
fish and lard oil were 

added into the diet make a 
comparison 

mice 
Cecal samples 

16S rRNA 
sequencing 

45 % kcal fat 
11 weeks 

↑the relative abundance of Akkermansia and 
Lactobacillus genus in the cecal of mice  

(Caesar et al., 2015) 

Fish/Krill 
oil 

high-fat diets were 
supplemented with 

fish/krill oil 
mice 

Fecal samples 
16S rRNA 
sequencing 

10/40 % kcal 
fat 

12 weeks 

↓weight gain, liver index and total cholesterol in high-
fat mice, 

↓the ratio of Firmicutes to Bacteroidetes 
(Cui et al., 2017) 

Krill oil different doses of krill oil  mice 

Ileum and colon 
samples 

16S rRNA 
sequencing 

100, 200, 600 
mg/kg/day 

↑the relative abundance of Bacteroidales and 
Lactobacillales 

(Lu et al., 2018) 
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Table 1. (cont). 

Source Methods Study Microbiota analysis Daily dosage Effects on GM Ref. 

Tuna/ 
Algae oil 

fish oil and algae oil 
were supplemented 

mice 
Fecal samples 

16S rRNA 
sequencing 

600 
mg/kg/day 
12 weeks 

↑the learning and cognitive abilities of mice. (Zhang et al., 2018) 

Microalgae 
oil 

Pregnant female mice 
and male offspring were 

fed microalgae oil 
mice 

Fecal samples 
16S rRNA 
sequencing 

 
 
 

↑the relative abundance of Bifidobacterium and 
Lactobacillus genus in feces of mice, and showed 

stronger cognitive ability. 
(Robertson et al., 2017) 

PUFA 
from 

Spirulina 
platensis  

The lipid metabolism of 
mice was evaluated. 

mice 
Liver tissues 

real time-qPCR 

150 
mg/kg/day 
4/8 weeks 

↓Turicibacter, Clostridium_XIVa, and Romboutsia, 
which were positively associated with lipid 

metabolism. 
(Li et al., 2019) 

*GM: gut microbiota 
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Table 2. Effects of marine proteins on gut microbiota (GM) 2 

3 
Marine 
proteins 

Methods Study 
Microbiota 

analysis 
Daily dosage Effects on GM Ref. 

Phycocianin Phycocyanin was supplemented mice 
Fecal samples 

16S rRNA 
sequencing 

50 mg/kg/day 
↑the relative abundance of 

Bacteroidetes and Actinobacteria 
↓lipopolysaccharide level. 

(W. Li et al., 2020) 

Glycosylated 
fish protein 

glycosylated fish protein was 
fed 

mice 

Cecal and fecal 
samples 

16S rRNA 
sequencing 

 

↓protein digestibility 
↑the abundance of Allobaculum, 

Akkermansia, Lactobacillus 
animalis 

(K. Han et al., 2018) 

Collagen 
peptides 

Collagen peptides were 
supplemented to the diet 

mice 
Fecal samples 

16S rRNA 
sequencing 

40 mg/kg Orlista 
800 mg/kg collagen 

peptides 

↑relative abundance of 
Lactobacillus and Akkermansia  

↓the abundance of bacteria 
associated with intestinal 

inflammation 

(Wang et al., 2020) 

Antioxidant 
peptides 

antioxidant peptides were 
supplemented by gavage 

mice 
Fecal samples 

16S rRNA 
sequencing 

100 mg/kg/day 

↑the abundance of 3-
indolepropionic acid and SCFAs 
↑the abundance of Lactobacillus 
↓the abundance of Helicobacter  

(J. Han et al., 2020) 

Herring milt 
hydrolysate 

(protein: 
47~94 %) 

high-fat diets were 
supplemented with herring milt 

hydrolysate 
mice 

Fecal samples 
16S rRNA 
sequencing 

208.8 mg/kg 
↑the abundance of Lactobacillus  

↓ metabolic associated with 
obesity and inflammatory disease 

(Durand et al., 2020) 

Alaska 
pollock 

protein (APP) 
alaska pollock protein was fed mice 

Fecal samples 
16S rRNA 
sequencing 

15 % fat 
30 days 

↑the relative abundance of 
Lactobacillus, Bacteroides and 

Akkermansia 
(Hosomi et al., 2020) 

Fish muscle 
protein 

lard, soybean protein and fish 
protein were compared 

mice 
Cecal sample 

16S rRNA 
sequencing 

 
fish protein ↓the abundance of 

Bacteroidete 
(Y. Zhu et al., 2015) 

*SCFAs: short-chain fatty acids, GM: gut microbiota 
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Table 3. Effects of marine polysaccharides on gut microbiota (GM) 4 

Source 
Marine 

polysaccharides 
Methods Study 

Microbiota 
analysis 

Daily dosage Effects on GM Ref. 

Algae 

Alginates 

alginates and gut 
microbiota were studied by 

using an in vitro batch 
fermentation system 

human 
Fecal samples 

16S rRNA 
sequencing 

 
↑the relative abundance of 

Bacteroides  
↑the concentration of SCFAs  

(Bai et al., 2017) 

Alginates 
collagen peptides were 

supplemented to the diet 
mice 

Liver and spleen 
samples 

HT-29-Luc cell 
model 

2 % (w/v) 
↓the infection of mice liver and 

spleen of mice was reduced,  
 it plays a role in immunomodulatory 

(Kuda et al., 2017) 

Alginate 
Laminaran 

alginate/ laminaran were 
supplemented to the diet 

mice 
Cecal samples 

16S rRNA 
sequencing 

2 % (w/v) ↑the abundance of Bacteroidetes (Takei et al., 2020) 

Alginate 
Laminaran 

alginate/ laminaran were 
supplemented to the diet 

mice 
Cecal samples 

16S rRNA 
sequencing 

2 % (w/w) 

↑the diversity of bacterial bands, 
GM and its fermentable capacity 
were changed by adding soluble 

fermentable fiber to the diet. 

(An et al., 2013) 

Laminarin 
Fucoidan 

laminarin/fucoidan were 
used as feed 

boars 

Colon samples 
analysis of 

volatile fatty 
acids 

300 ppm Laminarin 
240 ppm Fucoidan 

↓the abundance of Enterobacter spp.  
↑the abundance of Lactobacillus, 

improved intestinal health. 
(Lynch et al., 2010) 

Fucoidan 
fucoidan were 

supplemented to the diet 
mice 

Cecal samples 
16S rRNA 
sequencing 

10/60 % kcal fat 
↓the weight of mice and blood sugar 
↑the abundance of Akkermansia and 

SCFAs 
(Shang et al., 2017) 

Fucoidan 
fucoidan were 

supplemented to the diet 
mice 

Cecal samples 
16S rRNA 
sequencing 

100 mg/kg 
↑the abundance of Bacteroidetes 
↓the abundance of Firmicutes, 

serum total cholesterol was regulated. 
(Chen et al., 2019) 
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Table 3. (cont). 

Source 
Marine 

polysaccharides 
Methods Study 

Microbiota 
analysis 

Daily dosage Effects on GM Ref. 

Animal 

Polymannuronic 
acid 

high-fat diets were 
supplemented with 

polymannuronic acid 
mice 

Fecal samples 
16S rRNA 
sequencing 

150 mg/kg 
↓the inflammation of the colon and 

appendicular tissue ↑the potential probiotic 
spp. in the gut (Lactobacillus reuteri). 

(Liu et al., 2017) 

Neoagarotetraose 
neoagarotetraose were 

supplemented to the diet 
mice 

Fecal samples 
16S rRNA 
sequencing 

 

↑the concentration of SCFAs 
↑the relative abundance of the phylum 

Bacteroidetes 
↓the abundance of the phylum Proteobacteria 

(Zhang et al., 
2017) 

Chitin chitin was used as feed fish 
Digestive tract 

16S rRNA 
sequencing 

5 % the adherent GM was regulated. 
(Askarian et al., 

2012) 

Chitosan 
high-fat diets were 
supplemented with 

chitosan 
mice 

Liver and soleus 
samples 

plasma Glucose, 
insulin, TNF-α 

 ↓weight gain ↑plasma insulin, TNF-α and IL-6 
(Liu, Cai, & 

Chiang, 2015) 

Chitosan 
chitosan was supplemented 

to the diet 
mice 

Colon samples 
16S rRNA 
sequencing 

300 mg/kg 
↑the percentage of Bacteroidetes phylum 

↓the percentage of Firmicutes phylum  
(Guan et al., 

2016) 

Chitosan 
chitosan was supplemented 

to the diet 
mice 

blood and 
gastrocnemius 
muscle tissues 

16S rRNA 
sequencing 

200 mg/kg  
/day 

↓the relative abundance of Helicobacter, 
Blautia 

(Zhu et al., 2020) 

Chitosan 
chitosan was supplemented 

to the diet 
mice 

Cecum and fecal 
samples 

16S rRNA 
sequencing 

5 % 

↑the anti-obseity-related species, such as 
Coprobacillus cateniformis and Clostridium 

leptum, 
↓Clostridium lactatifermentans and 

Clostridium cocleatum 

(Tang et al., 2020) 

Chondroitin sulfate in vitro degradation human 
Fecal samples 

16S rRNA 
sequencing 

150 mg/kg 
the regulation of GM was sex-dependent, 

 ↑the abundance of Lactobacillus, Odoribacter 
and Prevotellaceae 

(Shang et al., 
2016) 
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Table 3. (cont). 

Source 
Marine 

polysaccharides 
Methods Study 

Microbiota 
analysis 

Daily dosage Effects on GM Ref. 

Animal 

Fucosylated 
chondroitin sulfate 

administered 
subcutaneously 

mice 
Kidney samples 
real-times qPCR 

8 mg/kg 
administered 
subcutaneous

ly 

reduce cell damage 
(Gomes et al., 

2014) 

Fucosylated 
chondroitin sulfate 

high-fat diets were 
supplemented with 

fucosylated chondroitin 
sulfate 

mice 
Colon samples 

16S rRNA 
sequencing 

1 mg/kg/day 
40 mg/kg/day 

↑the abundance of Bacteroides 
hyperglycemia, hyperlipidemia and 

inflammation were relieved 
(Li et al., 2019) 

Others 

Squid ink 
polysaccharide 

squid ink polysaccharide 
was supplemented to the 

diet 

mice Fecal samples 
16S rRNA 
sequencing 

200 mg/kg 
50 mg/kg 

↓the abundance of Ruminococcus, Bilophila, 
Oscillospira, Dorea and Mucispirillum, 
inflammatory diseases were alleviated. 

(S. Lu et al., 
2016) 

Sulfated 
polysaccharides of 

abalone gonad 

sulfated polysaccharides 
were supplemented to the 

diet 

mice Fecal and cecum 
samples 
relative 

quantitative PCR 

2 mg/mL 
↑the level of Bacteroidetes 

↓the level of Firmicutes 
(Liu et al., 2019) 

α-D-glucan YCP 

induction of acute colitis 
model and administration 

of YCP 

mice Fecal samples 
16S rRNA 
sequencing 

 
↑the abundance of Bacteroidetes 

↓the abundance of Firmicutes and 
Proteobacteria 

(Liu et al., 2020) 

polysaccharide 
from Spirulina 

platensis 

mouse model of 
constipation was 

supplemented with 
polysaccharide 

mice Intestinal contents 
16S rRNA 
sequencing 

50 mg/kg 
100 mg/kg 

↑the abundance of Akkermansia, 
Lactobacillus, Butyricimonas, Candidatus 

Arthromitus and Prevotella 
(Ma et al., 2019) 

*TNF: Tumor necrosis factor, IL: interleukine, GM: gut microbiota, SCFAs: short-chain fatty acids 5 



Highlights  

 High-added-value compounds (HAVC) from aquaculture could affect gut 

microbiota (GM) 

 HAVC may reduce the risk of some non-communicable diseases by modulating GM 

 Different types of HAVC have different effects on GM composition and activity 

 ω-3 PUFA improves intestinal homeostasis and influences metabolic dysfunction 

 Protein and carbohydrate can regulate the GM composition and its SCFAs 

production  
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