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ABSTRACT  

  

The research exploring the health-promoting and disease-preventive effects of the gut 

microbiota is gaining momentum and any entities to which the gut microbiota sensitively 

respond are now considered valuable tools to exploit and develop new strategies to promote 

systemic health. Substrates for gut fermentation are fundamentally non-digestible dietary 

components and host secretions mainly comprising mucin. Thus, highly digestible protein and 

fat have been considered to have little influence on the shaping of the gut microbiota. However, 

a small amount of non-digestible protein and fat may reach the large intestine, being a potential 

factor affecting bacterial metabolism. In the present study, three experiments were conducted 

using rats and mice to examine whether different sources of protein (soy, meat, fish, milk, and 

egg) and fat (sacha inchi, soybean, olive, lard, canola, and sesame) affect the gut microbiota and 

their metabolism.  

In the first experiment, a total of 60 rats were used in two separate feeding trials. Soy, meat 

(a mixture of beef and pork), and fish proteins were fed to rats with cellulose (CEL) and 

raffinose (RAF) in trial 1, and soy, milk (casein), and egg proteins were given to rats with CEL 

and RAF in trial 2. Egg protein feeding decreased the concentration of acetic acid and the 

richness and diversity of the cecum microbiota. When fed with CEL, the abundances of 

Ruminococcaceae and Christensenellaceae, Akkermansiaceae and Tannerellaceae, and 

Erysipelotrichaceae enhanced with soy protein, meat and fish proteins, and egg protein, 

respectively. The effects of dietary proteins diminished with RAF feeding and the abundance of 

Bifidobacteriaceae, Erysipelotrichaceae, and Lachnospiraceae increased and that of 

Ruminococcaceae and Christensenellaceae decreased regardless of the protein source. These 

results indicate that, although the effect of prebiotics is more robust and distinctive, dietary 

protein sources may influence the composition and metabolic activities of the gut microbiota.  

In the second experiment, six different oils, i.e. sacha inchi, soybean, olive, lard, canola, 

and sesame, were fed to 30 mice. Casein and CEL were used as exclusive protein and fiber 

sources in this trial. No distinctive differences were seen between six oil treatments in the cecum 

short-chain fatty acids concentration, except that lard feeding lowered the propionic acid 

concentration compared with sacha inchi, soybean, and olive oil feedings. The abundances of 



 

Enterobacteriaceae, Mogibecteriaceae, and Peptostreptococcaceae appeared to increase when 

mice fed sacha inchi compared with sesame oil, and the abundance of Ruminococcaceae 

appeared to enhance when mice fed sacha inchi and olive oils compared with soybean oil and 

lard. Meanwhile, six oil treatments exerted substantial changes in lipid metabolism; sacha inchi 

oil feeding lowered the total cholesterol and phospholipid concentrations, while not affecting the 

triglyceride concentrations in the serum and liver. Dietary oils with different fatty acid 

compositions greatly affected lipid metabolism, but the changes may not be mediated via gut 

microbiota and metabolism.  

In the third experiment, mixed effects of dietary protein and oil were examined using 30 

mice. Casein, soy, and egg proteins were chosen as protein sources from the first experiment and 

sacha inchi and canola oils were selected as fat sources from the second experiment. The 

concentration of cecum butyric acid was increased by egg protein than soy protein feeding and 

by sacha inchi oil than canola oil feeding. Although plasma total cholesterol, triglyceride, and 

phospholipid concentrations were not affected by dietary protein and fat sources, the 

concentration of liver total cholesterol was increased by soy protein compared with casein, and 

further increased by egg protein compared with soy protein feeding.  

A number of protein and oil effects on the gut microbiota and metabolism have been shown 

in this study, encouraging further works to gain further insights into the potential of macro- and 

micro-nutrients in facilitating the growth of gut microbiota and mediating healthy metabolic 

homeostasis.  
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CHAPTER 1 

 

GENERAL INTRODUCTION 

  

The research exploring the health-promoting and disease-preventive effects of the gut 

microbiota is gaining momentum. Evidence has shown that the colonization and diversity 

of the gut microbiota are influenced by several factors, including age, genetics, medications 

(antibiotics), geographical location, and mode of delivery at birth. Diet is considered the 

most influential factor in shaping and modulating the gut microbiota. Aside from 

conventional dietary fibers and non-digestible and fermentable oligosaccharides, macro- 

and micro-nutrients that facilitate the growth of gut microbiota and mediate healthy 

metabolic homeostasis have gathered scientific attention. Any entities to which the gut 

microbiota sensitively respond are now considered valuable tools to exploit and develop 

new strategies to promote systemic health.  

Substrates for gut fermentation are fundamentally non-digestible dietary components 

and host secretions mainly comprising mucin. Thus, highly digestible protein and fat have 

been considered to have little influence on the shaping of the gut microbiota. However, a 

small amount of non-digestible protein and fat may reach the large intestine, being a 

potential factor affecting bacterial metabolism. In the present study, three experiments were 

conducted using rats and mice to examine whether different sources of protein (soy, meat, 

fish, milk, and egg) and fat (sacha inchi, soybean, olive, lard, canola, and sesame) affect the 

gut microbiota and their metabolism. The objective was to clarify dietary factors that affect 

the gut microbiota and explore improved dietary manipulation of healthy metabolic 

homeostasis through the gut microbiota.  

In the first experiment, a total of 60 female Wistar rats were used in two separate 

feeding trials. Soy, meat (a mixture of beef and pork), and fish proteins were fed to rats 

with cellulose (CEL) and raffinose (RAF) in trial 1, and soy, milk (casein), and egg proteins 

were given to rats with CEL and RAF in trial 2. Egg protein feeding decreased the 

concentration of acetic acid and the richness and diversity of the cecum microbiota. RAF 

feeding increased the concentrations of acetic and propionic acids and decreased the 
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richness and diversity of the cecum microbiota. When fed with CEL, the abundances of 

Ruminococcaceae and Christensenellaceae, Akkermansiaceae and Tannerellaceae, and 

Erysipelotrichaceae enhanced with soy protein, meat and fish proteins, and egg protein, 

respectively. The effects of dietary proteins diminished with RAF feeding and the 

abundance of Bifidobacteriaceae, Erysipelotrichaceae, and Lachnospiraceae increased and 

that of Ruminococcaceae and Christensenellaceae decreased regardless of the protein 

source. These results indicate that, although the effect of prebiotics is more robust and 

distinctive, dietary protein sources may influence the composition and metabolic activities 

of the gut microbiota. The stimulatory effects of soy, meat, and egg proteins on 

Christensenellaceae, Akkermansiaceae, and Erysipelotrichaceae deserve further 

examination to better elucidate the dietary manipulation of the gut microbiota.  

In the second experiment, six different oils, i.e., sacha inchi, soybean, olive, lard, 

canola, and sesame, were fed to 30 female C57BL/6 mice at the level of 100g/kg diet. 

Sacha inchi, soybean, and sesame oils are known to be more in polyunsaturated linoleic and 

linolenic acids, olive and canola in monosaturated oleic acid, and lard in saturated palmitic 

and stearic acids. Casein and CEL were used as exclusive protein and fiber sources in this 

trial. No distinctive differences were seen between six oil treatments in the cecum short-

chain fatty acids concentration, except that lard feeding lowered the propionic acid 

concentration compared with sacha inchi, soybean, and olive oil feedings. The abundances 

of Enterobacteriaceae, Mogibecteriaceae, and Peptostreptococcaceae appeared to increase 

when mice fed sacha inchi compared with sesame oil, and the abundance of 

Ruminococcaceae appeared to enhance when mice fed sacha inchi and olive oils compared 

with soybean oil and lard. These changes, however, did not account for the changes in the 

cecum propionic acid concentration. Meanwhile, six oil treatments exerted substantial 

changes in lipid metabolism; sacha inchi oil feeding lowered the total cholesterol and 

phospholipid concentrations, while not affecting the triglyceride concentrations in the 

serum and liver. The findings that relative mRNA expression of 3-hydroxy-

3methylglutaryl-CoA reductase decreased and that of fatty acid synthase was unaffected by 

sacha inchi oil feeding could support the changes in liver lipid concentrations. Dietary oils 
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with different fatty acid compositions greatly affected lipid metabolism, but the changes 

may not be mediated via gut microbiota and metabolism.  

In the third experiment, mixed effects of dietary protein and oil were examined using  

30 female C57BL/6 mice. Casein, soy, and egg proteins were chosen as protein sources 

from the first experiment and sacha inchi and canola oils were selected as fat sources from 

the second experiment. The concentration of cecum butyric acid was increased by egg 

protein than soy protein feeding and by sacha inchi oil than canola oil feeding. Gut 

microbiota assessment by 16S rRNA gene amplicon sequencing has not been completed yet, 

but preliminary evaluation by denaturing gradient gel electrophoresis indicated that egg 

protein feeding differentiated the cecum microbiota compared with casein and soy protein 

feedings. Moreover, although plasma total cholesterol, triglyceride, and phospholipid 

concentrations were not affected by the sources of dietary protein and fat, the concentration 

of liver total cholesterol was increased by soy protein compared with casein, and further 

increased by egg protein compared with soy protein feeding. A possible relationship 

between lipid metabolism and gut microbiota alterations is examined, together with relative 

mRNA expression of lipid metabolism-related enzymes.  

Although a number of protein and oil effects on the gut microbiota and metabolism 

have been shown in this study, a short-term feeding with restricted data on the cecum 

parameters could not indicate whether these changes may prevent or provoke chronic 

diseases and metabolic disorders. Considering the negative association of Akkermansiaceae 

with intestinal disorders and lipidemic imbalance and marked alterations of lipid 

metabolism by sacha inchi oil feeding, long-term feeding schedules targeting lipid 

metabolism and gut microbiota associations are required. Moreover, the protein effects on 

the concentration of short-chain fatty acids in the cecum may necessitate the detailed 

examination of protein metabolites such as polyamines, hydrogen sulfide, and phenolic and 

indole compounds. This study has encouraged further works to gain insights into the 

potential of macro- and micro-nutrients in facilitating the growth of gut microbiota and 

mediating healthy metabolic homeostasis.  
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CHAPTER 2 

 

LITERATURE REVIEWS  
  

Nowadays, besides the basic role of nutrition consisting of the supply of necessary 

nutrients for the growth and development of the organism, some additional aspects are 

becoming increasingly important, including maintaining health and counteracting diseases. 

In the world of highly processed food, particular attention is drawn to the composition and 

safety of consumed products. The quality of food is very important because of, i.e., the 

problem of food poisoning, obesity, allergy, cardiovascular diseases, and cancer—the 

plague of the 21st century.  

 

2.1 Gut microbiota  

Gut microbiota plays a significant role in host metabolic processes (e.g., the regulation 

of cholesterol absorption, blood pressure (BP), and glucose metabolism), and recent 

metagenomic surveys have revealed that they are involved in host immune modulation and 

that they influence host development and physiology (organ development). The human 

intestines are inhabited by complex microbial communities called the gut microbiota, and 

the number of these microbes has been estimated to exceed 1014. Studies on humans and 

animal models have reported the role of gut microbiota in human health [1]. The gut 

microbiota has many important functions in the body, including supporting resistance to 

pathogens, affecting the immune system [2-3], playing a role in digestion and metabolism 

[4], controlling epithelial cell proliferation and differentiation [5], modifying insulin 

resistance and affecting its secretion [6], and affecting the behavioral and neurological 

functions of the host [7-9]. The gut microbiota regulates many metabolic processes in the 

host, including energy homeostasis, glucose metabolism, and lipid metabolism [10]. 

Microbial imbalance, sometimes termed dysbiosis, is associated with metabolic 

perturbations, and several studies have demonstrated a causal relationship between 

microbial function and metabolic perturbations. Therapies targeted against the gut 

microbiota have been shown to improve metabolic function in humans [11-12]. The gut 

microbiome plays an important role in host metabolic homeostasis [13]. There are several 



5   

   

factors that can change gut microbiota, including host genetic, diet, age [14-15], mode of 

birth [16-17], and antibiotics [18-20]. The perturbation of the gut microbiota population 

associated with several human diseases that include inflammatory bowel diseases [21-23], 

obesity and diabetes [24], allergy [25-26], autoimmune diseases [27], cardiovascular 

disease [28-30], hypertension, and modulating its composition and diversity is considered a 

promising treatment for these diseases. The gut microbiota is established early in life stage 

but can later be altered by various factors that affect its development and diversity. Diet is a 

major factor driving the composition and metabolism of the colonic microbiota. The 

amount, type, and balance of the main dietary macronutrients (carbohydrates, proteins and 

fats) have a great impact on the large intestinal microbiota.  

Diet can have a marked impact on the gut environment, including gut transit time and 

pH, and changing the intakes of the three main macronutrients can significantly affect the 

composition of the microbiota. However, the host does not encode all the enzymes needed 

to degrade the structural polysaccharides found in dietary plant materials and rely on the 

colonic microbiota to efficiently destroy recalcitrant plant cell walls. The main forms of 

carbohydrates available to bacteria in the colon include resistant starch, non-starch 

polysaccharides, and oligosaccharides [31]. 

 

2.2 Carbohydrates  

Carbohydrates are essential biomolecules that make up all living things. The term 

carbohydrates are derived from the terms carbon and hydrate saturated with water. Which 

together means that the carbon is absorbed by water. Since the simple chemical formula is 

(C • H2O) n, n≥3, carbohydrates are classified as aldehydes or ketone compounds with a 

hydroxyl group, -OH. It is many compounds called polyhydroxyldehyde or 

polyhydroxyketone, which contains hydroxyl groups in the molecule. Causing to put 

together and react or bond with other substances, so carbohydrates are diverse in chemical 

structure. And biological role as well the smallest unit of a carbohydrate is a single sugar 

molecule, or a monosaccharide. Oligosaccharides is carbohydrate containing single sugar 

molecules (monosaccharide) 3-10 molecules are connected by a glycosidic bond. Examples 

of oligosaccharides are fructo-oligosaccharides.  
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Prebiotic is a nondigestible food ingredient that beneficially affects the host by 

selectively stimulating the growth and/or activity of one or a limited number of bacteria in 

the colon, thus improving host health. The majority of identified prebiotics are 

carbohydrates of various molecular structures, naturally occurring in human and animal 

diets. The physiological properties of potential prebiotics determine their beneficial effect 

on the host’s health. Prebiotics may be classified according to those properties as[32]: not 

digested (or only partially digested);  not absorbed in the small intestine;  poorly fermented 

by bacteria in the oral cavity; well fermented by seemingly beneficial intestinal bacteria; 

poorly fermented by potential pathogens in the bowel.  

In 1995, Gibson and Roberfroid have defined prebiotics as non-digested food 

components that, through the stimulation of growth and/or activity of a single type or a 

limited amount of microorganisms residing in the gastrointestinal tract, improve the health 

condition of a host[33]. In 2004, the definition was updated, and prebiotics was defined as 

selectively fermented components allowing specific changes in the composition and/or 

activity of microorganisms in the gastrointestinal tract, beneficial for the host’s health and 

wellbeing [34]. In 2007, prebiotics as a nonviable food component confers a health benefit 

on the host associated with modulation of the microbiota as described by FAO/WHO 

experts [35]. Prebiotics may be used as an alternative to probiotics or as additional support 

for them. However, different prebiotics will stimulate the growth of different indigenous 

gut bacteria. Prebiotics has enormous potential for modifying the gut microbiota, but these 

modifications occur at the level of individual strains and species and are not easily 

predicted a priori. Furthermore, the gut environment, especially pH, plays a key role in 

determining the outcome of interspecies competition. Both for reasons of efficacy and of 

safety, the development of prebiotics intended to benefit human health has to take account 

of the highly individual species profiles that may result [36]. The main aim of prebiotics is 

to stimulate the growth and activity of beneficial bacteria in the gastrointestinal tract, which 

confers a health benefit on the host. Through mechanisms including antagonism (the 

production of antimicrobial substances) and competition for epithelial adhesion and 

nutrients, the intestinal microbiota acts as a barrier for pathogens. Final products of 
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carbohydrate metabolism are mostly SCFAs, namely: acetic acid, butyric acid, and 

propionic acid, which are subsequently used by the host as a source of energy [37].  

 

2.3 Protein  

Dietary protein is one of the most essential nutrients, Protein an essential element 

in every cell of the body - bone, cartilage, muscle, skin, blood, even hair and nails - is made 

up of proteins. As for how the body works, proteins are responsible for building and 

repairing tissues. It also helps to synthesize enzymes, hormones and chemicals, maintaining 

the balance of body fluids. Including important functions such as the creation of immunity 

to fight infection. Blood coagulation, and the formation of scars. Like fat and carbohydrates, 

protein is a macronutrient that the body needs in large amounts each day. Vitamins and 

minerals are small amounts of micronutrients needed per day. Protein is also different from 

carbohydrate and fat nutrients in that the human body cannot store protein for later use like 

carbohydrates and fat. It is very important to get the proper amount of protein nutrients 

each day.  

The gut microbes are involved in protein metabolism [38], and they play important 

roles in the relationship between nutrient utilization and host response[39].In recent studies, 

the function of microbes on protein metabolism in the small intestine has also been reported 

[40-41]. Dietary protein can be hydrolyzed by proteases and peptidases to generate amino 

acids, peptides, and tripeptides in the gut. These digestive products are utilized by certain 

microbes or absorbed into enterocytes in the small intestine. The microbiota act as an 

essential part of dietary protein and nitrogen recycling in the small intestine. Moreover, the 

undigested amino acids are usually not absorbed by the colonocytes but fermented into 

numerous bacterial metabolites or end-products, such as short-chain fatty acids, hydrogen 

sulfate and ammonia. These bacterial metabolites are involved in various physiological 

functions and have beneficial or deleterious effects on the host, depending on their 

concentrations. The intestinal microbiota communities are influenced by components of 

dietary protein, specifically the protein sources and concentrations in the diet. Protein 

originated from plants, e.g., soybean, is commonly used for humans and animals.   
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Protein fermentation results in a more diverse metabolite profile compared to 

carbohydrate fermentation. The main pathway of amino acid fermentation in the human 

colon is deamination, leading to the production of SCFA and ammonia. About 30% of 

substrate is converted to the major SCFA acetate, propionate and butyrate. Short-chain fatty 

acids (SCFA) are the major end products of bacterial metabolism in the human large 

intestine. They are formed principally from polysaccharide, oligosaccharide, protein, 

peptide and glycoprotein precursors by anaerobic micro-organisms [42], although in 

quantitative terms carbohydrates are the most important SCFA progenitors. A wide range of 

bacterial hydrolytic enzymes depolymerizes these large macromolecules, allowing the 

organisms to ferment their component sugars.  

 

2.4 Fat and oil  

In many developing countries, intakes of 10 to 20 energy percent of fat or less are 

common and have been habitual for many generations. Thus, on a global basis, there could 

be an approximately six-fold difference in the fraction of energy that is derived from fat by 

various populations. In addition to the differences in amounts of fat consumed, there are 

wide variations in the sources of fat, In the past, fat sources have been categorized as 

animal or vegetable, but it is now known that this classification is too broad and must be 

refined to give a better description of the metabolic effects different fats may produce. 

Dietary fats (lipids) are mainly triglycerides composed of fatty acids with varying chain 

length, which may be saturated, monounsaturated or polyunsaturated. The relative 

proportions of saturated and polyunsaturated fatty acids in the diet may be of primary 

importance in determining their nutritional implications. In diets very low in fat, 

phospholipids may constitute a relatively high proportion of the fat since they are a 

component of all vegetable and animal cells. In some parts of the world, especially in Asia, 

dietary fat is predominantly of vegetable origin. Elsewhere, animal fats may constitute one-

half to two-thirds of dietary fat. Thus, a wide variety of fats and oils are consumed with 

differing physical and chemical properties and fatty acid composition. With a few 

exceptions, human metabolism can effectively use all of these eats for energy.   
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Fats and oils: This group of water-insoluble organic substances predominantly consists 

of triglycerides, i.e., glyceryl esters of fatty acids, are only distinguished from oils by their 

different melting points; Eats are solid and oils liquid at roan temperature. However, the 

general term “Fat” is commonly used to refer to the whole group and is synonymous with 

lipids. Classification of fats: Although fats constitute a diverse group of substances, they 

can be roughly divided into two classes:   

(a) Neutral fats which include the triglycerides, cholesterol, other isoprenoid 

groups with their esters (vitamins A, D, E, and K would also fall into this category) ;  

(b) Amphiphilic fats which consist of the phospholipids; the principle member 

being the choline phosphoglycerides (lecithins), ethanolamine, serine and inositol 

phosphoglycerides, together with the sphingo lipids such as sphingomyelin. The 

amphiphilic group possesses the property of forming bilayers. Because part of the molecule 

(the phosphate ester) is strongly polar (miscible with water), and the aliphatic part nonpolar, 

the phospholipids have the property of orientating on the surface of a large molecule, on an 

aqueous surface or at an interface between two immiscible layers. It is this property that is 

thought to play an important part in their biological role in the formation of cell membranes, 

and their industrial use as surfactants or emulsifiers.   

This chemical classification follows the biological functions of fats, as there are two 

separate groups of fats in the body.   

(a) Storage fats which are mainly triglycerides and are accumulated in specific 

depots in the tissues of plants and animals. These fats are the most important energy 

reserves of the body, and in animals, they are also a source of essential nutrients. The 

composition of the fatty acids in these triglycerides is related to the diet.  

(b) Structural fats mainly consisting of phospholipids and cholesterol. 

Quantitatively, these are the second most important structural group in all soft tissues of the 

body and are present in unusually high concentrations in the brain. The fatty acid 

composition of the phospholipids is of crucial importance to their properties and function in 

biological membranes. The composition of the fatty acids in the phosphoglycerides in 

general exhibits a tissue and species specificity. Although they are subject to dietary 

alteration, extreme conditions are needed to change their composition appreciably.  
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Fatty acid: The principal fatty acids of relevance to this report are mostly straight-

chain aliphatic monocarboxylic acids with an even number of carbon atoms. Common 

names and the IUPAC-modified Geneva names are mostly used for fatty acids. For 

example, palmitic acid CH (CH2)14 COOH is systematically called hexadecanoic acid; 

stearic acid CH (CH2)16 COOH is octadecanoic acid; oleic acid CH (CH CH=CH (CH2 

COOH is octadecenoic acid. The fatty acids are mostly found in triglycerides and 

phosphoglycerides and some are esterified with cholesterol.  

In saturated fatty acids, all carbon atoms are joined by single bonds and, except for the 

carboxyl group, all other valency positions are occupied by hydrogen.  

In the monounsaturated fatty acids, two adjacent carbon atoms are joined by a double 

bone. Here, stereochemical isomerization can occur because the sections of the molecule on 

any side of the double bond can lie either on the same (cis) or opposite (trans) side of the 

bond.  

Because the double bond fixes the relative positions of the other two sections of the 

molecule, the cis and trans isomers have different biological properties. Most naturally 

occurring isomers have the cis configuration. Positional isomers may also occur since the 

double bone may be variously located within the molecule.  

In polyunsaturated fatty acids, there is more than one double bond. The term 

polyunsaturated fatty acids cover a wide range of acids of 18, 20 and 22 carbon chain 

length with two to six methylene - interrupted double bonds. Unless otherwise stated, the 

double bond sequence is methylene interrupted and all double bonds have the cis 

configuration.   

Essential Fatty Acids (EFA)  

Linoleic (18:2, n-6) and α-linolenic (18: 3, n-3) acids are required for the normal 

growth and function of all tissues. They have double bonds positioned at six carbons (n-6) 

and three carbons (n-3) from the methyl end of the molecule, respectively. Animals, 

including man, cannot insert double bonds in the (n-6) and (n-3) positions and cannot 

synthesize either of' these two. However, animals can add more double bonds to the parent 

EPA by introducing them between the original double bonds and the carboxyl group; at the 

same time, the carbon chain length is extended at the carboxyl end by further desaturation. 
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This metabolic process produces the long-chain derivatives of 20 and 22 carbon chain 

length with 3, 4, 5, and 6 double bonds. The result is two families (the n-6 and n-3 families) 

of essential fatty acids which are required for cell structures and prostaglandin synthesis.   

The 20 and 22 carbon chain length fatty acids with 3, 4, 5 and 6 double bonds derived 

from linoleic (18:2, n-6) and from linolenic acids (18: 3, n-3) are referred to as the long 

chain essential fatty acids; in practice the two most important are arachidonic 2:4, n-6 an 

docosa hexaenoic (22:6, n-3) acids.  
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CHAPTER 3 

 

CECUM MICROBIOTA IN RATS FED SOY, MEAT, FISH, AND 

EGG PROTEINS WITH PREBIOTIC OLIGOSACCHARIDES 

  

3.1 INTRODUCTION   

The research exploring the health-promoting and disease-preventive effects of the gut 

microbiota is gaining momentum. Evidence has shown that the colonization and diversity 

of the gut microbiota are influenced by several factors, including age, genetics, medications 

(antibiotics), geographical location, and mode of delivery at birth [43]. Diet is considered 

the most influential factor in shaping and modulating the gut microbiota [44]. Aside from 

conventional dietary fibers and non-digestible and fermentable oligosaccharides, macro- 

and micro-nutrients that facilitate the growth of gut microbiota and mediate healthy 

metabolic homeostasis have gathered scientific attention [45]. Any entities to which the gut 

microbiota sensitively respond are now considered valuable tools to exploit and develop 

new strategies to promote systemic health.  

Substrates for gut fermentation are fundamentally non-digestible dietary components 

and host secretions mainly comprising mucin. Thus, highly digestible food proteins have 

been considered to have little influence on shaping the gut microbiota. However, a small 

amount (~12 g/day) of non-digestible protein and peptides may reach the large intestine [46, 

47], being a potential factor affecting bacterial metabolism. Similar to short-chain fatty 

acids (SCFAs) produced mainly from carbohydrate fermentation, amines, ammonia, 

hydrogen sulfide, and phenolic and indolic compounds may be released during protein 

fermentation [46]. The amount of protein entering the large intestine can further increase 

with the consumption of high-protein diets, which are commonly used for body weight 

control.  

Several reports have demonstrated the distinctive modulation of the gut microbiota by 

dietary proteins. Zhu et al. [48] compared the effects of milk, soy, beef, pork, chicken, and 

fish proteins on the gut microbiota and classified these sources into three groups, namely, 

non-meat (milk and soy), red meat (beef and pork), and white meat (chicken and fish) 
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proteins. Bai et al. [49] revealed differences in the effects of milk and soy proteins on the 

gut microbiota and their modulatory effects on the functions of raffinose (RAF) and 

fructooligosaccharides. The low digestibility of plant protein has often been mentioned to 

account for the difference, if any, between plant and animal proteins [47], but the effect on 

shaping the gut microbiota was also shown to differ between milk, meat, and fish proteins 

[48, 50]. Although most animal proteins contain adequate proportions of essential amino 

acids, each protein source is composed of various protein fractions, such as myofibrillar, 

sarcoplasmic, and stromal fractions, with varying composition, structure, and function [51]. 

This could be the reason behind gut microbial diversity. Although there exist studies on 

animal proteins, only a few have examined the effect of egg protein on the gut microbiota. 

Recently, several reports have revealed a distinctive difference between the effects of egg 

and other proteins [52, 53]. Nevertheless, how dietary protein sources modulate the effects 

of dietary fiber and prebiotic oligosaccharides is yet to be clarified.  

In the present study, two experiments were conducted using rats to examine whether 

soy, meat, fish, milk, and egg proteins affect the gut microbiota and exert modulatory 

effects on the function of prebiotic RAF. Gut microbiota was assessed using a high-

throughput 16S rRNA gene amplicon sequencing, which is an upgrade from denaturing 

gradient gel electrophoresis and group-specific qPCR employed in our previous studies [49, 

54]. The objective of this study was to gain further insight into the dietary factors that affect 

the gut microbiota and explore improved dietary manipulation of healthy metabolic 

homeostasis through the gut microbiota.  

   

3.2 MATERIALS AND METHODS   

3.2.1 Animals and diets  

Procedures and protocols for the animal experiments were approved by the Animal 

Care and Use Committee, in accordance with the guidelines of the Advanced Science 

Research Center, Okayama University. Two experiments were performed using female 

Wistar rats (4-weeks-old) purchased from the Charles River Laboratories Japan, Inc. and 

housed individually in stainless steel cages in a temperature-controlled room. The diet was 

formulated (per kg) with 200 g protein (soy, meat, or fish protein in experiment 1; soy, 
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casein, or egg protein in experiment 2), 444.5 g corn starch, 150 g sucrose, 50 g lard, 50 g 

rapeseed oil, 40 g mineral mixture (AIN-93G-MX), 10 g vitamin mixture (AIN-93-VX), 3 

g L-cystine, 2.5 g choline bitartrate, and 50 g non-digestible but fermentable carbohydrate 

(cellulose or raffinose). Soy protein isolate (Fuji Oil Co. Ltd., Osaka, Japan), casein 

(Oriental Yeast Co. Ltd., Tokyo, Japan), and egg albumin (Nacalai Tesque Inc., Kyoto, 

Japan) were commercially available and used for diet formulation without any further 

processing. Meat (a mixture of minced beef and pork) and fish (Pacific ocean perch fillet) 

were procured from retailers. After freeze-drying, the oils were removed by diethyl ether 

extraction for 24 h. All rats were exposed to the same amount of feed at sufficient levels; 

the amount was determined as 2% more than the lowest consumption recorded on the 

previous day. Water was available ad libitum.  

After 4 weeks of diet feeding, the rats were sacrificed by carbon dioxide gas inhalation 

followed by cervical dislocation. Cecum contents were collected to analyze short-chain 

fatty acid (SCFA) levels and to extract bacterial DNA, which was subsequently used for 

16S rRNA gene amplicon sequencing.  

  

3.2.2 Cecum SCFA analysis  

For SCFA determination, cecum contents were homogenized with phosphate-buffered 

saline and deproteinized using 50 g/L metaphosphoric acid. The supernatant was used for 

the analysis of SCFA concentration using a gas-liquid chromatograph (GC-14A; Shimadzu, 

Kyoto, Japan) fitted with a glass capillary column (15 m × 0.53 mm) coated with modified 

polyethylene glycol terephthalic acid (TC-FFAP; GL Sciences, Tokyo, Japan). The 

temperature of the column oven was programmed at 80℃ for the first 2 min and was then 

increased to 200℃ at a rate of 10℃/min.  

  

3.2.3 Bacterial DNA extraction and 16S rRNA gene amplicon sequencing  

In brief, 0.2 g of cecum samples was used for bacterial DNA extraction as per the 

procedure of repeated bead beating plus column method [55]. The extracted DNA was 

purified using the mini DNeasy stool kit (Qiagen, Germantown, MD, USA). 
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Bacterial DNA was amplified by a two-step polymerase chain reaction (PCR) to 

generate amplicon libraries for next-generation sequencing [56]. The primers targeting the  

V4  region  of  16S  ribosomal  RNA  (rRNA)  genes  (forward: 

 5′ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCCAGCMGCCGCGGTAA-

3′; reverse:  5′-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT

-3′) were used for the first round of PCR. The PCR products were purified by 

electrophoretic separation on a 2.0% agarose gel using a Fast Gene Gel/PCR Extraction Kit 

(Nippon Genetics Co., LTD., Tokyo, Japan). The second round of PCR was carried out 

using adapter-attached primers. The second-round PCR products were purified in the same 

way as in the first round.  

The purified amplicons were pair-end sequenced (2 × 250 bp) on an Illumina MiSeq 

platform at FASMAC Co., Ltd. (Kanagawa, Japan). Raw sequence data were analyzed 

using the Quantitative Insights into Microbial Ecology (QIIME version 1.9.0). The 250-bp 

reads were truncated at any site receiving an average quality score under 20. The truncated 

reads that were shorter than 225 bp were discarded. In primer matching, sequences showing 

overlaps longer than 200 bp were assembled. The final reads obtained after pair-end joining 

were grouped into operational taxonomic units (OTUs) at a 97% similarity threshold. The 

sequence data were analyzed and categorized from the phylum to the family level using the 

default settings of the Ribosomal Database Project classifier.  

  

Table 3.1. Weight, short-chain fatty acid concentrations, and diversity and relative abundance 

of the microbiota in the cecum of rats fed soy, meat, and fish proteins with cellulose (CEL) 

and raffinose (RAF). 
Item Soy Meat Fish SE Wilcoxon test 
 CEL RAF CEL RAF CEL RAF  P F 

Cecum (g/100g body weight) 1.68 3.05 1.34 2.55 1.51 2.43 0.18 NS **4 
Short-chain fatty acids (mmol/g)         
Acetic acid 85.3 93.2 71.2 113 51.9 102 14.4 NS *4 
Propionic acid 5.87 7.54 6.42 10.2 6.05 9.05 0.69 NS **4 
Butyric acid 5.86 6.74 5.10 6.60 3.53 4.69 1.10 NS NS 

Microbiota          
Population (log10 copies/g) 13.1 12.8 13.2 12.4 12.9 12.6 0.23 NS *5 
Alpha diversity          
 Chao 1 181 88.1 152 111 172 89.2 9.68 NS **5 
 Shannon 5.29 4.05 4.66 4.48 4.76 4.33 0.16 NS **5 
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Relative abundance (%)          
Actinobacteria 0.10 9.57 0.04 3.31 0.69 3.77 1.19 NS **4 

Bifidobacteriaceae 0.04 8.38 0.00 3.27 0.04 3.19 1.26 NS **4 
Coriobacteriaceae 0.00 1.09 0.00 0.00 0.00 0.10 0.37 NS NS 
Eggerthellaceae 0.06 0.08 0.03 0.04 0.63 0.46 0.07 **1 NS 

Bacteroidetes 8.36 14.4 8.56 21.3 12.6 18.1 3.10 NS *4 
Bacteroidaceae 4.18 8.81 1.17 8.28 1.14 7.55 1.50 NS **4 
Tannerellaceae 4.18 5.59 7.39 13.1 11.4 10.6 2.35 *2 NS 

Firmicutes 84.2 74.0 70.7 67.7 66.1 73.7 3.43 *3 NS 
Lactobacillaceae 7.12 19.9 6.65 7.69 3.92 17.1 3.26 NS **4 
Christensenellaceae 2.51 0.04 1.92 2.20 3.64 0.46 0.73 NS **5 
Clostridiaceae 1 0.00 0.00 0.05 0.25 0.03 0.00 0.11 NS NS 
Lachnospiraceae 11.9 22.1 17.7 21.9 14.8 23.0 3.15 NS *4 
Peptococcaceae 1.88 0.48 2.01 1.14 3.46 2.02 0.48 NS *5 
Peptostreptococcaceae 0.05 0.43 0.56 0.45 0.45 0.06 0.22 NS NS 
Ruminococcaceae 57.3 12.0 37.3 23.2 33.2 11.2 5.36 NS **5 
Erysipelotrichaceae 2.60 18.2 3.78 10.6 5.89 19.5 1.64 NS **4 

Proteobacteria 0.45 1.96 1.10 2.19 2.39 1.87 0.70 NS NS 
Burkholderiaceae 0.39 1.91 0.87 1.92 1.83 1.75 0.66 NS NS 

Tenericutes 2.57 0.00 0.74 0.08 0.44 0.00 0.29 NS **5 
Anaeroplasmataceae 0.00 0.00 0.52 0.08 0.07 0.00 0.17 NS NS 

Verrucomicrobia 4.31 0.05 18.8 5.35 17.8 2.58 2.52 *2 **5 
Akkermansiaceae 4.31 0.05 18.8 5.35 17.8 2.58 2.52 *2 **5 

Phyla and families with a relative abundance of > 1% in at least one sample are indicated. 
P, effect of protein; F, effect of fiber; NS, not significant; *, P < 0.05; **, P< 0.01. 
1  Soyb Meatb Fish 

2  Soyb Meata Fisha 

3  Soya Meatb Fishab 

4  Cellulose < Raffinose 
5  Cellulose > Raffinose 

 

3.2.4 Statistical analyses  

Data related to cecum weight, cecum SCFA concentration, diversity index, and 

relative abundance of major bacterial families among the cecum microbiota (where the 

proportion of the family in at least one sample was > 1.0%) were analyzed by the 

nonparametric Wilcoxon test to examine the effects of dietary proteins and indigestible 

carbohydrates. The microbiota data were also subjected to principal coordinate analysis 

(PCoA) to define assignment and clustering that explained the variations in the microbiota. 

Discriminant vectors with a Pearson correlation > 0.7 were considered significant. The 

nonparametric test was performed using JMP software (version 11; SAS Institute, Tokyo, 

Japan), and PCoA was carried out using Primer version 7 with the Permanova+ add-on 

(Primer-E, Plymouth Marine Laboratory, Plymouth, UK).  
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3.3 RESULTS   

3.3.1 Experiment 1  

The cecum weight (tissue and content) and acetic and propionic acid concentrations 

were higher and the total population, Chao 1 index, and Shannon index of the cecum 

microbiota were lower in the rats fed RAF than in those fed CEL (Table 1). None of the 

parameters were affected by dietary protein sources.  

 
Figure 3.1. Principal coordinate analysis plot characterizing the cecum microbiota of the rats fed 

soy, meat, and fish proteins with cellulose and raffinose in experiment 1. SC, SF, MC, MF, FC, and 

FR indicate soy-cellulose, soy-raffinose, meat-cellulose, meat-raffinose, fish-cellulose, and fish-

raffinose diet, respectively. Operational taxonomy units with Pearson’s correlation > 0.7 are 

overlaid on the plot as vectors. The samples enclosed by the green lines belong to the same group 

(similarity level 80%).  

  

Ruminococcaceae (33.2–57.3%) was the most abundant family in the cecum 

microbiota of the rats fed CEL, regardless of the dietary protein source. The second and 

third most abundant families were Lachnospiraceae (11.9%) and Lactobacillaceae (7.12%) 

in the rats fed soy-CEL and Akkermansiaceae (17.8–18.8%) and Lachnospiraceae (14.8– 

17.7%) in the rats fed meat-CEL and fish-CEL. The modulatory effect of dietary proteins 

was observed on the abundance of several families among the cecum microbiota; the 
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relative abundance of Tannerellaceae and Akkermansiaceae increased in the rats fed meat 

and fish proteins, while that of Eggerthellaceae increased in the rats fed fish protein. 

Remarkable changes were reported in the cecum microbiota of the rats subjected to RAF 

feeding; the abundance of Bifidobacteriaceae, Bacteroidaceae, Lactobacillaceae, 

Lachnospiraceae, and Erysipelotrichaceae increased and that of Christensenellaceae, 

Peptococcaceae, and Akkermansiaceae decreased in the rats fed RAF. The three most 

abundant families were Lachnospiraceae (22.1%), Lactobacillaceae (19.9%), and 

Erysipelotrichaceae (18.2%) in the rats fed soy-RAF, Ruminococcaceae (23.2%), 

Lachnospiraceae (21.9%), and Tannerellaceae (13.1%) in those fed meat-RAF, and 

Lachnospiraceae (23.0%), Erysipelotrichaceae (19.5%), and Lactobacillaceae (17.1%) in 

the rats fed fish-RAF.  

The PCoA summed up the changes in the gut microbiota families in response to 

dietary protein sources and RAF feeding (Figure 1). Among CEL-treated rats, those fed soy 

protein formed a group separate from those fed meat and fish proteins. Rats fed soy-CEL 

were characterized by Ruminococcaceae and Christensenellaceae, while those fed 

meatCEL and fish–CEL were characterized by Peptococcaceae and Akkermansiaceae. 

After RAF feeding, the separation between the rats fed soy and meat protein was retained, 

whereas that between the rats fed soy and fish became unclear. The rats fed soy-RAF were 

characterized by Bifidobacteriaceae and Lactobacillaceae, and those fed meat-RAF were 

associated with Lachnospiraceae and Burkholderiaceae.  

  

3.3.2 Experiment 2  

Consistent with the results of experiment 1, the cecum weight (tissue and content) and 

acetic and propionic acid concentrations were higher and the Chao 1 and Shannon indices 

of the cecum microbiota were lower in the rats fed RAF than in those fed CEL. The cecum 

weight was higher and the cecum acetic acid concentration was lower in the rats fed egg 

protein.  

Ruminococcaceae (34.8-42.8%) was the most abundant family in the cecum 

microbiota of the rats fed soy-CEL and casein-CEL, while Erysipelotrichaceae (48.7%) 

was the most enriched family in the rats fed egg-CEL. The second and third most abundant 
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families were Erysipelotrichaceae (18.3-29.5%) and Lactobacillaceae (15.3-16.9%), 

respectively, in the rats fed soy-CEL and casein-CEL and Ruminococcaceae (19.5%) and 

Lachnospiraceae (11.5%), respectively, in those fed egg-CEL. Substantial changes were 

observed in the cecum microbiota after RAF feeding; the abundance of Bifidobacteriaceae, 

Coriobacteriaceae, Lachnospiraceae, and Erysipelotrichaceae increased and that of 

Christensenellaceae, Clostridiaceae 1, Peptococcaceae, Peptostreptococcaceae, and 

Ruminococcaceae decreased in the rats fed RAF. Many of the changes induced by RAF 

exposure in terms of cecum microbiota were the same between experiments 1 and 2; 

however, the increased abundance of Bacteroidaceae and Lactobacillaceae observed in 

experiment 1 was not reported in experiment 2, while the decreased abundance of 

Clostridiaceae 1 and Peptostreptococcaceae observed in experiment 2 was not reported in 

experiment 1. The three most abundant families were Erysipelotrichaceae (35.1%), 

Lachnospiraceae (27.6%), and Lactobacillaceae (12.4%) in the rats fed soy-RAF, 

Erysipelotrichaceae (41.1%), Lachnospiraceae (26.1%), and Bifidobacteriaceae (13.4%) in 

those fed casein-RAF, and Erysipelotrichaceae (53.5%), Bifidobacteriaceae (16.1%), and 

Lachnospiraceae (15.1%) in the rats fed egg-RAF.  

The PCoA described separate groups for the rats fed egg protein and those fed casein 

and soy proteins, regardless of the fiber source (Figure 2). Following CEL administration, 

the rats fed soy protein appeared to be separated from those fed casein. In line with 

experiment 1 results, rats fed soy-CEL were characterized by Ruminococcaceae and 

Christensenellaceae and those fed soy-RAF and casein-RAF were related to 

Bifidobacteriaceae and Lactobacillaceae; the rats fed egg-RAF were characterized by 

Erysipelotrichaceae.  

  

Table 3.2. Weight, short-chain fatty acid concentrations, and diversity and relative 

abundance of the microbiota in the cecum of rats fed soy, casein, and egg proteins with 

cellulose (CEL) and raffinose (RAF). 
Item Soy Casein Egg SE Wilcoxon test 

 CEL RAF CEL RAF CEL RAF  P F 
Cecum (g/100g body weight) 2.48 4.78 2.54 4.08 3.93 4.80 0.29 *1 **8 
Short chain fatty acids (mmol/g)         
Acetic acid 64.5 73.4 45.9 63.8 41.1 56.4 6.89 *2 *8 
Propionic acid 10.5 12.2 7.65 15.3 11.4 16.6 1.40 NS **8 
Butyric acid 10.5 10.8 8.62 10.1 8.11 12.5 1.25 NS NS 
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Microbiota          
Population (log10 copies/g) 12.5 13.8 13.2 13.2 12.6 13.6 0.22 NS **8 
Alpha diversity          
 Chao 1 128 89.3 126 89.0 94.3 66.6 8.83 *3 **9 
 Shannon 4.35 3.79 3.94 3.53 3.26 3.05 0.13 **4 NS 
Relative abundance (%)          
Actinobacteria 0.49 11.8 1.87 14.2 2.17 17.5 1.57 NS **8 

Bifidobacteriaceae 0.09 10.5 1.26 13.4 1.59 16.1 1.39 NS **8 
Coriobacteriaceae 0.00 0.95 0.00 0.00 0.00 1.07 0.27 *1 **8 
Eggerthellaceae 0.36 0.34 0.60 0.77 0.57 0.32 0.14 *5 NS 

Bacteroidetes 0.14 0.86 0.64 1.65 0.32 0.06 0.42 *6 NS 
Bacteroidaceae 0.08 0.56 0.20 0.79 0.02 0.00 0.25 **4 NS 
Tannerellaceae 0.06 0.30 0.44 0.85 0.30 0.06 0.20 *6 NS 

Firmicutes 93.9 86.9 94.8 80.9 95.2 80.0 1.61 NS **9 
Lactobacillaceae 16.9 12.4 15.3 6.00 10.5 8.65 3.19 NS NS 
Streptococcaceae 5.10 3.59 0.44 1.24 0.15 0.79 0.51 **2 NS 
Christensenellaceae 2.68 0.36 1.94 0.14 1.20 0.00 0.67 NS **9 
Clostridiaceae 1 0.06 0.00 0.53 0.00 0.93 0.21 0.23 NS **9 
Lachnospiraceae 5.25 27.6 9.18 26.1 11.5 15.1 2.42 NS **8 
Peptococcaceae 0.08 0.00 0.63 0.04 1.45 0.00 0.54 NS **9 
Peptostreptococcaceae 1.86 1.24 1.95 0.13 1.02 0.69 0.37 NS **9 
Ruminococcaceae 42.8 6.11 34.8 5.73 19.5 0.67 3.46 NS **9 
Erysipelotrichaceae 18.3 35.1 29.5 41.1 48.7 53.5 3.28 **7 NS 

Proteobacteria 0.22 0.19 0.28 0.91 0.17 0.51 0.35 NS NS 
Burkholderiaceae 0.01 0.05 0.14 0.19 0.08 0.38 0.16 **5 NS 
Enterobacteriaceae 0.16 0.11 0.11 0.68 0.05 0.13 0.28 NS NS 

Verrucomicrobia 4.63 0.26 2.06 2.38 2.17 1.94 1.35 NS NS 
Akkermansiaceae 4.63 0.26 2.06 2.38 2.17 1.94 1.35 NS NS 

Phyla and families with a relative abundance of > 1% in at least one sample are indicated. 
P, effect of protein; F, effect of fiber; NS, not significant; *, P < 0.05; **, P< 0.01. 
1 Soyab Caseinb Egga 
2 Soya Caseinb Eggb 
3 Soyab Caseina Eggb 
4 Soya Caseina Eggb 
5 Soyb Caseina Eggab 
6 Soyb Caseina Eggb 
7 Soyb Caseinb Egga 
8 Cellulose < Raffinose 
9  Cellulose > Raffinose 

 

3.4 DISCUSSION   

The increase in the cecum weight of rats fed RAF may be attributed to the trophic 

effects of SCFAs. Although the concentration of butyric acid, which has a greater 

stimulatory effect on cell proliferation than acetic and propionic acids [57], did not increase, 

the increase of acetic and propionic acids after RAF feeding may have enlarged the cecum 

tissue weight in both experiments 1 and 2. The cecum weight also increased in rats fed egg 

protein, but this change was evident from the reduction in the acetic acid concentration in 
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the cecum. Xia et al. [53] also found cecum enlargement in mice fed egg protein compared 

with those fed casein and soy protein. Although these authors ascribed cecum enlargement 

to the effect of resistant proteins, the data supporting this assumption were missing. Protein 

digestibility-corrected amino acid score and digestible indispensable amino acid score are 

the same for milk and egg proteins [51]; hence, an increase in cecum weight in egg 

proteinfed animals could not be accounted for by the digestibility of the protein. Regardless, 

Xia et al. [53] observed a reduction in α and β diversity of the cecum microbiota in 

response to egg protein feeding, which is consistent with our findings.  

  

 
  

Figure3.2. Principal coordinate analysis plot characterizing the cecum microbiota of the rats fed 

soy, casein, and egg proteins with cellulose and raffinose in experiment 2. SC, SF, CC, CF, EC, and 

ER indicate soy-cellulose, soy-raffinose, casein-cellulose, casein-raffinose, egg-cellulose, and egg-

raffinose diet, respectively. Operational taxonomy units with Pearson’s correlation > 0.7 are 

overlaid on the plot as vectors. The samples enclosed by the green lines belong to the same group 

(similarity level 80%).  

 

The increase in cecum acetic acid concentration in rats fed soy protein was noted in 

both experiments, but the differences compared with others were not significant in 

experiment 1. An elevation in the abundance of Streptococcaceae in the cecum was a 

distinctive change that coincided with the increase in the cecum acetic acid concentration. 
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However, Streptococcaceae are lactic acid producers and, thus, pose difficulty to account 

for the change in acetic acid concentration. In a complex cecum microbiota, the cooperation 

between different bacteria leads to the end-product formation [58]; hence, bacterial families 

other than Streptococcaceae may have metabolized lactic acid to acetic acid. In an 

experiment with casein, soy protein, and fish meal fed to rats, An et al. [59] found an 

increase in the cecum butyric acid level without any change in acetic acid concentration.   

The increase in the cecum acetic acid concentration after RAF feeding can be ascribed 

to the increased abundance of Bifidobacteriaceae, an acetic acid producer, as well as the 

decrease in the Bacteroidetes/Firmicutes ratio, which was shown to be related to acetic acid 

concentration in the colon [60]. The increase in the cecum propionic acid concentration was 

also stably observed with RAF feeding; however, Propionibacteriaceae, a representative 

propionic acid producer, was quite low in relative abundance and hence not listed in the 

table. Although bacterial species could not be specified in this study, diverse bacteria could 

have been involved in the production of propionic acid through the succinate and acrylate 

pathways [58].  

The finding that both Chao 1 and Shannon indices decreased after RAF feeding 

indicates that the diversity of the gut microbiota may be affected by prebiotic feeding. A 

loss in species diversity is generally related to disease symptoms, while increased richness 

in the gut microbiota is associated with positive health status [45]. However, certain 

supplements such as prebiotics could selectively enhance species with health-promoting 

potential, thereby lowering the richness and diversity of the gut microbiota. Although the 

reduction in Chao 1 and Shannon indices in rats fed egg protein as compared with those fed 

casein and soy protein in experiment 2 cannot be clearly explained, a similar decline in the 

richness and diversity owing to egg protein consumption was reported by Xia et al. [53].   

The PCoA-based clustering and grouping may improve our understanding of the 

bacterial taxa involved in the diet-dependent structuring of the cecum microbiota; the 

growth of Ruminococcaceae and Christensenellaceae could be encouraged by soy protein 

feeding and that of Akkermansiaceae and Tannerellaceae by meat and fish proteins and 

Erysipelotrichaceae by egg protein. Prebiotic RAF feeding demonstrated a more robust 

influence on the cecum microbiota; the abundance of Bifidobacteriaceae, 
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Erysipelotrichaceae, and Lachnospiraceae increased and that of Ruminococcaceae and 

Christensenellaceae decreased. An et al. [59] found that the abundance of  

Ruminococcaceae was higher after soy protein feeding than after casein and fish protein 

feeding. Zhu et al. [48] similarly found the stimulation of Lachnospiraceae, 

Ruminococcaceae, and Lactobacillaceae abundance following soy, meat, and fish protein 

feeding, respectively.  

Ruminococcaceae and Lachnospiraceae are regarded as core commensal microbiota 

and, except that Faecalibacterium prausnitzii, a genus belonging to Ruminococcaceae, can 

exert anti-inflammatory functions [61], Ruminococcaceae and Lachnospiraceae are not 

referred to as the families associated with healthy metabolic homeostasis. The increased 

abundance of Akkermansiaceae may be considered a health-associated change after meat 

protein consumption because the level of Akkermansia muciniphila was shown to be 

positively correlated with the parameters involved in fatty acid oxidation and inversely 

associated with inflammatory markers and intestinal disorders, including inflammatory 

bowel disease [62, 63]. Furthermore, the abundance of Christensenellaceae negatively 

correlated with the pathological features of obesity, hypertriglyceridemia, and body mass 

index [64], and Akkermansiaceae and Christensenellaceae were both found to be the taxa 

of increasing abundance in the gut of centenarians [65, 66]. In contrast, the abundance of 

Erysipelotrichaceae was shown to be positively linked to lipidemic imbalance and 

hypercholesterolemia and reported to be increased in patients with colorectal cancer [67]. In 

the present study, RAF feeding stably stimulated the growth of Erysipelotrichaceae 

together with Bifidobacteriaceae; hence, although the increase in the abundance of 

Erysipelotrichaceae is regarded a biomarker of metabolic disorders, the reported increase in 

Erysipelotrichaceae after egg protein and prebiotic RAF feeding in this study can be 

considered a different outcome.  

Functionality and health claims of food and food supplements are often evaluated 

using male rodents. However, female rats were used in this rodent model study. It has been 

shown that the estrous cycle does not influence the gut microbiota [68], and the growing 

rats were sacrificed before they attained sexual maturity in this study. Nevertheless, sex-

based differences have been demonstrated with regard to gut microbiota and their 
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metabolism [69]; hence, sex-comparative studies should be performed to further validate 

the effect of dietary proteins and prebiotics.   

  

3.5 CONCLUSION   

Soy, meat, fish, casein, and egg proteins differed in their modulatory effects in the 

shaping of the gut microbiota, although their effect on the gut microbiota was not more 

substantial than that of prebiotics. While the gut microbiota cannot be simply divided into 

taxa that can or cannot facilitate healthy metabolic homeostasis, the stimulatory effects of 

soy, meat, and egg proteins on levels of Christensenellaceae, Akkermansiaceae, and 

Erysipelotrichaceae deserve further investigation.  
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CHAPTER 4  

 

EFFECT OF DIETARY OIL ON LIPID METABOLISM AND GUT 

FERMENTATION AND MICROBIOTA IN MICE 

  

4.1 INTRODUCTION   

Lipid metabolism includes the biosynthesis and degradation of lipids such as fatty 

acids, triglycerides, and cholesterol. Lipoproteins facilitate the transport of lipids from the 

gut to the liver and between the liver and peripheral tissue. Abnormal lipid metabolism is a 

major cause of dyslipidemia, which is the leading risk factor for cardiovascular disease, 

obesity, cholestasis, and overall mortality. It is widely known that diet plays an important 

role in the control of cholesterol homeostasis. Several reports have shown links between 

lipid metabolism and gut microbiota in the mouse model [70].  

Lipids are compounds that are insoluble in water but are soluble in organic solvents 

such as ether and chloroform. Lipids are important in this study, including fats and oils 

(triglycerides), fatty acids, phospholipids, and cholesterol. Fats and oils are esters of 

glycerol and three fatty acids. They are important in the diet as energy sources and as 

sources of essential fatty acids and fat-soluble vitamins, which lead to associate with fats. 

They also encounter satiety, flavor, and palatability to the diet.  

Fatty acids are generally composed of a straight alkyl chain, terminating with a 

carboxyl group. The number of carbons in the chain varies, and the compound may be 

saturated (containing no double bonds or unsaturated as containing one or more double 

bonds). Animal and vegetable fats contain predominantly more than 14 carbons in length 

SFAs and are found mainly in meats, butterfat, and some vegetable oils. Monounsaturated 

fatty acids (MUFAs), such as oleic acid, contain one double bond per molecule, whereas 

polyunsaturated fatty acids (PUFAs), such as linoleic acid, contain more than one. Linoleic 

acid is classified as an essential nutrient since the body requires it but cannot synthesize it. 

Arachidonic acid is also required by the body but can be synthesized from linoleic acid, 

which is abundant in oils from sesame, soybeans, and safflower seeds.  
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Linoleic acid (18 carbons with 2 double bonds) belongs to the omega(ω)-6 group of 

fatty acids, since the first double bond, counting from the methyl end of the molecule, 

occurs at carbon number 6. Since linoleic acid has 18 carbon atoms and 2 double bonds, it 

is usually represented in shorthand as C18:2, ω-6. Under this classification system, oleic 

acid (C18:1, ω-9) belongs to the ω-9 group, and the PUFAs in fish oils currently receiving 

much attention belong to the ω-3 group and also from plant oil as sacha inchi oil . Main 

among these ω-3 fatty acids are eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA).   

Phospholipids contain glycerol, fatty acids, phosphate, and, with such exceptions as 

phosphatidylglycerol and phosphatidylinositol, a nitrogenous component. Lecithin, for 

example, is made up of glycerol, two fatty acids (one saturated, usually), phosphate, and 

choline. Phospholipids are important structural components of the brain and nervous tissue, 

membranes throughout body tissues, and lipoproteins are carriers of cholesterol and fats in 

the blood.  

Cholesterol and plant sterols, such as sitosterol, are high-molecular-weight alcohols 

with a characteristic cyclic nucleus and are unrelated to the structure of fats or 

phospholipids. Cholesterol frequently exists in foods and body tissues, esterified to one 

fatty acid per molecule. It is a component of membranes in body cells and is required for 

the normal development of the brain and nervous tissue. Furthermore, it is the precursor to 

bile acids, steroid hormones, and 7-dehydrocholesterol in the skin, which in turn is the 

precursor to vitamin D.  

Short-chain fatty acid (SCFA) formation by intestinal bacteria is regulated by many 

different host, environmental, dietary and microbiological factors. In broad terms, however, 

substrate availability, bacterial species composition of the microbiota and intestinal transit 

time largely determine the amounts and types of SCFA that are produced in healthy 

individuals. The majority of SCFA in the gut is derived from bacterial breakdown of 

complex carbohydrates, especially in the proximal bowel, but digestion of proteins and 

peptides makes an increasing contribution to SCFA production as food residues pass 

through the bowel. Bacterial hydrogen metabolism also affects the way in which SCFA is 

made.  
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It has become widely appreciated that our gut symbionts play integral roles in human 

health since perturbations of this bacterial community or the products they can produce 

have been associated with increased susceptibility to a variety of diseases. The first 

indications of these associations were for colitis and inflammatory bowel disease but 

altered gut microbial composition or function has now been established in the development 

of cardiometabolic phenotypes, including obesity and related abnormalities, and 

atherosclerosis. There is also evidence that the microbiota can even be a potential 

contributor to the risk of neurobehavioral conditions, such as autism.   

This study was aimed to examine the oil effect on gut microbiota, gut fermentation and 

on lipid metabolism in mice.  

  

4.2 MATERIALS AND METHODS   

4.2.1 Animals and diets   

The protocol and procedures of the experiment was approved by the Animal Care and 

Use Committee of Okayama University, Japan. Thirty female C57 BALB/6J mice (4 weeks 

old) were purchased and allocated into six groups based on body weight. They were housed 

individually in stainless steel cages in a room temperature controlled with 12 hours 

dark/light cycles and had access to the tap water. Normal diet (commercial diet) was fed in 

the first week. The mice were randomly allocated into weight-matched six groups (5 

mice/group) after one week of acclimatization and each group was fed a semi-purified diet 

and containing 10% of oil (locally available) as sacha inchi, soybean, olive, lard, canola, 

and sesame oils for six weeks. The diet formulated (per kg) with 2.5 g choline bitartrate, 

3.0 g L-cystine, 10 g vitamin mixture, 40 g mineral mixture, 100 g oil (for each type of oil), 

150 g sucrose, 50 g cellulose, 200 g casein, 444.5 g corn starch was used. Free access for 

feed and water with the same amount was given to all the mice. Body weight was measured 

every week.   

         At the end of the experiment after six weeks of feeding, the mice were 

anesthetized with CO2, and then blood was collected from the aorta and subsequently killed. 

Each blood sample was left for 1.5 hours to coagulate at room temperature. Separation of 

the serum was carried out by centrifugation of coagulated blood at speed 3000 x g at 4 C° 
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for 15 minutes. The clear serum was transferred carefully to clean and dry tubes, and kept 

at -20°C until analysis of total cholesterol, triglyceride, and phospholipid concentration. 

Cecum contents were collected to determine SCFA concentration and the bacteria DNA 

was extracted for qPCR analyses and Illumina MiSeq sequencing. Liver was also collected 

for determination of cholesterol, triglycerides, and phospholipid concentrations and analysis 

of gene expression.    

   

4.2.2 Serum biochemical analyses   

The levels of serum total cholesterol, triglycerides, and phospholipid were measured 

according to commercial kits' instruction.  

 

4.2.3 Cecum SCFA analysis  

Cecum samples (0.050g) were weighed, homogenized, and then deproteinized using 

10% trichloroacetic acid with the same volume of the sample weight. The samples were 

centrifuged and supernatant before injection into the TC-FFAP column. The column oven 

temperature was programmed at 80°C for the first 2 minutes and then increased to 200°C at 

a rate of 10°C per minute. Cecal SCFAs determination was conducted using a gas 

chromatograph (GC-14A, Shimadzu) fitted with a glass capillary column coated with nitro 

terephthalic acid modified polyethylene glycol (TC- FFAP, GL Sciences).   

   

4.2.4 Bacteria DNA extraction and 16S rRNA gene amplicon sequencing  

To obtain bacterial DNA from the cecum sample, 0.050g of cecum content were 

extracted and purified by using the repeated bead beating plus column method of Yu and 

Morrison  [73]. 0.050 g wet weight of cecum samples were lysed with 1 mL of lysis buffer 

[2.5M NaCl, 1M Tris-HCl, pH 8.0, 0.5 M EDTA, and 10% sodium dodecyl sulfate (SDS)]. 

Cell lysis was achieved by bead beating in the presence of 0.4 g of sterile zirconia beads 

(0.3 g of 0.1 mm and 0.1 g of 0.5 mm). After bead beating, most of the impurities and the 

SDS are removed by precipitation with 200 µL 10 M ammonium acetate, and then the 

nucleic acids are recovered by precipitation with 500 µL isopropanol. Genomic DNA can 

then be purified via sequential digestions with 2 µL DNase-free RNase and 15 µL 
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proteinase K, followed by the procedure using QIAamp columns of DNeasy Stool Mini Kit 

(Qiagen, Germantown, MD, USA).   

PCR procedures to generate an amplicon library for MiSeq sequencing [74] were 

applied for the bacterial DNAs of cecum samples. PCR round one was using primers 

targeting the V4 region of the 16S rRNA gene (forward:  5ʹ-

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCCAGCMGCCGCGGTAA-3ʹ;  

reverse: 5ʹ- 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTC 

TAAT-3ʹ;  tail sequences are underlined). The protocol of PCR included an initial 

denaturation at 94 °C for 2 min, within 30 cycles of denaturation at 94 °C for 30 s, 

annealing at 50 °C for 30 s, elongation at 72 °C for 30 s, and a final elongation at 72 °C for 

5 min. The PCR products were purified using the Fast Gene Gel/PCR Extraction Kit 

(NIPPON Genetics Co., Ltd., Tokyo, Japan) and subsequently used as DNA templates for 

second round PCR with adapter-attached primers. The second round PCR protocol included 

an initial denaturation at 94 °C for 2 min, followed by ten cycles of denaturation at 94 °C 

for 30 s, annealing at 59 °C for 30 s, elongation at 72 °C for 30 s, and a final elongation at 

72 °C for 5 min. After the purification process described above, the purified DNA was pair-

end sequenced (2 × 250 bp) on an Illumina MiSeq platform at FASMAC Co., Ltd. 

(Kanagawa, Japan).   

The raw sequences were processed using quantitative insights into microbial ecology 

(QIIME 2, version 2019.10) software. And it was denoised via DADA2 and low-quality 

sequences were truncated. Sequences that overlapped more than 60 bp were merged, 

followed by the identification and removal of chimeric sequences. High-quality sequences 

only remained were grouped into operational taxonomic units (OTUs) with a 97% 

similarity threshold. Bacterial clustering was analyzed from the phylum to the family level.   

   

4.2.5 Lipid extract from the liver  

Lipid extraction with 30 samples was carried out according to the following 

procedures with three steps as homogenization, filtration, and dry up under nitrogen stream. 

In brief, 0.2 g of wet liver samples were homogenized in the glass tube twice using a handy 
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type homogenizer with a normal speed for 2 minutes. First, 0.2 g of sample was added with 

1,333 µl of methanol solvent and 10 µl of antioxidant or BHT (20 mg/ml), and then 

homogenized with 2667 µl of chloroform solvent for 2 minutes. Next, using a vacuum with 

filter paper (No. 5 A 125 mm) 1 ml of filtered sample was collected and transferred into a 

glass tube. The extract was dried up under nitrogen stream in a water bath at 45°C for 15 

minutes, and then redissolved with 200 µl of isopropanol. The samples were stored at - 

30 °C until analyzed.      

  

4.2.6 Analysis of gene expression  

Total RNA was extracted from 0.03g of wet liver samples using ISOGEN II kit and 

the manufacturer’s protocol (Nippon Gene). The concentration of RNA was quantified 

using a spectrophotometer (Bio-Rad Laboratories Inc., Tokyo, Japan). Two micrograms of 

total RNA was subjected to reverse transcription with oligo (dT18) primers using the First 

Strand cDNA synthesis kit (Takara Biotechnology, Shiga, Japan) according to the 

manufacturer’s instruction. All the cDNA preparations were stored at -20˚C until further 

analysis. Random primers were then used to reverse transcriptase the RNA (Takara). qPCR 

was performed using an AriaMx Real-Time PCR System (Agilent Technologies). 

Expression values were normalized to GAPDH in the same sample. The sequences of the 

primer pairs used for qRT-PCR amplification are were as follows for GAPDH; 5′-

TGCACAGCTTTCTTCTGCAC-3′,  forward  primer,  and  5′-

TGCCAGCCTCACATGTACTC-3′, reverse primer and with the target gene as Srebf2 

(sterol regulatory element binding transcription factor 2), HMGCR (3-hydroxy-3-

methylglutaryl-CoA reductase), and FAS (fatty acid synthase) genes. The sample 

quantification 40 cycles (Cq) values were normalized using the housekeeping gene GAPDH. 

Fold changes were then calculated relative to the average sample group value using the 

∆∆Cq method.   

  

4.2.7 Statistical analysis   

Analyses were done by one-way analysis variance (ANOVA) using JMP software 

(ver.14; SAS Institute, Tokyo, Japan). Tukey’s multiple comparisons were made to 
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examine the differences between the six oils treatment. Data were expressed as means ± 

standard error (means ± SE). P<0.05 was set as statistical significance in the experiment.   

  

Table 4.1. Fatty acids composition of seeds oil and animal fat  

Common name  

And lipid number  

ω-n  Sacha  

Soybean Olive 

inchi  

Lard Canola Sesame 

   Saturated    8.9  14.9  15.1  41.1  6.6  15.5 

   Monounsaturated    9.4  23.3  72.9  44.9  44.9  23.3 

   Polyunsaturated     82.5  60.6  11.1  10.1  10.1  60.6 

Myristic Acid (C14:0)    0.0  0.0  0.0  1.1  0.0  0.0 

Myristoleic Acid (C14:1)    0.0  0.0  0.0  0.3  0.0  0.0 

Palmitic Acid (C16:0)    5.5  10.6  12.2  23.2  4.1  9.3 

Palmitoleic Acid (C16:1)    0.0  0.0  1.0  1.9  0.1  0.1 

Stearic Acid (C18:0)    3.4  3.9  2.5  16.6  1.9  5.6 

Oleic Acid (C18:1)  ω-9  9.4  71.9  40.0  23.3  61.1  42.7 

Linoleic Acid (C18:2)  ω-6  34.7  10.5  43.5  53.0  21.0  9.8 

 Linolenic Acid (C18:3)  ω-3  47.8  0.6  0.4  7.6  8.9  0.3 

  

 

4.3 RESULTS AND DISCUSSION   

4.3.1 The effect of oils on serum lipids  

 The mice fed sacha inchi, soybean, olive, lard, canola, and sesame oil diet showed no 

differences in the body weight after six weeks of the experiment. Liver weight was similar 

regardless of the dietary oils.  

The effect of oils on serum total cholesterol, triglycerides, and phospholipid were 

given in Figure 4.1. In mice fed sacha inchi groups cholesterol concentration was decreased 

compared with mice fed olive oil. The mice fed soybean, canola, sesame, and lard oils were 

in ascending order (90.2, 102.9, 109.2, 108.5 mg/100mL). Triglycerides and phospholipid 

concentrations were similar between treatments. 
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a. Total cholesterol (mg/100mL)  

         

b. Triglyceride  (mg/100mL)                                    c. Phospholipid (mg/100mL)  

 

Figure 4.1. Effect of dietary oil on serum lipid of mice fed in six groups. 

   

4.3.2 The effect of oils on Liver  

 Liver total cholesterol concentration was also decreased in sacha inchi oil fed group 

(2.02 mg/g), followed by soybean oil group (3.4 mg/g), compared with canola and sesame 

oil fed group (7.2 mg/g) and olive oil, lard fed group (23.1 and 29.7 mg/g). The 

phospholipid concentration was decreased in sacha inchi group (8.82 mg/g) compared with 

the canola, soybean, olive, sesame, and lard oil-fed groups (16.7, 10.6, 11.3, 13.2, 15.7 

mg/g). No significant differences were observed for triglycerides in each group oils fed diet 

as the figure below.  
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a. Total cholesterol (mg/g)           b. Triglycerides (mg/g)       c. Phospholipid (mg/g) 

   

 

 

 

Figure 4.2. Effect of feeding sacha inchi, soybean, olive, lard, canola, and sesame oils on 

liver lipid concentrations in mice.  
 

 

4.3.3 Weight, short-chain fatty acid concentration, total population, diversity, and 

relative abundance of the cecum microbiota in mice fed oils.  

No significant differences were observed in cecum weight, short-chain fatty acid, 

population, alpha diversity, and cecum microbiota at phylum level in 6 oils treatment group 

(Table 4.2)  

Table 4.2. Weight, short-chain fatty acid concentration, total population, diversity, and 

relative abundance of the microbiota in mice cecum fed sacha inchi, soybean, olive, lard, 

canola, and sesame oil.   

 
 Sacha  Canola  

 Item  inchi  Soybean Olive  Lard Sesame  SE   ANOVA  

 
Cecum weight (g/100gbody weight)  1.26  1.18  1.1  1.04  1.08  1.06  0.90  NS  

Short chain fatty acid (mmol/g)  
                

     Acetic acid  19.8  20.4  19.7  19.3  17.6  26.7  2.77  NS  

     Propionic acid  11.3  10.9  11.9  9.6  9.7  11.5  1.05  NS  

     Butyric acid  7.8  10.1  7.8  7.1  7.5  10.1  1.49  NS  

Population(log10copies/g)  10.9  10.4  10.4  10.1  10.1  9.9  0.11  NS  

Alpha diversity  
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     Chao 1  130.6  106.8  134.6  115  112.02  105.5  10.34  NS  

     Shannon  3.91  3.19  3.83  3.70  3.35  3.86  0.28  NS  

Relative abundance (%)  
                

Actinobacteria  0.32  0.67  0.89  0.48  0.28  0.81  0.24  NS  

Bacteroidetes  12.9  0.71  1.04  5.60  0.67  0.45  1.52  NS  

Firmicutes  77.2  88.23  86.72  79.65  82.9  87.2  0.68  NS  

Proteobacteria  1.37  1.23  1.54  0.83  0.79  0.84  0.24  NS  

 
Phyla and families having a relative abundance of > 1% in at least one sample are indicated. NS, not 

significant; * p<0.05.  

  

4.3.4 Cecum microbiota   

No differences were found in alpha diversity indices (Chao 1 and Shannon) for six oils 

treatment cecum microbiota. Actinobacteria (0.288-0.89%), Bacteroidetes (0.45–12.9%), 

Firmicutes (77.2–88.23%), and Proteobacteria (0.79-1.54%) were four prevalent phyla 

regardless of the oil groups. At the family level, the prevalent taxa were 

Erysipelotrichaceae (47.7–70.4%) regardless of the dietary oil. The second and third 

abundant families were Ruminococcaceae (13.5%) and Lactobacillaceae (6.16%) in mice 

fed olive oil, and Lachnospiraceae (16.4) in mice fed sesame oil. Meanwhile, 

Bacteroidaceae (8.74%), Paraprevotellaceae (2.70%), Mogibacteriaceae (1.04%), and 

S24-7 (1.50%) were found in mice fed sacha inchi oil. Peptococcaceae showed (0.03-

0.32%) a high abundance in mice fed lard oil. Peptostreptococcaceae was shown low 

(1.35%) in sacha inchi oil group whereas the abundance was high in canola oil group 

(3.75%).   
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Figure 4.3. Relative abundance at family level of individual cecum microbiota in mice fed 

six oils group (sacha inch, soybean, olive, lard, canola, and sesame oil) were examined.   
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Figure 4.3a. Relative abundances at the family level of major cecum microbiota in mice 

fed six oils group (SI, sacha inch; SB, soybean; OL, olive; LD, lard; CL, canola; SE, 

sesame oil).   

 

 

Figure 4.3b. Relative abundances at the family level of minor cecum microbiota in mice 

fed six oils group (SI, sacha inch; SB, soybean; OL, olive; LD, lard; CL, canola; SE, 

sesame oil).   
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Figure 4.4. Principal coordinate analysis plot characterizing the cecum microbiota of the 

mice fed six different oils for 6 weeks. SC: sacha inchi, SB: soybean, OL: olive, LD: lard, 

CL: canola, and SE: sesame oil. The sample enclosed by the green circle are regarded to be in 

the same group at a similarity level of 80%.  

The relationship between dietary oils and cecum microbiota as analyzed by PCoA is 

shown in Figure 4.4. The mice fed sacha inchi, soybean, olive, lard, canola, and sesame oils 

appeared in the same group. The mice fed these oils were characterized by 

Streptococcaceae, Erysipelotrichaceae, Lactobacilaceae, Clostridiaceae, Bacteroidaceae, 

Paraprevotellaceae, S24-7, Dehalobacteriaceae, Ruminococaceae, and Lachospiraceae.    

 

 

Figure 4.5. Relative expression of several genes associated with lipid metabolism in mice fed 

six different oils for 6 weeks. SC: sacha inchi, SB: soybean, OL: olive, LD: lard, CL: canola, 

and SE: sesame oil. The sample enclosed by the green circle are regard to be in the same 

group at a similarity level 80%.  
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4.4 CONCLUSION    

No differences were seen in body weight between treatments after 6 weeks of feeding. 

Although liver, and cecum weights were similar regardless of the dietary oil, serum 

concentration of cholesterol was low in mice fed sacha inchi oil compared with those fed 

olive oil. Sacha inchi oil is rich in C18:2 linoleic (ω-6) and C18:3 linolenic acid (ω-3) and 

olive oil has a large proportion of C18:1 oleic acid (ω-9); hence, differences of the fatty 

acid composition could account for the differences of serum cholesterol concentration. 

Difference of dietary oil did not affect cecum concentrations of acetic, propionic, or butyric 

acid. Even so, relative abundances of Streptococcaceae and Enterobacteriaceae were 

greater and those of Dehalobacteriaceae and S24-7 were lower in mice fed sesame oil 

compared with sacha inchi oil. Relative abundance of Ruminococcaceae was also higher 

when mice fed sacha inchi oil rather than lard and soybean oil.  
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CHAPTER 5 

 

INTERACTION EFFECT OF DIETARY PROTEIN AND OIL ON 

LIPID METABOLISM AND CECUM FERMENTATION 
  

5.1 INTRODUCTION  

Diet is one of the key modulators of gut microbiota composition, which directly 

influences host homeostasis and biological processes and metabolites derived from the 

microbial fermentation of nutrients - particularly short-chain fatty acids (SCFAs).    

Dietary protein is a potent regulator of serum cholesterol level; soybean protein as 

compared with casein exerts a significant hypocholesterolemia effect [71, 72], although the 

mechanism is still controversial. In addition, a protein-dependent modulation of linoleic 

acid desaturation has been suggested since the ratio of arachidonic acid to linoleic acid in 

tissue phospholipids was higher in rats fed casein than in those fed soybean protein [73, 74].  

As with any gut microbiota studies, a major challenge is elucidating the underlying 

biological mechanisms and proving whether the associations are due to a causal 

relationship. In this regard, evidence from animal studies supports the notion that the gut 

microbiome can mechanistically impact host lipid levels. For example, certain facultative 

and anaerobic bacteria in the large bowel produce secondary bile acids from the pool of bile 

salts secreted into the intestine. A small fraction of these bacterially derived bile acids are 

absorbed into the bloodstream and modulate hepatic and/or systemic lipid and glucose 

metabolism through nuclear or G protein-coupled receptors (GPCRs).  

One class of metabolites produced by these bacteria are short-chain fatty acids 

(SCFAs), which can subsequently be metabolized by the host or alternatively act as 

hormones. SCFAs, such as acetate, propionate, and butyrate, are known to regulate 

intestinal immune homeostasis and serve as an energy source for colonic epithelial cells. 

However, SCFAs have been shown to have metabolic benefits as well, which are mediated, 

in part, through induction of intestinal gluconeogenesis [75]. SCFAs are also absorbed from 

the gut and can have potent effects on energy expenditure and insulin sensitivity in 

peripheral metabolic tissues through different GPCRs, such as GPR41 and GPR43 [76, 77].  
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It is also possible that gut bacteria generate intermediate precursors that are further 

metabolized by the host to exert direct effects on lipid levels. For example, recent studies 

have linked high levels of trimethylamine N-oxide (TMAO) to atherosclerosis in both mice 

and humans. 

Since dietary proteins and dietary fats modulate lipid metabolism, the study of an 

interactive effect of a n-9/n-3 ratio and a type of protein in diets on lipid metabolism and 

gut fermentation is relevant. In the present study, the combined effects of dietary proteins 

(casein, soybean, and egg protein) and fats (sacha inchi oil and canola oil) on gut 

fermentation and several lipid parameters were studied in mice. The objectives of this study 

were to examine the effect of combination of dietary protein and oil on gut fermentation 

and lipid metabolism in mice. 

  

5.2 MATERIAL AND METHODS   

5.2.1 Animals and diets   

Thirty females of C57BL/6J mice (4 weeks old) were purchased and used in this study. 

The procedures of the experiment were approved by the Animal Care and Use Committee 

of Okayama University, Japan. After one week of acclimatization, the weight-matched 

mice were randomly grouped, housed individually in stainless steel cages, and had a free 

access to the tap water. Normal diet (commercial diet) was fed only for the first one week. 

The mice were fed semi-purified diet prepared with three proteins (casein, soy protein 

isolate, and egg albumin) and two oils (sacha inchi and canola oil). The oil level was 10 in 

the diet. Duration of feeing experiment was six weeks. The diet formulated (per kg) with 

2.5 g choline bitartrate, 3.0 g L-cystine, 10 g vitamin mixture, 40 g mineral mixture, 100 g 

oil (for each type of oil), 150 g sucrose, 50 g cellulose, 200 g casein, 444.5 g corn starch 

was used. Free access for feed and water with the same amount was given to all the mice. 

The mice’s body weight was measured weekly.   

At the end of the experiment after six weeks of feeding, the mice were anesthetized 

with CO2, and then blood was collected from the aorta and subsequently killed. Each blood 

sample was centrifuged at speed 3000 x g at 4 C° for 15 minutes. The plasma was 

transferred carefully to clean and dry tubes, and kept at -20°C until analysis of total 
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cholesterol, triglyceride, and phospholipid concentration. Cecum contents were collected to 

determine SCFA concentration and the bacteria DNA was extracted for qPCR analyses and 

Illumina MiSeq sequencing. The liver was also collected for determination of cholesterol, 

triglycerides, and phospholipid concentrations and analysis of gene expression.   

 

5.2.2 Cecum SCFA analysis  

  Cecum samples (0.050g) were weighed, homogenized, and then deproteinized using 

10% trichloroacetic acid with the same volume of the sample weight. The samples were 

centrifuged and supernatant before injection into the TC-FFAP column. The column oven 

temperature was programmed at 80°C for the first 2 minutes and then increased to 200°C at 

a rate of 10°C per minute. Cecal SCFAs determination was conducted using a gas 

chromatograph (GC-14A, Shimadzu) fitted with a glass capillary column coated with nitro 

terephthalic acid modified polyethylene glycol (TC- FFAP, GL Sciences).   

 

5.2.3 Preparation liver extraction and liver lipid -Plasma analysis 

5.2.3.1 Lipid extraction from liver  

Lipid extraction with 30 samples was carried out according to the following 

procedures with three steps as homogenization, filtration, and dry up under nitrogen stream. 

In brief, 0.2 g of wet liver samples were homogenized in the glass tube twice using a handy 

type homogenizer with a normal speed for 2 minutes. First, 0.2 g of sample was added with 

1,333 µl of methanol solvent and 10 µl of antioxidant or BHT (20 mg/ml), and then 

homogenized with 2667 µl of chloroform solvent for 2 minutes. Next, using a vacuum with 

filter paper (No. 5 A 125 mm) 1 ml of filtered sample was collected and transferred into a 

glass tube. The extract was dried up under nitrogen stream in a water bath at 45°C for 15 

minutes, and then redissolved with 200 µl of isopropanol. The samples were stored at - 

30 °C until analyzed.   
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5.2.3.2 Liver lipid -Plasma analysis  

The levels of total cholesterol, triglycerides, and phospholipid in liver and plasma were 

measured according to commercial kits' instruction.  

 

5.2.3 Bacteria DNA extraction and 16S rRNA gene amplicon sequencing  

To obtain bacterial DNA from the cecum sample, 0.050g of cecum content were 

extracted and purified by using the repeated bead beating plus column method of Yu and 

Morrison  [73]. 0.050 g wet weight of cecum samples were lysed with 1 mL of lysis buffer 

[2.5M NaCl, 1M Tris-HCl, pH 8.0, 0.5 M EDTA, and 10% sodium dodecyl sulfate (SDS)]. 

Cell lysis was achieved by bead beating in the presence of 0.4 g of sterile zirconia beads 

(0.3 g of 0.1 mm and 0.1 g of 0.5 mm). After bead beating, most of the impurities and the 

SDS are removed by precipitation with 200 µL 10 M ammonium acetate, and then the 

nucleic acids are recovered by precipitation with 500 µL isopropanol. Genomic DNA can 

then be purified via sequential digestions with 2 µL DNase-free RNase and 15 µL 

proteinase K, followed by the procedure using QIAamp columns of DNeasy Stool Mini Kit 

(Qiagen, Germantown, MD, USA).   

PCR procedures to generate an amplicon library for MiSeq sequencing [74] were 

applied for the bacterial DNAs of cecum samples. PCR round one was using primers 

targeting the V4 region of the 16S rRNA gene (forward:  5ʹ-

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCCAGCMGCCGCGGTAA-3ʹ;  

reverse: 5ʹ- 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTC 

TAAT-3ʹ;  tail sequences are underlined). The protocol of PCR included an initial 

denaturation at 94 °C for 2 min, within 30 cycles of denaturation at 94 °C for 30 s, 

annealing at 50 °C for 30 s, elongation at 72 °C for 30 s, and a final elongation at 72 °C for 

5 min. The PCR products were purified using the Fast Gene Gel/PCR Extraction Kit 

(NIPPON Genetics Co., Ltd., Tokyo, Japan) and subsequently used as DNA templates for 

second round PCR with adapter-attached primers. The second round PCR protocol included 

an initial denaturation at 94 °C for 2 min, followed by ten cycles of denaturation at 94 °C 
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for 30 s, annealing at 59 °C for 30 s, elongation at 72 °C for 30 s, and a final elongation at 

72 °C for 5 min. After the purification process described above, the purified DNA was pair-

end sequenced (2 × 250 bp) on an Illumina MiSeq platform at FASMAC Co., Ltd. 

(Kanagawa, Japan). 

The raw sequences were processed using quantitative insights into microbial ecology 

(QIIME 2, version 2019.10) software. And it was denoised via DADA2 and low-quality 

sequences were truncated. Sequences that overlapped more than 60 bp were merged, 

followed by the identification and removal of chimeric sequences. High-quality sequences 

only remained were grouped into operational taxonomic units (OTUs) with a 97% 

similarity threshold. Bacterial clustering was analyzed from the phylum to the family level. 

 

5.2.4 Denaturing gradient gel electrophoresis (DGGE)   

The bacterial DNA in cecum was extracted and purified using the QIAamp DNA Stool 

Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. A variable 

(V3) region of the bacterial 16S rRNA gene was amplified using the universal primers 

GC357f and 517r and the PCR program. Amplicons were separated via DGGE by using the 

DCode Universal Mutation Detection System (Bio-Rad Ltd., Tokyo, Japan). Samples were 

applied directly onto 80 g/L (w/v) polyacrylamide gels, which had denaturing gradients 

ranging from 20% to 50%. Gels were prepared using 7 M urea and 400 g/L (v/v) formamide 

as 100% denaturants. Electrophoresis was performed at a constant voltage of 150 V for 12 h 

at 60°C, following which the gels were stained with SYBR Green (Cambrex Bio Science 

Inc., Rockland, ME, USA) and photographed under UV illumination.  

  

5.2.5. Analysis of gene expression  

Total RNA was extracted from 0.03g of wet liver samples using ISOGEN II kit and 

the manufacturer’s protocol (Nippon Gene). The concentration of RNA was quantified 

using a spectrophotometer (Bio-Rad Laboratories Inc., Tokyo, Japan). Two micrograms of 

total RNA was subjected to reverse transcription with oligo (dT18) primers using the First 

Strand cDNA synthesis kit (Takara Biotechnology, Shiga, Japan) according to the 

manufacturer’s instruction. All the cDNA preparations were stored at -20˚C until further 
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analysis. Random primers were then used to reverse transcriptase the RNA (Takara). qPCR 

was performed using an AriaMx Real-Time PCR System (Agilent Technologies). 

Expression values were normalized to GAPDH in the same sample. The sequences of the 

primer pairs used for qRT-PCR amplification are were as follows for GAPDH; 5′-

TGCACAGCTTTCTTCTGCAC-3′,  forward  primer,  and  5′-

TGCCAGCCTCACATGTACTC-3′, reverse primer and with the target gene as Srebf2 

(sterol regulatory element binding transcription factor 2), HMGCR (3-hydroxy-3-

methylglutaryl-CoA reductase), and FAS (fatty acid synthase) genes. The sample 

quantification 40 cycles (Cq) values were normalized using the housekeeping gene GAPDH. 

Fold changes were then calculated relative to the average sample group value using the 

∆∆Cq method.   

 

5.2.6 Statistical analysis  

Analyses were done by two-way analysis variance (ANOVA) with proteins and oils as 

two main factors using JMP software (ver.14; SAS Institute, Tokyo, Japan). Tukey’s 

multiple comparison was used to examine differences between treatments. P<0.05 was set 

as statistical significance in the experiment.   

  

Table5.1 Fatty acid composition of dietary fats   

Common name  Fatty acid    Sacha inchi oil  Canola oil  

Palmitic Acid                  C16:0  5.5  4.1  

Palmitoleic Acid          C16:1  0  0.1  

Stearic Acid                    C18:0  3.4  1.9  

Oleic Acid     C18:1(n-9)  9.40  61.10  

Linolenic Acid             C18:3(n-3)  47.80  8.90  

 Ratio n-9 / n-3  0.19  6.69  

SFA (saturated fatty acid); MUFA, monounsaturated fatty acid; and PUFA, polyunsaturated fatty 

acid   
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5.3 RESULTS  

5.3.1 Effect of dietary protein and fat on liver and plasma  

    The liver cholesterol concentrations were lower in mice fed casein regardless of the 

dietary oil source compared with those fed egg protein, whereas differences between soy 

protein and egg protein feeding were not observed. The triglyceride concentrations were 

lowered in egg protein and sacha inchi oil-fed mice (27.6 mg/g) compared with egg protein 

and canola oil-fed mice (38.8mg/g). The liver phospholipid level was not different between 

the six groups. The response was similar for the plasma concentrations of cholesterol, 

triglycerides and phospholipid, whereas no differences were found owing to protein and oil 

sources. 

   

Table5.2: Effect of dietary protein and fat on plasma and liver of mice  

 

Group   Protein   Casein        Soy Egg SE ANOVA 

Fat SI CL SI CL SI CL  P  F  P x F  

Liver  

      TC (mg/g)  12.5c  12.4c  22.1bc  24.2ab  26.3ab  34.1a  2.3  **  NS  NS  

      TG (mg/mL)  31b  31.9ab  33.3ab  28.8b  27.6b  38.8a  1.6  NS  NS  **  

       PL (mg/g)  51.02  50.4  52.3  48.7  44.9  54.6  3.1  NS  NS  NS  

Plasma  

  TC (mg/100mL)  
115.2  149.5  137.7  153.3  131.9  114.5  16.4  NS  NS  NS  

  TG (mg/100mL)  53.26  54.12  51.25  66.25  45  50.8  6.31  NS  NS  NS  

  PL (mg/100 mL)  127.3  136.6  133.0  147.4  125.05  156.8  15.3  NS  NS  NS  

TC (Total cholesterol), TG (Triglyceride), PL (Phospholipid), SC(Sacha inchi)oil, CL(Canola )oil, 

P (Protein), F (Fat), PxF (Protein x Fat), NS (not significant), * (P<0.05), ** (P<0.01). a, b – 

values in the rows with different letters differs significantly (P < 0.05).  
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5.3.2 Effect of dietary protein and fat on short-chain fatty acid in the cecum of mice  

Table 5.3 shows the variation of short-chain fatty acids concentration in the cecum of 

mice fed casein, soy, and egg protein and sacha inchi and canola oils. The concentrations of 

acetate, propionate, and n-butyrate were not affected by either protein or oil. no significant 

differences among the groups. Only iso-butyrate concentration was lowered in mice fed 

casein-canola and egg-sacha inchi compared with casein-sacha inchi group. The 

concentrations in mice fed soy-sacha inchi, soy-canola, and egg-canola were similar. The 

concentration of n-butyrate was greater in mice fed egg-sacha inchi compared with soy-

canola. The n-butyrate profiles were influenced by protein, but the interaction between 

protein and oil was not observed.    

   

 Table 5.3: Effect of dietary protein and fat on short chain fatty acid of cecum in mice  

  

SCFA  Casein  

SC  

   

CL  

Soy   

SC  

   

CL  

Egg  

SC  

   

CL  

 ANOVA   

SE  

7.9  

P  O  P x O  

Acetate  31.3  24.5  32.6  43.4  28.3  24.9  NS  NS  NS  

Propionate  6.5  5.9  7.5  7.0  9.4  7.5  1.3  NS  NS  NS  

 iso-Butyrate  1.6a  0.6b  1.4ab  1.0ab  0.6b  0.8ab  0.2  NS  *  *  

n-Butyrate  2.4ab  1.9ab  2.4ab  1.3b  3.3a  2.8ab  0.4  *  NS  NS  

Butyrate  4.0  2.6  3.8  2.3  3.9  3.6  0.6  NS  *  NS  

SCFA(short chain fatty acid), SC (Sacha inchi)oil, CL(Canola )oil, P (Protein), O (Oils), PxO 

(Protein x Fat), NS (not significant), * (P<0.05). a, b – values in the rows with different letters 

differs significantly (P < 0.05).  
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5.3.3 DGGE profiles  

Preliminary microbiota evaluation by DGGE demonstrated that egg protein 

feeding differentiated the cecum microbiota compare with casein and soy protein feeding. 

  

Figure 5.1. DGGE profile of the cecum microbiota of mice fed casein, soy, and egg protein 

and sacha inchi and canola oils. 

 

5.3.4 Cecum microbiota    

5.3.4.1 Cecum microbiota assessed by qPCR 

qPCR analyses were performed to quantity Firmicutes Bacteroidetes, Lactobacillus, 

Bifidobacterium, and Clostridium perfringens groups for cecum samples (Figure 5.2). The 

total bacterial population count was 109-10 copies/g in the control cecum samples, and a 

decrease was observed in the total bacterial contents in mice fed egg protein with sacha 

inchi and canola oils. The decrease of the phylum Firmicutes copy number in mice fed 

egg-sacha inchi was found when compared with egg-canola feeding. A significant 

decrease was observed for the phylum Bacteroidetes copy number. The population in soy -

sacha inchi group was smaller than that in egg-sacha inchi group. The population of 

Bifidobacterium spp. was lower in egg-sacha inchi than egg-canola groups.  
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The population of Firmicutes was affected by the types of protein and oils, together 

with significant interaction between protein and oils. The phylum Bacteroidetes was lower 

in soy protein-fed group and the Bifidobacterium spp. was higher in mice fed egg-canola 

compared with in mice fed egg-sacha inchi. 

 

 

 

Figure 5.2. Relative abundances of the cecum microbiota in mice fed casein, soy, and egg 

protein and sacha inchi and canola oils.  

 

The alpha diversity indices of the cecum microbiota (Chao 1 and Shannon) were lower 

in mice fed sacha inchi oil than those fed canola oil. The microbiota affected by protein 

were  Prevotellaceae, S24-7, Paraprevotellaceae, Paraprevotellaceae, Flavobacteriaceae,  

Lactobacillaceae, Turicibacteraceae, o_Clostridiales, Christensenellaceae, 

Peptococcaceae,  Ruminococcaceae, Mogibacteriaceae, Fusobacteriaceae, Moraxellaceae,  

and Verrucomicrobiaceae. Turicibacteraceae and Moraxellaceae were also affected by oil 
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treatment. Significant interactions between protein and oil were shown in the family of 

Lactobacillaceae, Turicibacteraceae, and Moraxellaceae.  

 

Table5.2: Interaction and Effect of dietary protein and oils on cecum microbiota at family 

level  

 

Cecum microbiota 

Casein Soy Egg  

SE Protein Oil Px O SI CL SI CL SI CL 

Alpha diversity  

chao1 120.40 130.40 165.00 171.80 70.80 84.60 6.67 ** NS NS 

shannon 4.72 4.75 5.37 5.54 4.02 4.26 0.11 ** NS NS 

Relative abundance(%)  

Coriobacteriaceae 0.00 0.00 0.00 0.00 0.00 0.01 0.01 NS NS NS 

Prevotellaceae 0.28 0.25 0.16 0.17 0.19 0.29 0.03 * NS NS 

S24-7 0.03 0.07 0.10 0.09 0.12 0.15 0.02 ** NS NS 

Paraprevotellaceae 0.07 0.05 0.14 0.14 0.01 0.03 0.01 ** NS NS 

Flavobacteriaceae 0.04 0.05 0.03 0.03 0.14 0.05 0.02 ** NS NS 

Lactobacillaceae 0.00 0.00 0.00 0.00 0.07 0.02 0.01 ** NS * 

Leuconostocaceae 0.03 0.06 0.03 0.03 0.06 0.07 0.02 NS NS NS 

Turicibacteraceae 0.01 0.04 0.00 0.00 0.00 0.00 0.01 ** * * 

o__Clostridiales 0.02 0.00 0.02 0.03 0.00 0.00 0.01 ** NS NS 

Christensenellaceae 0.10 0.08 0.09 0.09 0.03 0.01 0.01 ** NS NS 

Dehalobacteriaceae 0.00 0.00 0.00 0.01 0.01 0.00 0.00 NS NS NS 

Eubacteriaceae 0.00 0.01 0.01 0.00 0.00 0.00 0.00 NS NS NS 

Peptococcaceae 0.17 0.16 0.17 0.17 0.10 0.09 0.03 * NS NS 

Ruminococcaceae 0.00 0.00 0.00 0.00 0.03 0.03 0.01 ** NS NS 

Mogibacteriaceae 0.20 0.20 0.20 0.19 0.03 0.03 0.02 * NS NS 

Erysipelotrichaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NS NS NS 

Fusobacteriaceae 0.00 0.01 0.00 0.00 0.06 0.11 0.02 ** NS NS 

Moraxellaceae 0.02 0.01 0.01 0.00 0.13 0.05 0.01 ** * * 

Verrucomicrobiaceae 0.00 0.00 0.00 0.01 0.00 0.00 0.00 * NS NS 

 

5.3.5 Gene expression analysis  

The relative mRNA expression of HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase) 

was significantly low in mice fed casein regardless of the dietary oil (Figure 5.4), whereas 

those of FAS (fatty acid synthase) Srebf2 were not affected.  
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a. HMG CR                                                     b. FAS 

  

c. Srebf2 

 

Figure 5.3. Relative expression of several genes associated with lipid metabolism in mice 

casein, soy, and egg protein and sacha inchi and canola oils.  

 

5.4.  DISCUSSION  

Different types of oils have different amounts and composition of fatty acids, and both 

are important in regulating hepatic lipid metabolism. In the present study, we sought to 

investigate the combination of protein and oil on gut fermentation and lipid metabolism in 

the mice cecum. Changes in the liver lipid profiles and the cecum short-chain fatty acid 

concentrations were shown according to dietary protein and oil treatments.  

qPCR assessment has shown that the abundances of Firmicutes and Bifidobacterium 

were lowered when sacha inchi oil was fed with egg protein. 
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5.5 CONCLUSION  

Differences were not seen for body and tissue weights in mice regardless the protein 

oil sources. In this present research, the combination of dietary protein and fat on lipid 

metabolism and gut fermentation was investigated using mice model. The liver lipid 

profiles showed clear differences owing to dietary proteins; casein-sacha inchi and casein-

canola lowered the total cholesterol concentration compared with egg-canola feeding. The 

liver and plasma phospholipid and cholesterol profiles were not affected by protein and oils. 

For short-chain fatty acids concentration, the effect on iso-butyrate was significant in mice 

fed casein-sacha inchi and casein-canola oil. In addition, n-butyrate concentration was 

affected by soy-canola and egg-sacha inchi feeding. 

     

  

  



52   

   

LITERATURE CITED  
  

1. De Palma et al. (2017) De Palma G, Lynch MDJ, Lu J, Dang VT, Deng Y, Jury J, 

Umeh G, Miranda PM, Pigrau Pastor M, Sidani S, Pinto-Sanchez MI, Philip V, 

McLean PG, Hagelsieb M-G, Surette MG, Bergonzelli GE, Verdu EF, Britz-

McKibbin P, Neufeld JD, Collins SM, Bercik P. Transplantation of fecal microbiota 

from patients with irritable bowel syndrome alters gut function and behavior in 

recipient mice. Science Translational Medicine. 2017;9(379):eaaf6397. doi: 

10.1126/scitranslmed.aaf6397.    

2. Chu et al. (2017) Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, Aagaard 

KM. Maturation of the infant microbiome community structure and function across 

multiple body sites and in relation to mode of delivery. Nature Medicine. 

2017;23(3):314– 326. doi: 10.1038/nm.4272.   

3. Arpaia et al. (2013) Arpaia N, Campbell C, Fan X, Dikiy S, Van Der Veeken J, 

deRoos P, Liu H, Cross JR, Pfeffer K, Coffer PJ, Rudensky AY. Metabolites 

produced by commensal bacteria promote peripheral regulatory T-cell generation. 

Nature. 2013;504(7480):451–455. doi: 10.1038/nature12726.   

4. Rothschild et al. (2018) Rothschild D, Weissbrod O, Barkan E, Kurilshikov A, 

Korem T, Zeevi D, Costea PI, Godneva A, Kalka IN, Bar N, Shilo S, Lador D, Vila 

AV, Zmora N, Pevsner-Fischer M, Israeli D, Kosower N, Malka G, Wolf BC, Avnit-

Sagi T, Lotan-Pompan M, Weinberger A, Halpern Z, Carmi S, Fu J, Wijmenga C, 

Zhernakova A, Elinav E, Segal E. Environment dominates over host genetics in 

shaping human gut microbiota. Nature. 2018;555(7695):210–215.doi: 

10.1038/nature25973.   

5. Sekirov et al. (2010) Sekirov I, Russell SL, Antunes LCM, Finlay BB. Gut 

microbiota in health and disease. Physiological Reviews. 2010;90(3):859–904. doi: 

10.1152/physrev.00045.2009.   

6. Kelly et al. (2015) Kelly CJ, Zheng L, Campbell EL, Saeedi B, Scholz CC, Bayless 

AJ, Wilson KE, Glover LE, Kominsky DJ, Magnuson A, Weir TL, Ehrentraut SF, 

Pickel C, Kuhn KA, Lanis JM, Nguyen V, Taylor CT, Colgan SP. Crosstalk between 

microbiota-derived short-chain fatty acids and intestinal epithelial HIF augments 



53   

   

tissue barrier function. Cell Host & Microbe. 2015;17(5):662–671. doi: 

10.1016/j.chom.2015.03.005.   

7. Buffington et al. (2016) Buffington SA, Di Prisco GV, Auchtung TA, Ajami NJ, 

Petrosino JF, Costa-Mattioli M. Microbial reconstitution reverses maternal diet-

induced social and synaptic deficits in offspring. Cell. 2016;165(7):1762–1775. doi: 

10.1016/j.cell.2016.06.001.   

8. Wahlström et al. (2016) Wahlström A, Sayin SI, Marschall H-U, Bäckhed F. 

Intestinal crosstalk between bile acids and microbiota and its impact on host 

metabolism. Cell Metabolism. 2016;24(1):41–50. doi: 10.1016/j.cmet.2016.05.005.   

9. Zheng et al. (2019) Zheng P, Zeng B, Liu M, Chen J, Pan J, Han Y, Liu Y, Cheng K, 

Zhou C, Wang H, Zhou X, Gui S, Perry SW, Wong M-L, Licinio J, Wei H, Xie P. 

The gut microbiome from patients with schizophrenia modulates the glutamate-

glutamineGABA cycle and schizophrenia-relevant behaviors in mice. Science 

Advances. 2019;5(2):eaau8317. doi: 10.1126/sciadv.aau8317.   

10. Sonnenburg JL, Backhed F. Diet-microbiota interactions as moderators of human 

metabolism. Nature. 2016;535(7610):56–64. https://doi.org/10.1038/nature18846.  

11. Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS, Bartelsman JF et al. 

Transfer of intestinal microbiota from lean donors increases insulin sensitivity in 

individuals with metabolic syndrome. Gastroenterology. 2012;143(4):913-6.e7. 

doi:10.1053/ j.gastro.2012.06.031.   

12. Koutnikova H, Genser B, Monteiro-Sepulveda M, Faurie J-M, Rizkalla S, 

Schrezenmeir J et al. Impact of bacterial probiotics on obesity, diabetes and non-

alcoholic fatty liver disease related variables: a systematic review and meta-analysis 

of randomised controlled trials. 2019;9(3):e017995. doi:10.1136/bmjopen-2017- 

017995 %J BMJ Open.  

13. Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host 

metabolism. Nature. 2012;489:242–249.   

14. Odamaki et al. (2016) Odamaki T, Kato K, Sugahara H, Hashikura N, Takahashi S, 

Xiao J-Z, Abe F, Osawa R. Age-related changes in gut microbiota composition from 

newborn to centenarian: a cross-sectional study. BMC Microbiology. 2016;16(1):90. 

doi: 10.1186/s12866-016-0708-5.  

https://doi.org/10.1038/nature18846
https://doi.org/10.1038/nature18846


54   

   

15. Jandhyala et al. (2015) Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, 

Sasikala M, Reddy DN. Role of the normal gut microbiota. World Journal of 

Gastroenterology. 2015;21(29):8787. doi: 10.3748/wjg.v21.i29.8787.   

16. Nagpal et al. (2017) Nagpal R, Tsuji H, Takahashi T, Nomoto K, Kawashima K, 

Nagata S, Yamashiro Y. Ontogenesis of the gut microbiota composition in healthy, 

full-term, vaginally born and breast-fed infants over the first 3 years of life: a 

quantitative bird’s-eye view. Frontiers in Microbiology. 2017;8:1388. doi: 

10.3389/fmicb.2017.01388.  

17. Wen & Duffy (2017) Wen L, Duffy A. Factors influencing the gut microbiota, 

inflammation, and type 2 diabetes. Journal of Nutrition. 2017;147(7):1468S–1475S. 

doi: 10.3945/jn.116.240754.  

18. Goodrich et al. (2014) Goodrich JK, Waters JL, Poole AC, Sutter JL, Koren O, 

Blekhman R, Beaumont M, Van Treuren W, Knight R, Bell JT, Spector TD, Clark 

AG, Ley RE. Human genetics shape the gut microbiome. Cell. 2014;159(4):789–799. 

doi: 10.1016/j.cell.2014.09.053.  

19. Ley et al. (2005) Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, 

Gordon JI. Obesity alters gut microbial ecology. Proceedings of the National 

Academy of Sciences of the United States of America. 2005;102(31):11070–11075. 

doi: 10.1073/pnas.0504978102.  

20. Turnbaugh et al. (2009) Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, 

Duncan A, Ley RE, Sogin ML, Jones WJ, Roe BA, Affourtit JP, Egholm M, 

Henrissat B, Heath AC, Knight R, Gordon JI. A core gut microbiome in obese and 

lean twins. Nature. 2009;457(7228):480–484. doi: 10.1038/nature07540.  

21. Bien, Palagani & Bozko (2013) Bien J, Palagani V, Bozko P. The intestinal 

microbiota dysbiosis and Clostridium difficile infection: is there a relationship with 

inflammatory bowel disease? Therapeutic Advances in Gastroenterology. 

2013;6(1):53–68. doi: 10.1177/1756283X12454590.   

22. Takahashi et al. (2016) Takahashi K, Nishida A, Fujimoto T, Fujii M, Shioya M, 

Imaeda H, Inatomi O, Bamba S, Andoh A, Sugimoto M. Reduced abundance of 

butyrateproducing bacteria species in the fecal microbial community in Crohn's 

disease. Digestion. 2016;93(1):59–65. doi: 10.1159/000441768.  



55   

   

23. Nishino et al. (2018) Nishino K, Nishida A, Inoue R, Kawada Y, Ohno M, Sakai S, 

Inatomi O, Bamba S, Sugimoto M, Kawahara M, Naito Y, Andoh A. Analysis of 

endoscopic brush samples identified mucosa-associated dysbiosis in inflammatory 

bowel disease. Journal of Gastroenterology. 2018;53(1):95–106. doi: 

10.1007/s00535-017-1384-4.  

24. Karlsson et al. (2013) Karlsson F, Tremaroli V, Nielsen J, Backhed F. Assessing the 

human gut microbiota in metabolic diseases. Diabetes. 2013;62(10):3341–3349. doi: 

10.2337/db13-0844.   

25. Vernocchi, Del Chierico & Putignani (2016) Vernocchi P, Del Chierico F, Putignani 

L. Gut microbiota profiling: metabolomics based approach to unravel compounds 

affecting human health. Frontiers in Microbiology. 2016;7(148):1144. doi: 

10.3389/fmicb.2016.01144.  

26. Bunyavanich et al. (2016) Bunyavanich S, Shen N, Grishin A, Wood R, Burks W, 

Dawson P, Jones SM, Leung DYM, Sampson H, Sicherer S, Clemente JC. Early-life 

gut microbiome composition and milk allergy resolution. Journal of Allergy and 

Clinical Immunology. 2016;138(4):1122–1130. doi: 10.1016/j.jaci.2016.03.041.  

27. Chu et al. (2017) Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, Aagaard 

KM. Maturation of the infant microbiome community structure and function across 

multiple body sites and in relation to mode of delivery. Nature Medicine. 

2017;23(3):314– 326. doi: 10.1038/nm.4272.  

28. Cui et al. (2017b) Cui L, Zhao T, Hu H, Zhang W, Hua X. Association study of gut 

flora in coronary heart disease through high-throughput sequencing. BioMed 

Research International. 2017b;2017:3796359. doi: 10.1155/2017/3796359.  

29. Jie et al. (2017) Jie Z, Xia H, Zhong S-L, Feng Q, Li S, Liang S, Zhong H, Liu Z, 

Gao Y, Zhao H, Zhang D, Su Z, Fang Z, Lan Z, Li J, Xiao L, Li J, Li R, Li X, Li F, 

Ren H, Huang Y, Peng Y, Li G, Wen B, Dong B, Chen J-Y, Geng Q-S, Zhang Z-W, 

Yang H, Wang J, Wang J, Zhang X, Madsen L, Brix S, Ning G, Xu X, Liu X, Hou Y, 

Jia H, He K, Kristiansen K. The gut microbiome in atherosclerotic cardiovascular 

disease. Nature Communications. 2017;8(1):845. doi: 10.1038/s41467-017-00900-1.  



56   

   

30. Trøseid (2017) Trøseid M. Gut microbiota and acute coronary syndromes: ready for 

use in the emergency room? European Heart Journal. 2017;38(11):825–827. doi: 

10.1093/eurheartj/ehx005.  

31. Li et al. (2017) Li J, Zhao F, Wang Y, Chen J, Tao J, Tian G, Wu S, Liu W, Cui Q, 

Geng B, Zhang W, Weldon R, Auguste K, Yang L, Liu X, Chen L, Yang X, Zhu B, 

Cai J. Gut microbiota dysbiosis contributes to the development of hypertension. 

Microbiome. 2017;5(1):14. doi: 10.1186/s40168-016-0222-x.  

32. Crittenden, R.; Playne, M.J. Prebiotics. In Handbook of Probiotics and Prebiotics; 

Lee, Y.K., Salminen, S., Eds.; John Wiley & Sons Inc.: Hoboken, NJ, USA, 2009; pp. 

535– 561.  

33. Gibson, R.G.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota: 

Introducing the concept of prebiotics. J. Nutr. 1995, 125, 1401–1412.    

34. Gibson, G.R.; Probert, H.M.; van Loo, J.; Rastall, R.A.; Roberfroid, M. Dietary 

modulation of the human colonic microbiota: Updating the concept of the prebiotics. 

Nutr. Res. Rev. 2004, 17, 259–275.   

35. Flint HJ, Scott KP, Duncan SH, Louis P, Forano E. Microbial degradation of 571 Q2 

complex carbohydrates in the gut. Gut Microbes 2012  

36. Chung, W.S.F.; Walker, A.W.; Louis, P.; Parkhill, J.; Vermeiren, J.; Bosscher, D.; 

Duncan, S.H.; Flint, H.J. Modulation of the human gut microbiota by dietary fibres 

occurs at the species level. BMC Biol. 2016, 14, 1–13.   

37. Grajek, W.; Olejnik, A.; Sip, A. Probiotics, prebiotics and antioxidants as functional 

foods. Acta Biochim. Pol. 2005, 52, 665–671. [PubMed]  

38. Davila, A.M.; Blachier, F.; Gotteland, M.; Andriamihaja, M.; Benetti, P.H.; Sanz, Y.; 

Tome, D. Intestinal luminal nitrogen metabolism: role of the gut microbiota and 

consequences for the host. Pharmacol. Res., 2013, 68, 95-107.   

39. Bishu, S. Sensing of nutrients and microbes in the gut. Curr. Opin. Gastroenterol., 

2016, 32, 86-95.  

40. Shanahan, M.T.; Carroll, I.M.; Gulati, A.S. Critical design aspects involved in the 

study of Paneth cells and the intestinal microbiota. Gut Microbes, 2014, 5, 208-214.   



57   

   

41. Fan, P.; Liu, P.; Song, P.; Chen, X.; Ma, X. Moderate dietary protein restriction alters 

the composition of gut microbiota and improves ileal barrier function in adult pig 

model. Sci. Rep., 2017, 7, 43412.  

42. Cummings JH & Macfarlane GT (1991) The control and consequences of bacterial 

fermentation in the human colon – a review. Journal of Applied Bacteriology 70, 

443–459.  

43. 1. Flint HJ, Scott KP, Louis P, et al. (2012) The role of the gut microbiota in nutrition 

and health. Nat Rev Gastroenterol Hepatol 9: 577-589.  

44. Yu H, Qiu N, Meng Y, et al. (2020) A comparative study of the modulation of the gut 

microbiota in rats by dietary intervention with different sources of egg-white proteins. 

J Sci Food Agric 100: 3622-3629.  

45. Xia Y, Fukunaga M, Kuda T, et al. (2020) Detection and isolation of protein 

susceptible indigenous bacteria affected by dietary milk-casein, albumen and soy-

protein in the caecum of ICR mice. Int J Biol Macromol 144: 813-820.  

46. Bai G, Tsuruta T, Nishino N (2017) Dietary soy, meat, and fish proteins modulate the 

effects of prebiotic raffinose on composition and fermentation of gut microbiota in 

rats. Int J Food Sci Nutr 69: 480-487.  

47. Yu Z, Morrison M (2004) Improved extraction of PCR-quality community DNA 

from digesta and fecal samples. Biotechniques 36: 808-812.  

48. Nguyen TT, Miyake A, Tran TTM, et al. (2019) The relationship between uterine, 

fecal, bedding, and airborne dust microbiota from dairy cows and their environment: 

A pilot study. Animals 9: 1007.  

49. Scheppach W (1994) Effects of short chain fatty acids on gut morphology and 

function. Gut 35: S35-S38.  

50. Hosseini E, Grootaert C, Verstraete W, et al. (2011) Propionate as a healthpromoting 

microbial metabolite in the human gut. Nutr Rev 69: 245-258.  

51. An C, Kuda T, Yazaki T, et al. (2014) Caecal fermentation, putrefaction and 

microbiotas in rats fed milk casein, soy protein or fish meal. Appl Microbiol 

Biotechnol 98: 2779-2787.  



58   

   

52. van Zanten GC, Knudsen A, Röytiö H, et al. (2012) The effect of selected synbiotics 

on microbial composition and short-chain fatty acid production in a model system of 

the human colon. PLoS One 7: e47212.   

53. Sokol H, Pigneur B, Watterlot L, et al. (2008) Faecalibacterium prausnitzii is an anti-

inflammatory commensal bacterium identified by gut microbiota analysis of Crohn 

disease patients. PNAS 105: 16731-16736.  

54. Graf D, Cagno RD, Fak F, et al. (2015) Contribution of diet to the composition of the 

human gut microbiota. Microb Ecol Health Dis 26: 26164.  

55. Schneeberger M, Everard A, Gómez-Valadés AG, et al. (2015) Akkermansia 

muciniphila inversely correlates with the onset of inflammation, altered adipose 

tissue metabolism and metabolic disorders during obesity in mice. Sci Rep 5: 16643.  

56. Martínez I, Perdicaro DJ, Brown AW, et al. (2013) Diet-induced alterations of host 

cholesterol metabolism are likely to affect the gut microbiota composition in 

hamsters. Appl Environ Microbiol 79: 516-524.  

57. Li X, Li Z, He Y, et al. (2020) Regional distribution of Christensenellaceae and its 

associations with metabolic syndrome based on a population-level analysis. PeerJ 8: 

e9591.  

58. Biagi E, Franceschi C, Rampelli S, et al. (2016) Gut microbiota and extreme 

longevity. Curr Biol 26: 1480-1485.  

59. Kim BS, Choi CW, Shin H, et al. (2019) Comparison of the gut microbiota of 

centenarians in longevity villages of South Korea with those of other age groups. J 

Microbiol Biotechnol 29: 429-440.  

60. Kaakoush NO (2015) Insights into the role of Erysipelotrichaceae in the human host. 

Front Cell Infect Microbiol 5: 84.  

61. Wallace JG, Potts RH, Szamosi JC, et al. (2018) The murine female intestinal 

microbiota does not shift throughout the estrous cycle. PloS One 13: e0200729  

62. Shastri P, McCarville J, Kalmokoff M, et al. (2015) Sex differences in gut 

fermentation and immune parameters in rats fed an oligofructose-supplemented diet. 

Bio Sex Differ 6: 13.  

63. 28. Gentile C.L., Weir T.L. The gut microbiota at the intersection of diet and human 

health. Science. 2018;362:776–780. doi: 10.1126/science. aau5812.   



59   

   

64. Carroll, K. K., and Hamilton, R. M. G. (1975): Effects of dietary protein and 

carbohydrate on plasma cholesterol levels in relation to atherosclerosis. J. Food Sci., 

40, 18-23.   

65. Yang Q, Liang Q, Balakrishnan B, et al. (2020) Role of dietary nutrients in the 

modulation of gut microbiota: A narrative review. Nutrients 12: 381.  

66. Huang, Y. S., Cunnane, S. C., and Horrobin, D. F. (1986): Effect of different dietary 

proteins on plasma and liver fatty acid compositions in growing rats. Proc. Soc. Exp. 

Biol. Med., 181, 399-403.   

67. Sugano, M., Ishida, T., and Koba, K. (1988): Protein-fat interaction on serum 

cholesterol level, fatty acid desaturation and eicosanoid production in rats. J. Nutr., 

118, 548-554.  

68. De Vadder F, Kovatcheva-Datchary P, Goncalves D, et al. Microbiota-generated 

metabolites promote metabolic benefits via gut-brain neural circuits. Cell. 

2014;156:84–96.   

69. Brown AJ, Goldsworthy SM, Barnes AA, et al. The orphan G protein-coupled 

receptors GPR41 and GPR43 are activated by propionate and other short chain 

carboxylic acids. J. Biol. Chem. 2003;278:11312–11319.   

70. Kimura I, Ozawa K, Inoue D, et al. The gut microbiota suppresses insulinmediated 

fat accumulation via the short-chain fatty acid receptor GPR43. Nat Commun. 

2013;4:1829.   

71. Kritchevsky, D. (1979): Vegetable protein and atherosclerosis. J Am. Oil Chem. Soc., 

56, 135-140.  

72. Yang, Q., Liang, Q., Balakrishnan, B. et al.: Role of dietary nutrients in the 

modulation of gut microbiota: A narrative review. Nutrients, 2020, 12, 381.  

73. Yu, Z., & Morrison, M. (2004). Improved extraction of PCR-quality community 

DNA from digesta and fecal samples, 3–6.   

74. Nguyen, Wu, & Nishino, 2019. An investigation of seasonal variations in the 

microbiota of milk, feces, bedding, and airborne dust, 6-7.  

75. Beaumont M, Porune KJ, Steuer N, et al. (2017) Quantity and source of dietary 

protein influence metabolite production by gut microbiota and rectal mucosa gene 



60   

   

expression: a randomized, parallel, double-blind trial in overweight humans. Am J 

Clin Nutr 106: 1005-1019.  

76. Ma N, Tian Y, Wu Y, et al. (2017) Contributions of the interaction between dietary 

protein and gut microbiota to intestinal health. Curr Protein Pept Sci 18: 795-808.  

77. Zhu Y, Lin X, Zhao F, et al. (2015) Meat, dairy and plant proteins alter bacterial 

composition of rat gut bacteria. Sci Rep 5: 15220.  

78. Bai G, Ni K, Tsuruta T, et al. (2016) Dietary casein and soy protein isolate modulate 

the effects of raffinose and fructooligosaccharides on the composition and 

fermentation of gut microbiota in rats. J Food Sci 81: H2093-H2098.  

79. Zhu Y, Shi X, Lin X, et al. (2017) Beef, chicken, and soy proteins in diets induce 

different gut microbiota and metabolites in rats. Front Microbiol 8: 1395.  

80. Comerford KB, Pasin G (2016) Emerging evidence for the importance of dietary 

protein source on glucoregulatory markers and type 2 diabetes: Different effects of 

dairy, meat, fish, egg, and plant protein foods. Nutrients 8: 446.  

    


