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CHAPTER 1 

Literature Review 

Polyphenols and its fermentation characteristics 

during colonic fermentation by gut microbiota 
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1.1.General introduction 

Food is any nutritious and edible substance eaten by people or animals to maintain life and growth. 

Moisture, lipids, protein, fiber, carbohydrate, minerals and vitamins are essential nutrients in Food. 

Polyphenols are a food component and categorized as micronutrients. They are secondary 

metabolites mostly found in fruits and vegetables including seeds and cereals with high variability 

in structure and formation [1,2]. They are synthesized by plants as a defensive mechanism against 

radiation and microbial infection [3,4], and depending upon the chemical structure, polyphenols 

can either absorb in the small intestine or reaches the colon for microbial attack. There are more 

than 8,000 polyphenols identified so far, and out of which, more than 4,000 are flavonoids that can 

be grouped into four categories, namely, flavonoids, phenolic acids, polyphenolic amides, and 

other polyphenols [5-7]. The growing interest in polyphenols has led researchers in the recent past 

to discover its potential health attributes  and thus, studies associated with polyphenols have 

become an increasingly important area of human nutrition research. Polyphenols are poorly 

absorbed in the upper gastrointestinal tract. On the other hand, the non-absorbable polyphenols 

(more than 90%) exited the upper gastrointestinal tract into the large intestine and become a 

substrate for microbial fermentation [8,9]. Owing to the limited absorption of polyphenols leads 

to the assumption that its health attributes would be involved in a certain role in the gut, and this 

raised questions which enable researchers to elucidate on the effects associated with the microbial 

community, and later found that the derived phytochemicals displayed positive attributes 

associated with health [10,11]. This was highly supported by researchers regarding its biological 

role in counteracting degenerative diseases such as cancers, cardiovascular diseases, and 

neurodegenerative diseases [12,13], which leads to intensive investigation regarding other 

biological effects of polyphenols. For example, studies have reported that polyphenols are strong 



2 

 

antioxidants, which means that they (polyphenols) can counteract oxidative stress caused by 

reactive oxygen species (ROS) – a potential health risk associated with various diseases and 

disorders such as cardiovascular disease and cancer [14,15]. Recently, studies reported the 

modulatory effects of polyphenols in the microbiota with its prebiotic potential in enriching the 

beneficial bacteria [16-18]. Besides, cecal putrefactive products (ammonia, indole, and skatole) 

and intestinal immunity-related substances (Mucin and Immunoglobulin A (IgA)) were reportedly 

been positively affected by the polyphenols [19,20]. 

 

1.2. Polyphenol and Health 

Epidemiological studies and a lot of research studies both in vitro and in vivo ascribed to 

polyphenols as an antioxidant, anti-inflammatory, an anticarcinogenic, antiviral and antiallergic 

agent which improves human health [,21-26]. Studies have also indicated that a lower risk of type 

2 diabetes was attributed to polyphenols, by lowering of the blood-glucose spike, higher glucose 

tolerance, and increased insulin sensitivity by preventing the breakdown of starch to simple sugars 

[27,28]. Similarly, a study was conducted and reported that a high intake of polyphenol-rich food 

lowered the risk of type 2 diabetes by more than 50% [20]. Further, it was reported that 

anthocyanins could be the most potent antidiabetic polyphenol amongst the many, which can be 

found in food sources such as berries, currants, grapes, and purple sweet potatoes [30,31]. Because 

polyphenols can exert beneficial health effects to the host, it was believed that this is attributed to 

the polyphenol’s antioxidant potential, which alleviates such diseases as chronic inflammation and 

risk factors associated with heart diseases such as lowering of blood pressure and low-density 

lipoprotein (LDL)-bad cholesterol level [32-36]. Besides, many studies have linked high 
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polyphenol-rich food intake in reducing the risk of cancer, particularly attributed to antioxidant 

and anti-inflammatory effects [37-40]. A meta-analysis study highlighted that a high intake of 

flavonols and flavones reduced the risk of breast cancer in women [41]. Additionally, other studies 

have suggested that polyphenols may potentially block the growth and development of cancerous 

cells which may link to lower the risk of breast and prostate cancers, but more studies are warranted 

to further elucidate before strong evidenced-based conclusions can be made [37,40,43]. 

Polyphenols, upon reaching the large intestine, modulates the microbial composition and 

depending upon the amount and type may exert specific response with ameliorative effects [14]. 

Consequently, it promotes or proliferates the population of beneficial bacteria while reducing the 

pathogenic ones [44,45]. For instance, green tea polyphenols increase the population of 

Bifidobacterium while reducing the harmful bacteria such as C. difficile, E.coli, and Salmonella 

[18,46,47]. Similarly, fermentation of polyphenols stimulated the proliferation of Bifidobacterium 

while decreasing the ratio of Firmicutes to Bacteroidetes, relative to controls. Besides, polyphenols 

also stimulate the production of short chain fatty acid (SCFA) by the bacteria [48]. 

 

1.3. Colonic microbiota and health 

The human large intestine especially the distal region is the largest reservoir and diversity of 

microflora of about 1011–1012 bacteria per gram of colonic content, and this accounts for 

approximately 60% of fecal mass [49,50]. Colonization of bacteria started at birth and this is 

influenced by the delivery mode, infant diet, and medication effects [51]. It was reported that early 

colonizers of the large intestine were Enterobacteria and Bifidobacterium and it may vary 

depending on the incidence of infection and breast-to-formula-fed infants [52]. Other studies have 
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reported that colonic flora of vaginally born infants was dominated by Lactobacillus, Prevotella, 

Atopobium or Sneathia sp. with higher levels of Clostridium sp, while cesarean section infants 

have increased the levels of skin-associated bacteria such as Staphylococcus, Corynebacterium, 

and Propionibacterium sp. [53-55].  This put early colonizers or pioneer bacteria at an 

advantageous position in the colon, and subsequently modulate the gene expression which will 

create a conducive environment for them and thus, inhibit the introduced bacteria [56]. While the 

diversity and variability associated with the microbial composition is linked with the host’s health, 

this is critically equilibrated and disturbances (dysbiosis) may consequently lead to chronic 

conditions such as inflammatory bowel diseases, colorectal cancer (CRC), obesity, diabetes, 

cardiovascular diseases, and neurological diseases [57-59]. Besides, influence on the microbial 

composition may be due to inactivity, and most importantly diet, and by modulating the microbiota 

may subsequently trigger the susceptibility to diseases [60]. Therefore, diet is the most common 

modulator of colonic flora. Studies are suggesting that a diet high in fiber is the model diet for 

healthy colonic flora because of its health attributes. For example, inulin selectively increases the 

population of Bifidobacterium while reducing the pathogenic ones [61,62]. Similarly, fermentation 

of complex carbohydrates increases the population of Prevotella which is associated with higher 

levels of fecal SCFA production [63]. Moreover, it was reported that soluble fiber through 

microbial fermentation could be more effectively improve the colonic barrier function by 

upregulating gene expressions of the gut barrier [64]. 

 

1.4. Polyphenols and colonic microbial interaction and health 
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As have been mentioned earlier, most polyphenols (more than 95%) ended up in the large intestine 

intact in the form of glycosides and become a substrate for colonic flora [65,66]. Apart from the 

‘prebiotic-like’ and other health-associated effects of polyphenols, colonic modulation of 

microbiota and its associated health implications is being intensively investigated recently in an 

attempt to elucidate on other specific gut microbial species that may provide health benefits to the 

host. The effect of polyphenol depends very much on the type and concentrations [67-69]. For 

example, tea polyphenols inhibited pathogenic bacterial growth such as Clostridium perfringens 

with limited effect on Bifidobacterium and Lactobacillus [18]. Studies were recently reported that 

polyphenols can modulate the microbial composition with beneficial health attributes. For example, 

wild blueberry proanthocyanidins distinctively shaped the gut microbiota profile and influence the 

glucose homeostasis and intestinal phenotypes in high-fat high-sucrose fed mice [70]. Similarly, 

blueberry supplementation influences gut microbiota, inflammation, and insulin resistance in high-

fat-diet-fed rats [71]. In another study, chitin–glucan and pomegranate polyphenols improve the 

endothelial dysfunction by microbial modulation [72]. Fotschki et al. [73] reported that 

anthocyanins in strawberry polyphenolic extract exert a positive response in the rat cecal 

environment. Likewise, Peng et al. [74] also reported the long-term intake of anthocyanins from 

Lycium ruthenicum Murray on the organism’s health and gut microbiota and could be potentially 

developed into functional food ingredients. Notably, these studies and many other polyphenol-

related studies have demonstrated that polyphenol-microbial interaction can potentially contribute 

to the host’s health. 

1.4.1. Polyphenol and SCFA production 

SCFA (primarily acetate, propionate, and butyrate) are produced as a result of non-digestible 

carbohydrates fermentation, with beneficial health effects [75]. Acetate, for example, can 
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potentially delay the proliferation of cancerous cells and prevent oxidative damage of the distal 

colonic cells [76,77]. Propionate, on the other hand, is metabolized in the liver and subsequently 

used for gluconeogenesis [78], while butyrate is an important fuel for colonocytes [79]. The 

mechanism by which polyphenol increases the production of SCFA is not fully understood. But it 

could be associated with anaerobic bacteria such as Bifidobacterium, Lactobacillus, and 

Ruminococcus [80-82]. Besides, it could be due to the inhibitory effect of polyphenols towards α-

amylase and α-glucosidase in saliva and small intestine, thus, provide colonic flora with residual 

carbohydrates for SCFA production [83]. Additionally, it was reported that while polyphenols 

influence the microbial composition variations, polyphenol conversion by the microbiota affects 

other pathways including pathways associated with SCFA productions [84]. Larrosa et al. [85] 

reported that grapes polyphenol increases the population of Bifidobacterium sp. and Lactobacillus. 

Whereas, high acetate level may be correlated with the metabolic activities of Bifidobacterium and 

Lactobacillus [86,87]. In another study, fecal microbial metabolism of polyphenols specifically 

increased the population of Bifidobacterium and simultaneously increase the metabolites, 3-

hydroxyphenylacetic acid, and 3-hydroxyphenylpropionic acid [51]. Besides, the correlation of 

butyrate production with bacterial metabolites was also reported [88]. Conversely, other authors 

reported that a high level of polyphenol in the diet may reduce the microbial composition and 

SCFA level [89-91]. Additionally, Wallace et al. [92] and Etxeberria et al. [93] reported that 

boysenberry and trans-resveratrol did not cause any significant changes in SCFA production 

respectively, particularly due to the different types of polyphenols, experimental model, and 

complexity of the microbiota.  

1.4.2. Polyphenol and cecal putrefactive products 
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Putrefactive products (phenol, ammonia, p-cresol, indole, 4-ethylphenol, and skatole) are 

consequences of indigestible protein fermentation by proteolytic bacteria (mainly Bacteroides and 

Propionibacterium) [94]. For example, p-cresol is an aromatic compound produced by gut 

microbiota during the fermentation of L-tyrosine [95,96]. Likewise, tryptophan-rich food such as 

soy protein is likely to increase the level of indole by the intestinal bacteria [94]. Production of 

putrefactive products in access are considered putative and could pose some serious health issues 

associated with colon cancer [96]. Any studies have indicated the ammonia is detrimental to the 

host, as Davila et al. [97] highlighted that an increase in ammonia concentration can affect the 

energy metabolism of colonic epithelial cells. Studies have also reported that a higher 

concentration of p-cresol is associated with chronic disease development and liver failure [98,99], 

while phenol and indole are putrefactive products that are directly associated with the epithelium 

by stimulating the strength of carcinogenic factors [100,101].  The putrefactive products are diet-

related, and although they are detrimental and considered putative carcinogenic, they can be 

suppressed by the choice of diet. For example, a high intake of fruits and vegetables is inversely 

associated with health risks [58,102,103]. Likewise, including polyphenols in the diet could be a 

potential remedy for the high production of putrefactive products. Studies have shown that 

polyphenols can reduce or suppress the production of putrefactive products. For example, 

Yamakoshi et al. [104] showed that grape proanthocyanidin-rich extract significantly increased 

the fecal number of Bifidobacterium, while reducing the putrefactive bacteria. Similarly, Goto et 

al. [19] reported that tea polyphenols positively affect the growth of Bifidobacterium sp. while 

reducing the putrefactive bacteria like Enterobacteriaceae sp. and Clostridium sp. and 

consequently reduce the levels of sulfides and ammonia. In another study, Jurgoński et al. [105] 

showed that blackcurrant pomace supplementation reduced the putrefactive metabolites, similar to 
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a report by Zduńczyk et al. [91] on the ammonia-nitrogen level. Nagata et al. [106] showed that 

polyphenol-containing adzuki bean extract reduced the ammonia concentration in the rat cecum, 

and Bilić-Šobot et al. [107] reported that hydrolyzable tannins reduced the intestinal skatole 

production via lower synthesis of androstenone due to tannins. Thus, based on studies regarding 

the positive attributes associated with polyphenols, it could be potentially developed into 

functional food ingredients for human consumption aiming to alleviate the detrimental effects 

associated with putrefactive products. 

1.4.3. Polyphenol and intestinal immunity-related substances - Mucin and IgA 

Immunity can be defined as the organism’s ability to resist a particular infection or toxin by the 

action of specific antibodies or sensitized white blood cells. Intestinal immunity is associated with 

the epithelial response to any invasion by upregulating the defense mechanisms or signals for 

immediate protection. The intestinal mucosal lining is prone to constant challenges by the antigens, 

digestion products, and drugs, and thus, the microbial-epithelial crosstalk is such an important 

component central to the immune system [108-110]. In most cases, diet is the main factor 

influencing the immune system. For example, a diet high in resistant starch and dietary fiber 

enhances the mucin and IgA secretions via large bowel fermentation [111-113]. Besides, 

phytochemicals or polyphenols are another group of active compounds associated with the 

immunomodulatory activity which enhances the secretions of mucin and IgA [20,106,114]. 

1.4.3.1. Mucin 

The gel-like substance of mucus covering the epithelial layer can be regarded as the first line of 

defense against pathogenic bacterial growth [115,116]. It was reported that the major component 

of the mucus is mucin produced by the goblet cells in a single layer in the upper gastrointestinal 
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tract/small intestine and a double layer in the colon [117]. Studies have shown that mucin secretion 

by the goblet cells was stimulated by SCFA production [118,119], and was reported that genes of 

mucin are up-regulated by the derived substances from bacteria such as lipopolysaccharides [120]. 

Besides, mucin was up-regulated by the prebiotic treatment [121], influenced by the modulation 

of microbiota, which is associated with the type of diet [111-114]. A lot of studies have been 

conducted to verify that polyphenols are very influential in mucin secretions. For example, Nagata 

et al. [106] and Taira et al. [20] reported that adzuki bean extract and dietary polyphenols increased 

the cecal mucin concentration respectively. In another study, ellagic acid and proanthocyanidin 

enhanced the secretion of mucin [122]. Besides, dietary polyphenols can enhance the viscoelastic 

modulus of the mucus layer via mucin cross-link, thus, mucus layer stabilization [123,124]. Further, 

it was reported that polyphenols are immune regulators [125], but the mechanism by which 

polyphenol influences the secretion of mucin is not fully understood. There are reports which could 

indicate the initiatial steps towards its secretion and up-regulation. For example, polyphenols 

might influence the enzymatic activity via microbial modulation and subsequently reduce the 

mucin-degrading enzymes and consequently increase the secretion of mucin [126,127].  

1.4.3.2. IgA 

Immunoglobulin A (IgA) is an important immunoglobulin in the body and responsible for mucosal 

homeostasis playing a vital role against antigens [128,129]. Per day, 66 mg/kg is produced in adults, 

which is the highest amongst immunoglobulin [130]. IgA is secreted by the plasma cells or 

mucosal-associated lymphoid tissues as a homogeneous population of cells and released as dimer 

joined by J-chain in external secretions as the first line of defense preventing accessibility of 

antigens to the submucosa and circulation [131-133]. Yazdani et al. [134] reported that deficiency 

in IgA can lead to the production of anti-IgA antibodies which can weaken the mucosal barrier 
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functions and subsequently expose the body to external pathogens. It was reported that recurrent 

sino-pulmonary infection is commonly associated with IgA deficiency [135]. Other studies also 

reported that IgA deficiency is associated with gastrointestinal infections, allergic, and 

autoimmune diseases [136,137]. As have been discussed earlier [61-64], diet is the main influencer 

of colonic microbiota, and it was shown that microbial composition influences the up-regulation 

of IgA responses and consequently selects for a microbiota composition in a reciprocal positive 

feedback loop for the host’s mucosal homeostasis [138]. Recently, polyphenols have become a 

focus of investigation regarding ther modulatory effects and fermentation characteristics. Many of 

these studies reported that polyphenols can up-regulate the level of IgA. For example, Taira et al. 

[20] reported that Aronia, Haskap, and Bilberry markedly elevated the amount of fecal IgA as an 

intestinal barrier function and ameliorated the disturbance in gut microbiota caused by a high-fat 

diet in rats. Okazaki et al. [139] reported that consumption of Curcumin elevates fecal IgA, an 

index of intestinal immune function in rats fed a high-fat diet. Likewise, grape pomace 

supplementation increased the level of IgA in pigs [140]. In another study, Peng et al. [78] reported 

that cecal IgA content of mice was increased after anthocyanin intervention and a polyphenol-rich 

cocoa diet improved the barrier integrity and prevents intestinal inflammation in diabetic rats [141]. 

 

1.5. Aims of the study 

As have been discussed previously in this chapter, polyphenols are associated with lowering the 

risk of chronic disease development due to their antioxidant potential. Besides, a higher percentage 

of polyphenols escaped the upper gastrointestinal tract into the colon and become a substrate for 

the colonic microbiota. Consequently, the microbial fermentation of polyphenols has been linked 
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to positive health attributes to the host with prebiotic potential. In light of this, studies associated 

with the health attributes of polyphenols have been conducted using a variety of polyphenol 

sources ranging from low to very high polyphenol content with concentrations vary depending 

upon the polyphenol content, with reports indicating the therapeutic potentials of some 

polyphenols. Given the strong evidence from scientific studies regarding the association of dietary 

polyphenol and health, still there could be other sources of polyphenols yet to be elucidated on 

factors associated with health attributes. Hence, the study aims to examine in the next three 

chapters the biological activity of polyphenols from commonly consumed root crop, purple sweet 

potato with particular attention to the fermentation characteristics to elucidate its potential as a 

healthy substrate for colonic microbiota, and the results obtained could contribute to a better 

understanding of the potential health benefits of colored foods.  
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2.1. Introduction  

2.1.1. Distribution of purple sweet potato 

Purple sweet potato is exceptionally one of the most well-known crops grown worldwide as a rich 

source of carbohydrates containing essential components such as dietary fiber, minerals (Ca, Mg, 

K and Zinc), vitamins (B1, B2, C and E), and phytochemicals [142-144]. At least, its domestication 

can be traced back to 5000 years ago [145,146]. Purple sweet potato has been grown globally with 

the highest of approximately over 95% are grown in the developing countries and more than 80% 

are grown in Asia with 15% in Africa, and the rest of the world is about 5%. The plant’s 

adaptability to fluctuating environmental conditions has led some countries to count on the sweet 

potato as a backup crop. Some countries have linked sweet potato growing with domesticated 

animals. For example, in Vietnam, sweet potato production has been linked to pig production and 

in China, sweet potato production is associated with animal feed [147]. In Brazil, purple sweet 

potato is ranked fourth as a most consumed vegetable and source of carbohydrates [148]. In Japan, 

purple sweet potato was introduced to Okinawa in the early 1600s by the Portuguese and became 

a staple food since then when rice harvests were poor [149-152]. Today, purple sweet potato has 

become popular because of its health attributes associated with the high polyphenolic contents. In 

Asian countries, different varieties of purple sweet potatoes are grown with variations in phenolic 

contents and recommended for the diet of other countries [153]. In Japan, purple sweet potato 

(Ipomoea batatas cv. Ayamurasaki) was bred by selecting tubers with a large anthocyanin content 

[154]. 

2.1.2. Anthocyanin contained in purple sweet potato 
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Anthocyanins are associated with blue, red, or purple pigments found in plants, especially flowers, 

fruits, and tubers with color reflection is pH-dependent (red in acidic condition and blue in alkaline 

condition) [155]. Physically, anthocyanins are disease stressors packed with a defensive 

mechanism against radiation and microbial infection [3,4,155]. Purple sweet potatoes contain 

substantial amounts of anthocyanins compare to other anthocyanin-containing fruits and 

vegetables such as grapes, plums, sweet cherries, raspberries, and eggplant [156]. Anthocyanin is 

the glycosylated form of anthocyanidin (aglycon). It was reported that cyanidin, delphinidin, 

pelargonidin, peonidin, malvidin, and petunidin are commonly distributed anthocyanidins in the 

plants with a percentage distribution of 50%, 12%, 12%, 12%, 7%, and 7%, respectively [157].  In 

figure 2.1, it shows the basic anthocyanin structure with an anthocyanin structure isolated from 

purple sweet potato. It was reported that purple sweet potato (Ipomoea batatas cv. Ayamurasaki) 

contains a total of eight major anthocyanins in mono- or di-acylated forms [158]. 

2.1.3. Bioavailability of polyphenol/anthocyanin 

In nutritional science, bioavailability can be defined as the proportion of the administered 

substance capable of being absorbed and available for use or storage [159]. Thus, the bioactivity 

of dietary polyphenols depends on its bioavailability properties [160]. Thus, polyphenols with low 

bioavailability reduce their potential or efficacy to scavenge free radicals, while high 

bioavailability polyphenols are efficient in their scavenging ability to reduce the risk of diseases. 

There are a host of factors associated with polyphenol’s bioavailability. For example, 

environmental factors such as sun exposure, rainfall, a different type of culture, and fruit yields 

[15,161], food processing factors such as thermal treatment [162,163], storage factors such as cold 

storage, warm storage, or storage for long periods [164-166], and food related-factors such as the 

food matrix and chemical structure [167,168]. Studies have indicated that amongst the 
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anthocyanins, the bioavailability of cyanidin-3-glucoside and malvidin-3-glucoside are the most 

reported. Besides, it was reported that malvidin 3-glucoside was absorbed after ingestion of red 

wine and red grape juice [169,170]. Other studies reported that the bioavailability of anthocyanin 

is less than 1% and more recently, it was reported that it may have been underestimated [171,172]. 

2.1.4. Physiological functionality of polyphenols/anthocyanin 

It was suggested that the health and therapeutic effects of polyphenols are mainly antioxidative 

attributes and in the recent past, studies have reported that anthocyanins are antioxidative and free 

radical scavengers [173,174], preventing carcinogenesis [175] and platelet aggregation [176] and 

improving visual function [177]. An epidemiological study highlighted that high intakes of 

anthocyanin-rich fruits and vegetables are related to health benefits [178]. Previous studies on 

polyphenol/anthocyanin have shown the positive health attributes associated with anthocyanin. 

For example, the highest antioxidant activity was reported for malvidin-3-glucoside followed by 

catechin, malvidin, and resveratrol [179]. This was similar to a study reported by Bub et al. [170] 

where malvidin-3-glucoside was higher in red grape juice than red wines. It was also reported that 

delphinidin, an anthocyanin pigment is known for combating melanoma cells [180]. Besides, 

pelargonidin-3-glucoside, cyanidin-3-glucoside, and delphinidin-3-glucoside isolated from 

Phaseolus vulgaris L. (black bean) seed coat have strong antioxidant activity [181]. Further, 

studies on an anthocyanin-rich extract from berries (wild blueberry, bilberry, cranberry, elderberry, 

and strawberry) were reported with high antioxidant potential and were able to suppress the 

hydrogen peroxide and TNF-α-induced vascular endothelial growth factor (VEGF) expression in 

HaCaT cells (human keratinocytes) [182]. A similar study was also reported that bilberry 

anthocyanidins (delphinidin, cyanidin, and malvidin) and anthocyanin-rich purple corn extract 

inhibited the VEGF-induced tube formation in a co-culture of human umbilical vein endothelial 
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cells and fibroblasts and attenuates the endothelial expression of VEGF and hypoxia-inducible 

factor (HIF)-1α respectively [183,184]. Previously, physiological and functionality studies of 

polyphenols have been confined to grapes and berries [185-189]. Later, studies on the 

physiological functions of sweet potato polyphenols have been conducted [190,191] and noted for 

its stability [192,193] and because of that, more studies have since been conducted to verify the 

health potential of sweet potato polyphenols. For example, purple sweet potato (Ipomoea batatas 

cv. Ayamurasaki) have been reported with high antioxidant activity in vivo as well as in vitro [194]. 

Han et al. [195] also reported that dark purple sweet potato (Ipomoea batatas cv. Ayamurasaki) 

can potentially modulate the antioxidant enzymes and oxidative status in the serum and liver and 

may counter any possible oxidative damage. 

2.1.5. Aim of the study 

We have so far seen that polyphenols are very low with regards to their absorption potential in the 

small intestine, and since polyphenol’s absorption in the small intestine is very low, high amounts 

are entering the colon and become a potential substrate for the microbial community. Previously, 

studies on purple sweet potato (Ipomoea batatas cv. Ayamurasaki) have been conducted to 

examine its antioxidative potentials [194-196] but with very little information on its fermentation 

characteristics. Keppler and Humpf [197] reported that polyphenols entering the large intestine are 

deglycosylated by the gut microbiota. Purple sweet potato polyphenols from different varieties 

have been studied previously for their effects concerning absorption, antioxidative, anti-

inflammatory, anti-tumor, and hypoglycemic effect [194,195,198]. Although these studies focused 

on health implications associated with polyphenols, however, there are remarkably very few 

studies addressing the effects on colonic microbiota. Therefore, this study aims to assess the 

hypothesis that the effects of purple sweet potato polyphenols (Ipomoea batatas cv. Ayamurasaki) 
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during colonic fermentation improve the intestinal environment with beneficial health attributes. 

Thus, in this study, purple sweet potato polyphenols will be combined with cellulose (partly 

fermentable dietary fiber) or inulin (fermentable dietary fiber) in a mixed culture of swine fecal 

bacteria to assess with particular attention on the fermentation characteristics to elucidate its 

potential as a healthy substrate for colonic microbiota. 
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2.2. Materials and Methods 

This study used the purple sweet potato (Ipomoea batatas cv. Ayamurasaki) as the main material 

of focus, and all the chemicals used in this study were of analytical grade. 

2.2.1. Preparation and determination of sweet potato polyphenols 

Preparations of purple sweet potato polyphenols [PSPP] extract were done by weighing 50 g of 

the potato powder into a 3-L beaker and subjected to 70% acetone and the solution was sonicated 

for 20 minutes. After sonication, the solution was allowed to stand at room temperature for 10 

minutes giving time for sediments to settle at the bottom. After that, the suspensions were filtered 

and centrifuged at 14,600 × g and 4 ◦C for 30 minutes. The extraction process (with 70%) was 

done three times so that, as much as possible, all the colored pigments were extracted. The 

combined acetone fraction was removed by using the rotary evaporator at 35 ◦C. The pigment 

extract was reconstituted with distilled water and applied directly to the pretreated Diaion HP-20 

resin (Nippon Rensui Co., Tokyo, Japan) column. There were three types of solutions added 

consecutively to the elution column, namely, water, 20% ethanol, and 80% acetone (Fig. 2.2). The 

eluate fractions from water, 20% ethanol, and 80% acetone were determined for their polyphenol 

content with 1.54%, 5.06%, and 93.4% as polyphenol contents respectively. The water and ethanol 

fractions were not used for the study as it contained impurities like free sugars, proteins, salts, and 

lower molecular weight polyphenol fractions. The pooled eluate from 80% acetone was evaporated 

using a rotary evaporator to remove the acetone at 35 ◦C, and the concentrate was reconstituted in 

distilled water and vacuum filtered to remove any possible bacterial contamination by using 0.22 

µm sterile disposable filter (Nalgene rapid-flow disposable filter units with PES membrane, 

Thermo Fisher Scientific, Tokyo, Japan) and sample were stored for in vitro studies. The total 
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polyphenol content of purple sweet potato extract was determined according to the procedures by 

the Folin-Ciocalteu method [199] with brief modification. In this study, 0.5 mL of the diluted 

sample was mixed with 5 mL of NaCO3 and then shaken vigorously. After that, the samples were 

allowed to stand at room temperature for 5 minutes. After 5 minutes, 0.5 mL of Folin-Ciocalteu 

reagent was added to the mixture and vigorously shaken. After 30 min, the absorbance was 

measured at 750 nm using Shimadzu 1600-UV spectrophotometer. The total phenolic content of 

the extract was approximately 79% as gallic acid equivalents. 

2.2.2. Feces and In Vitro Fermentation 

The in vitro fermentation study was conducted under an anaerobic condition with a mixture of 

fresh pig feces collected from Tokachi Hills farm in Obihiro. We used swine feces because of the 

similarities in the digestive systems and the intestinal ecology between pigs and humans. The pig’s 

feces were collected directly from the anus of three pigs and inserted into an anaerobic double 

zipper plastic bag containing AnaeroPack-Anaero (Mitsubishi Gas Chemical, Tokyo, Japan) 

instantly without any exposure to air. The pig’s feces were collected on-site on the day of the 

experiment. The fecal slurry (10× dilution) was prepared by homogenizing equal amounts from 

the three pigs in a stomacher (Exnizer 400, Organo Co., Tokyo, Japan) and filtered through a 

stomacher bag (Eiken Chemical Co., Ltd., Tokyo, Japan) filled with 0.85% NaCl solution and used 

as a microbial source. The pH-controlled jar fermenters (220 mL working volume, Able & Biott, 

Tokyo, Japan) were inoculated with the fecal slurry to give a final concentration of 2.0% (v/v). In 

this study, four pH-controlled jar fermenters were used and before sample treatment, a pre-

incubation period of 12 hours was scheduled to stabilize the growth of microbes in the fermenters. 

After pre-incubation period of 12 hours, one of the following samples was added to each fermenter, 

3% cellulose (CEL), 3% cellulose + 0.16% PSP (CELP), 3% inulin (INU, Fuji FF), and 3% inulin 
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+ 0.16% PSP (INUP). This study uses the polyphenol content equivalent per jar based on a study 

reported by Nagata et al. [106]. The final concentration of 0.8% (w/v) of the autoclaved basal 

nutrient broth (Difco, Sparks, MD, USA) was added to each fermenter. The fermentation design 

was anaerobically maintained under CO2 gas at 37 ◦C for 48 h at a lower pH limit of 5.50. At 0-, 

6-, 12-, 24- and 48-hour time points, pH was recorded and aliquots were collected in 2-mL tubes 

and stored at −80 ◦C for the analysis (Fig. 2.3). This experimental design was reviewed and 

approved by the Animal Experiment Committee of Obihiro University of Agriculture and 

Veterinary Medicine (no. 18–32). 

2.2.3. Microbiological analysis 

2.2.3.1. Viable plate count method 

Bacterial populations were analyzed using selective media by the viable plate count method. This 

was done by using samples from fermenters (500 µL into 4.5 mL of sterilized saline solution 

(0.85% NaCl)) and were serially diluted (101 to 107).  The diluted samples (100 µL) were cultured 

to enumerate the specific bacterial species with selective media and incubated at 37 ◦C 

(TVN680DA Advantec® incubator, Toyo Seisakusho Kaisha Ltd., Tokyo, Japan) by using an 

AnaeroPack-Anaero (Mitsubishi Gas Chemical) in sealed anaerobic containers. In this study, 

Coliform bacteria and Cl. Perfringens from the fermenters were inoculated for 24 hours on EMB 

agar (Eiken Chemical Co., Ltd.) and OPSP agar (Oxoid, Hampshire, UK) respectively. The 

Anaerobes, Lactobacillus, and Lactic Acid Bacteria (LAB) were incubated for 48 hours on BL 

(Eiken Chemical Co., Ltd.), Rogosa (Oxoid), and MRS (Oxoid, Hampshire, UK) agar respectively. 

The Bifidobacterium was incubated for 72 hours on TOS-propionate agar (Yokult pharmaceutical 

Industry, Tokyo, Japan).  
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2.2.3.2. DNA Extraction and 16S Ribosomal RNA (16S rRNA) Gene Sequences 

The samples used for bacterial DNA extraction were 48-hour samples. The samples (non-diluted) 

were thawed at room temperature and centrifuged (16,000×g, 4°C, 5 min) before DNA extraction 

using a modified phenol-free repeated bead beating plus column (RBB + C) method described by 

Yu & Morrison [200]. Following the removal of the supernatant, 300 µL of lysis buffer (500 mM 

NaCl, 50 mM Tris-HCl, 50 mM EDTA, 4% sodium dodecyl sulfate; pH 8.0) was pipetted into 2-

ml Eppendorf® tubes containing samples with thoroughly mixing using pipette aspiration. After 

well-mixed, the contents were completely pipetted into the screw-capped tube (Watson® BioLab, 

Fukaekasei Co., Ltd., Kobe, Japan) containing 0.4 g of beads (a mixture of 0.3 g of 0.1 mm + 0.1 

g of 0.5 mm). The screw-capped tubes were subjected to the cell destroyer (4,260 rpm, 15 min, 3 

cycles; PS1000, Prosense Inc., Tokyo, Japan) and after that, the tubes were incubated at 70°C for 

15 min in the water bath. After incubation, the tubes were centrifuged (16,000×g, 4°C, 5 min) and 

the supernatants were pipetted into new sterile 1.5 mL Eppendorf® tubes. The screw-capped tubes 

with beads were once again washed with another 300 µL of lysis buffer and the procedures were 

repeated once more. After cell lysis, 260 µL ammonium acetate (10 mM) was added into the 

supernatant and well-mixed by aspiration. After 5 minutes on ice, the samples were centrifuged 

(16,000×g, 4°C, 10 min) and the supernatants were pipetted into 2-ml Eppendorf® tubes with 

added equal volumes of isopropanol and well-mixed again and after, the samples were kept for 30 

minutes on ice. After 30 minutes, the samples were centrifuged (16,000×g, 4°C, 10 min) and the 

supernatant was carefully removed and the DNA pellets were re-suspended in 70 % (v/v) ethanol 

and once more centrifuged (16,000×g, 4°C, 10 min). The supernatant was completely removed 

and allowed to completely dry for approximately 40 min. After drying, the DNA pellet was 
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dissolved with 200 µL Tris-EDTA (TE) buffer (1 M Tris, 0.5 M EDTA; pH 8.0) and stored at -

30°C until further purification procedures.  

In the genomic DNA purification, the extracted DNA was purified (QIAamp DNA Stool Mini Kit, 

QIAGEN, Valencia, CA, United States) by subjecting 2 µL  of DNAse-free RNAse into each 

sample with aspiration. After, the samples were incubated for 15 minutes at 37°C then 15 µL of 

proteinase K was added, mixed well by aspiration and 200 µL of AL buffer was added with 

aspiration and incubated for 10 minutes at 70°C. After, 200 µL of 99.5% (v/v) ethanol was added 

with aspiration, and transferred to a collection tube column and centrifuged (16,000×g, 20°C, 1 

min). 500 µL of AW1 buffer and 500 µL AW2 buffer were added to the column one after the other 

and centrifuged (16,000×g, 20°C, 1 min) respectively. Once more with a new collection tube 

attached, the samples were centrifuged (16,000×g, 20°C, 1 min) to dry. Finally, 50 µL of AE buffer 

(10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0) was added into the column with 1.5 mL Eppendorf® 

tube as a collecting tube and centrifuged (16,000×g, 20°C, 1 min). The collected DNA samples 

were measured for their quality and concentration (NanoDrop 2000c spectrophotometer, Thermo 

Fisher Scientific, Tokyo, Japan) with adjustments (5 ng/µL with Tris-EDTA buffer (10 mM Tris, 

1 mM EDTA, pH 8.0)). The samples were stored at -30°C for further analysis. 

 After DNA purification, polymerase chain reaction (PCR) and gel electrophoresis were conducted. 

The PCR reaction mix of 24 µL (Table 2.1) was combined (without DNA sample) and into each 

PCR tube pipetted 1 µL of template DNA or sample DNA and subjected to the thermal cycler 

(2720, Applied Biosystems, CA, United States) with the conditions in Table 2.2. After PCR, the 

25-ml gel was prepared by weighing 0.25 g of agarose and added 2.5 ml of 10X TAE buffer (10%) 

and volume-up with distilled water (22.5 ml). The gel was solidified after 20 minutes with a DNA 

ladder. After the gel was solidified, the DNA ladder was removed (creating wells), transferred, 
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and submerged into the electrophoresis tank (Mupid®- 2 Plus, Mupid Co., Ltd., Tokyo, Japan) 

with 1X TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.0). DNA ladder 

(DM2100, Excel Band TM, 100 bp DNA ladder, SMOBIO Technology Inc., Hsinchu City, 

Taiwan) was pipetted into the first well followed by blank and samples (after mixing 4 µL sample 

with 1 µL loading buffer), and the electrophoresis was started (100 V; 30 to 40 min/25 mL gel). 

After, the gel was photographed for band visualization (Fig. 2.4). In the first stage of PCR, V3-V4 

variable regions of the 16S rRNA gene were amplified using the following bacterial overhang 

adapters and universal forward primer (5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG 

AGA CAG CCT ACG GGN GGC WGC AG-3’) and the reverse primer (5’-GTC TCG TGG GCT 

CGG AGA TGT GTA TAA GAG ACA GGA TTA CHV GGG TAT CTA ATC C-3’). The 

reaction mixes and conditions are in tables 2.3 and 2.4 respectively. In the second stage of PCR, 

Illumina sequencing adapters and dual index barcodes were added to the amplicons using 

Nextera® XT Index Kit (Illumina Inc., San Diego, CA, USA). After quantification of PCR 

products using QuantusTM fluorometer (Quantifluor® dsDNA System, Promega, Madison, WI, 

USA), the successful PCR products were pooled in one tube with equal volumes and subjected to 

paired-end sequencing by Illumina MiSeq System (Illumina Inc.). The analysis of retrieved raw 

16S rRNA gene sequences was conducted according to Warren et al. [201] and the generated 

biome table was normalized using an equal subsampling size of 6727 sequences. The calculation 

of distances between bacterial communities in different samples was done by the weighted UniFrac 

distance metric and the preparation of principal coordinate analysis (PCoA) plot was conducted in 

Quantitative Insight Into Microbial Ecology (QIIME) software (version 1.9.1) [202], and calypso 

version 8.84 [203] was used to visualize the α-diversity (observed species and Shannon index) and 

hierarchical clustering plots at the phylum level. 
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2.2.4. Short-Chain Fatty Acid (SCFA) Analysis 

Aliquots collected from the fermenters at 0, 6, 12, 24, and 48 hours were centrifuged (9,200 × g 

and 4 ◦C for 15 min) and 450 µL of sample supernatant was pipetted into 2 mL Eppendorf® tubes 

with 1 mL of 0.5 N HClO4 (60% v/v) was added into each tube. After centrifuging, the supernatant 

was filtered into new 1.5 mL Eppendorf® tubes using a 1 mL syringe and a micron membrane 

filter (0.45 μm; DISMIC-03CP, Advantec, Toyo Roshi Kaisha, Tokyo, Japan), and filtrates were 

subjected to HPLC in a Shimadzu LC-10AD (Kyoto, Japan) equipped with an ST3-R post-column. 

The analytical conditions were as follows: Column, RSpak KC-811 (8.0 mm × 300 mm, Shodex, 

Tokyo, Japan), eluent and flow rate, 2 mM perchloric acid at 1.0 mL/min, column temperature, 47 

◦C, reaction reagent and flow rate, ST3-R (10× diluted, Shodex) at 0.5 mL/min, UV detector 

wavelength, 430 nm. 

2.2.5. Measurement of Putrefactive Products 

The concentration of ammonia-nitrogen was measured using a commercially available kit (Wako 

Pure Chemical Industry, Ltd., Tokyo, Japan). Samples from fermenters were mixed well on a 

vortex and centrifuged (3,000 rpm, 4°C, 15 min). The dilution of samples depends upon the 

ammonia-nitrogen content, normally 100 or 200 folds with phosphate buffer (0.1M; pH 5.5) was 

used. Standards (0, 100, 200, 300, 400 µg/dL) were prepared by using a standard solution and 

diluent provided by the kit. In this study, 50 µL of samples or standards were mixed with a 

deproteinizing solution on a vortex and centrifuged (3,000 rpm, 4°C, 5 min). After that 200 µL of 

the deproteinized samples or standards were pipetted into new 1.5 mL Eppendorf® tubes and 200 

µL of color reagent A was added and mixed well on a vortex. After, 100 µL of color reagent B and 

200 µL color reagent C were added with mixing by a vortex. Finally, the samples were incubated 
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at 37°C in a water bath for 20 minutes. After incubation, the absorbance was measured at 630 nm 

using a UV-vis spectrophotometer (UV-1600, Shimadzu) and the ammonia concentration in the 

fermenters was calculated as follows; Ammonia-nitrogen concentration (mg/mL) = (Sample 

absorbance – y-intercept) / Gradient of line * dilution *1/1000. The concentration of p-cresol at 48 

h was measured according to Ikeda et al. [204]. The samples from fermenters were mixed well on 

a vortex and centrifuged (3,000 rpm, 4°C, 15 min). In a tube of a 0.1 mL sample, was added 

acetonitrile, anhydrous sodium sulfate, and acetonitrile-saturated hexane. The mixture was then 

shaken vigorously using a vortex for 2 minutes and centrifuged (1500 × g, 5 min). Acetonitrile-

saturated hexane was added to the middle of the acetonitrile phase in a new tube, and the mixture 

was vigorously shaken for 1 minute and centrifuged (1500 × g, 5 min) again. The lower acetonitrile 

phase was used for the analysis after filtration with a syringe and a micron membrane filter (0.45 

μm; DISMIC-03CP, Advantec, Toyo Roshi Kaisha, Tokyo, Japan). A CTO-10A Shimadzu 

column (150 × 4.6 mm, Shimadzu Co, Tokyo, Japan) was used in a column oven at 40 ◦C. The 

mobile phase, consisting of acetonitrile/water (30:70, v/v), was flowed at a constant flow rate of 

1.0 mL/min and the UV detector wavelength was set at 280 nm. 

2.2.6. Statistical Analysis 

All data are presented as a mean and standard error (SE). The in vitro fermentation was conducted 

in a block design with replicates of five. Two-way ANOVA was performed to assess the effect of 

fiber (cellulose and inulin), PSP, and their interaction. Differences of p < 0.05 was taken to be 

statistically significant. If the variance was observed in the main effect of interaction, Tukey’s test 

was used for this comparison (p < 0.05). Analyses were performed using PASW Statistics 17.0 

software (SPSS Institute, Armonk, NY, USA). 
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2.3. Results and Discussion 

2.3.1. Microbiota composition in the fermenter media during the fermentation period 

2.3.1.1. Bacterial enumeration by plate count 

As have been mentioned in chapter one, polyphenols are antioxidative, anti-inflammatory, 

anticarcinogenic, antiviral, and antiallergic agent which improves human health. In this study, 

purple sweet potato polyphenols (PSP) (Ipomoea batatas cv. Ayamurasaki) were investigated for 

their fermentation characteristics during in vitro colonic fermentation. Reports indicated that 

polyphenols can modulate the microbial composition [18,71,74]. In this study, the microbial count 

for Bifidobacterium and Coliform bacteria were not affected by PSP (Fig. 2.5). However, PSP 

affects (p < 0.05) the population of Anaerobic bacteria at 24 h time point. Anaerobic bacteria 

cannot replicate or thrive in the presence of oxygen and die within minutes in less than 0.5% 

oxygen and most of the anaerobic bacteria are commonly found in the gastrointestinal tract. 

Examples include Clostridium perfringens, Clostridium difficile, Bacteroides, Bifidobacterium, 

and Lactobacillus. In this study, the anaerobes were increased in the PSP supplemental groups 

(CELP and INUP). It was reported that polyphenols do not affect the commensal bacterial growth 

but reduce the pathogenic bacterial growth [18]. That could be the case with the current study 

because the commensal bacteria, Lactobacillus was unaffected or increased by PSP. Lactobacillus 

count was also affected by PSP (p < 0.05) and the combination (Fiber/PSP) effect (p < 0.05), 

particularly at 24 h and 48 h time points. It was increased in the supplemental groups (CELP and 

INUP). Other studies also reported similar findings. For example, Dolara et al. [205] reported that 

red-wine polyphenols increased the population of Lactobacillus spp. [57]. Similarly, grape 

polyphenols also increased the population of Lactobacillus [85]. Lactobacillus is a commensal 
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bacterium and associated with high acetate levels which can delay the proliferation of cancerous 

cells and prevent oxidative damage of the distal colonic cells [76,77]. It is worth noting that 

Lactobacillus was also affected due to the interaction of fiber and PSP. Tuohy et al. [206] reported 

that consuming dietary fiber and polyphenol-rich chocolate will simultaneously up-regulate the 

commensal bacteria. This finding was in line with the current study which, at the end of 48 h, 

Lactobacillus was up-regulated in the supplemental groups (CELP and INUP). Lactic Acid 

Bacteria (LAB) in this study were affected by the interaction of fiber and PSP at 48 h time point. 

LAB are probiotics such as Lactobacillus and are generally considered beneficial for health. It is 

interesting to note that while LAB was reduced in the CELP group compared with the CEL group, 

they were increased in the INUP group compared with the INU group. Tabasco et al. [207] reported 

that Flavan-3-ols are inhibitory of lactic acid bacteria and this depends on the concentration and 

composition. In this study, it could be associated with the effect of PSP with the fermentability of 

dietary fiber associated with (CEL-less fermentable and INU-fermentable). Consequently, INUP 

favored LAB growth while CELP hindered the growth of LAB. At 24 h time point, Cl. Perfringes 

was affected (p < 0.05) by the interaction of PSP and fiber. It was reported that Cl. Perfringes is a 

pathogen responsible for many gastrointestinal illnesses [208]. Lopez-Legarrea et al. [209] 

reported that intake of polyphenol-rich fruits and vegetables increases the counts of beneficial 

bacteria and decreasing the population of CL.perfringens. In this study, CELP reduces significantly 

(p < 0.05) the counts for CL.perfringens compared with the CEL group without any effect on INUP. 

It seems PSP was more influential towards CEL (less fermentable fiber) than INU (fermentable 

fiber).  

2.3.1.2. 16S Ribosomal RNA (16S rRNA) gene sequences 
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In this study, the microbial composition from 48-h samples were analyzed using the 16S rRNA 

amplicon. The α-diversity (Shannon index (Fig. 2.6a) and observed species (Fig. 2.6b)) were not 

affected by PSP as indicated by the Two-way ANOVA. The differences in α-diversity is associated 

with the effect of dietary fiber (DF) (CEL and INU), that is, low and high fermentability, 

respectively. To evaluate the similarities and differences between groups, the principal coordinate 

analysis (PCoA) (β-diversity) was performed  to portray the relationship between microbiota 

structures amongst the groups (Fig. 2.6c). The β-diversity of species showed three distinct clusters 

indicating the different responses of gut microbiota to the substrate. As have been shown in Fig. 

2.6c, INU and INUP groups clustered together. Interestingly, the CELP group was distinctively 

separated along the PC2 axis indicating a different microbial response from that of the CEL group. 

Accordingly, the clustered bar-chart at the phylum level (Figure 2.7a and b) shows that the INU 

and INUP groups were clustered together while the CEL and CELP groups formed two 

distinctively separate clusters. The Linear Discriminant Analysis (LDA) effect size (LEfSe) plot 

(Fig. 2.7c) also highlighted the individual response to the diet by certain bacterial groups. 

Interestingly, the redundancy analysis (RDA) identified that when PSPP was added to the diet, 

there was a significant (p < 0.05) difference between the cecal microbiota of PSPP-fed rats and 

non-PSPP-fed rats (Fig. 2.7c). The present demonstrated that microbial response to substrate 

depends on its physicochemical properties. For example, CEL and INU are less fermentable and 

fermentable DF respectively, and this will influence the microbial composition as seen in this study. 

In particular, CELP shifted the microbial composition due to the effect of PSP. It was reported that 

grape polyphenols demonstrated a distinct alteration in microbial diversity [210]. This is in line 

with this study where the CELP group was separated along the PC2 axis, which in fact, was 

affected by PSP supplementation. Consistently, Espley et al. [211] highlighted that 
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supplementation with apple anthocyanin affects species richness and diversity. Besides, it was 

highlighted in this study that PSP improved the fermentability condition for cellulose. This 

phenomenon could be associated with the upregulation of certain bacterial enzymes by PSP, as a 

result of the combined effect. 

The microbial composition in this study was dominated by phyla Firmicutes and Bacteroidetes 

followed by Actinobacteria and proteobacteria (Fig. 2.7b). It is interesting to note that the findings 

of this study also indicated that when CEL was combined with PSP (CELP), it increased the 

relative abundance of Actinobacteria but reduced when combined with INU (INUP). This shows 

that bacterial proliferation can be differentially enhanced or thwarted by PSP depending on the 

fermentability of dietary fiber. At the genus level, the relative abundances of Bacteroides, 

Bifidobacterium, and Sharpea were not affected by PSP (Table 2.5). However, the relative 

abundance of Prevotella, Lactobacillus, Coprococcus, Bulleidia, and Acidaminococcus were 

significantly affected (p < 0.05) by PSP. Besides, Clostridium, Bulleidia, and Acidaminococcus 

were significantly affected (p < 0.05) by the interaction effect of fiber and PSP. Studies have 

reported that Prevotella is associated with a diet rich in fiber or non-digestible carbohydrates 

[212,213]. This might be the reason for the high abundance in the cellulose groups (CEL and 

CELP). Similarly, Kovatcheva-Datchary et al. [214] highlighted that the proliferation of Prevotella 

is diet-specific. In this study, the relative abundance of Prevotella in the CEL and CELP groups 

were almost the same, while in the inulin groups (INU and INUP), INUP increased the relative 

abundance to almost two times compared with the INU group. As have been mentioning earlier, 

PSP can potentially modulate the microbial composition depending on the fermentability of DF. 

The relative abundance of Lactobacillus was significantly affected (p < 0.05) by PSP. This result 

was different from the viable count result mentioning earlier above. Lactobacillus is a probiotic 
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with attributes associated with the host’s health. The relative abundance of Lactobacillus was 

increased in both the supplemental groups (CELP and INUP). Other studies reported that 

polyphenols can increase the abundance of beneficial bacteria such as Lactobacillus [18,85]. 

Likewise, Zhang et al. [215] reported that anthocyanin increased the abundance of Lactobacillus 

by the metabolism of polyphenols and their corresponding monomers. This is consistent with the 

present study in which the increase in the relative abundance of Lactobacillus was attributed to 

PSP. Like Lactobacillus, the relative abundance of Coprococcus was affected (p < 0.05) by PSP, 

particularly when the PSP was supplemented with INU. Coprococcus is a bacterial genus 

responsible for the fermentation of dietary fiber and other complex carbohydrates to butyrate, the 

metabolite associated with the inhibition of colonic inflammation and carcinogenesis [216]. 

Further, Clostridium was significantly affected (p < 0.001) by the interaction of fiber and PSP, 

particularly, the abundance was suppressed in the CELP group, which is a positive response 

because Clostridium is a pathogen associated with many gastrointestinal illnesses [208]. 

Additionally, it was reported that Acidaminococcus is associated with type 2 diabetes [217]. 

Interestingly, the relative abundance of Acidaminococcus in the supplemental groups (CELP and 

INUP) was suppressed, particularly in the CELP group which was significantly different (p < 0.05) 

compared with the CEL group, which also explains that PSP can differentially influence certain 

bacterial enzymes depending upon the fermentability of dietary fiber. In this case, 

Acidaminococcus was suppressed when PSP was combined with CEL (less fermentable), which is 

a positive attribute. Bulleidia was significantly increased (p < 0.05) by both the PSP and the 

interaction effect in both the supplemental groups (CELP and INUP). Bulleidia is a beneficial 

bacterium associated with SCFA production [218] and PSP increased the abundance to a very 

significant level. PSP was responsible for the proliferation and suppression of beneficial and 
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potentially pathogenic bacterial species respectively (Fig. 2.8). For instance, the increase (p < 0.05) 

in Collinsella stercoris, Bulleidia p1630c5, Bifidobacterium sp., and Lactobacillus sp., and the 

decrease (p < 0.05) in Acidaminococcus sp. in this study were attributed to both PSP and the 

interaction effect. Molan et al. [219] reported that the blackcurrant extract increases the counts of 

beneficial bacterial species while decreasing the counts of potentially harmful species. Besides, β-

glucosidase and β-glucuronidase increases and decrease respectively. This could be at play in the 

current study. That is, the enzymes responsible for beneficial bacterial growth and pathogenic 

bacterial growth were up-regulated and suppressed by anthocyanin contained in PSP respectively. 

2.3.2. Short chain fatty acid production 

SCFA (primarily acetate, propionate, and butyrate) production from non-digestible carbohydrates 

fermentation are essential with attributes associated with health [75]. Acetate prevents oxidative 

damage of the distal colonic cells while propionate is metabolized in the liver and subsequently 

used for gluconeogenesis and butyrate is an important fuel for colonocytes [76-79]. In this study, 

PSP did not either have any positive or negative effects on SCFA production, although the INU 

and INUP groups were significantly higher than the CEL and CELP groups, the attribution due to 

the differences in the fermentability of cellulose and inulin (Table 2.6).  

2.3.3. pH in the fermenter 

Colonic pH can be a biomarker associated with health as well. For example, fermentable fibers are 

fermented to SCFA and consequently reduce the colonic pH and suppressed the proliferation of 

pathogenic bacterial growth [220]. In this study, PSP was also responsible for the reduction (p < 

0.05) of colonic pH from 12 to 48 h time points (Fig. 2.9). One reason could be associated with 

sugar moiety present in PSP which was utilized by the microbiota and subsequently acidify the 
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colonic environment. The other possibility could be the microbial conversion of dietary fiber and 

PSP might influence the production of organic acid, and consequently reduces the level of pH. 

Other studies have reported similar findings. For example, Zhu et al. [84] reported that microbial 

conversion of polyphenols affects other colonic pathways and processes, such as the production of 

formic or lactic acid. In this study, one of the main reasons for the acidic colonic environment is 

the high fermentability of dietary fiber, particularly inulin, that consequently increased the 

production of SCFA and subsequently acidify the colonic environment. 

2.3.4. Putrefactive products in the fermenter 

Fermentation of indigestible protein leads to the production of putrefactive products (phenol, 

ammonia, p-cresol, indole, 4-ethylphenol, and skatole), which is associated with some serious 

health issues affecting the host [99-104]. In this study, PSP neither has any positive or negative 

effects on ammonia production, although the INU and INUP groups were significantly lower than 

the CEL and CELP groups (Fig. 2.10a). Conversely, the p-cresol level was suppressed (p < 0.05) 

by PSP (Fig.2.10b). This could be associated with PSP structure that might suppress the production 

of p-cresol, or, the enzyme activation responsible for p-cresol production was inhibited by PSP. 

As have been mentioned in the introductory section p-cresol is an aromatic compound produced 

by gut microbiota during fermentation of L-tyrosine and is associated with chronic diseases and 

liver failure. Other studies also reported on the positive attributes of polyphenols in reducing the 

putrefactive products [104-107], which is in line with the present study. 

2.3.5. Conclusions to Chapter 2 

The purple sweet potato polyphenols displayed the modulatory effect on the colonic microbiota in 

this study. It differentially proliferated and inhibited the beneficial and pathogenic bacterial growth 
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respectively, depending on its association with the fermentable and non-fermentable dietary fiber. 

Accordingly, purple sweet potato polyphenols could be a material conducive to improving the 

conditions for the fermentation of non-fermentable dietary fiber. Besides, purple sweet potato 

polyphenols drastically reduce the putrefactive products, particularly p-cresol to a significant level. 

Therefore, this study demonstrated that purple sweet potato polyphenols might be a potential 

material for functional food ingredients that will confer health benefits to the host. Although this 

study elucidated the positive impact PSP has on the colonic microbiota, conclusions based on this 

study require further study, particularly a suitable in vivo animal model is warranted. 
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Fig. 2.1. (a) basic chemical structure of anthocyanins and (b) structure of anthocyanins isolated 
from purple-fleshed sweet potatoes: cyanidin, R1 = OH; pelargonidin, R1 = H; peonidin, R1 = 
OCH3; R2, R3 = H, caffeic acid, ferulic acid, p-hydroxybenzoic acid, and p-coumaric acid [166]. 
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Fig. 2.2. Procedure for polyphenol extraction 
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Fig. 2.3. In vitro fermentation apparatus 
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Fig. 2.4. Gel electrophoresis bands 
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Fig. 2.7. Clustered bar chart at the phylum level (a), predominant bacterial phyla (b), the linear 
discriminant analysis (LDA) effect size (LEfSe) plot (c), and redundancy analysis (RDA) (d) during in vitro 
colonic fermentation of 3% cellulose (CEL), 3% cellulose + 0.16% PSP (CELP), 3% inulin (INU, Fuji 
FF), and 3% inulin + 0.16% PSP (INUP). 
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Fig. 2.8. Relative abundances at species level during in vitro colonic fermentation of 3% cellulose (CEL), 
3% cellulose + 0.16% PSP (CELP), 3% inulin (INU, Fuji FF), and 3% inulin + 0.16% PSP (INUP). 
Statistical significance amongst the groups was determined by two-way ANOVA analysis to assess the 
effect of fiber (CEL and INU), PSP and their combination. P < 0.05 was considered to be statistically 
significant. If the variance was observed in the main effect of the interaction, Tukey’s test was used for this 
comparison (p < 0.05). 
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Fig. 2.9. pH in the fermenters during in vitro colonic fermentation of 3% cellulose (CEL), 3% cellulose + 
0.16% PSP (CELP), 3% inulin (INU, Fuji FF), and 3% inulin + 0.16% PSP (INUP). Statistical 
significance amongst the groups was determined by two-way ANOVA analysis to assess the effect of fiber 
(CEL and INU), PSP and their combination. P < 0.05 was considered to be statistically significant. If the 
variance was observed in the main effect of the interaction, Tukey’s test was used for this comparison (p < 
0.05). Mean values designated by different letters (a-c) amongst the groups are significantly different (p < 
0.05). 
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Fig. 2.10. Putrefactive products (ammonia and p-cresol) in the fermenters during in vitro colonic 
fermentation of 3% cellulose (CEL), 3% cellulose + 0.16% PSP (CELP), 3% inulin (INU, Fuji FF), and 
3% inulin + 0.16% PSP (INUP). Statistical significance amongst the groups was determined by two-way 
ANOVA analysis to assess the effect of fiber (CEL and INU), PSP and their combination. P < 0.05 was 
considered to be statistically significant.  
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Table 2.1. Polymerase chain reaction (PCR) mix for quality assurance PCR. 
 
 
Component  Volume per sample (μL) 
Distilled water 13.875  

5X buffer 5.0  

25mM MgCl2 1.75  

dNTP 0.75  

Fw primer (10 mM) 1.25  

Rv primer (10 mM) 1.25  

Polymerase  0.125  

Template DNA/Sample DNA 1.0  

Total volume 25   
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Table 2.2. PCR conditions for total bacteria. 
 
 

   

Step 1   Step 2     Step 3   
Initial 
denaturation 

Denaturation Annealing Extension
Final 
extension 

 Store 

94˚C  94˚C  55˚C  72˚C  72˚C  94˚C  4˚C  
2 min 15 sec 15 sec 30 sec 7 min 2 min ∞
1 cycle   35 cycles     1 cycle   
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Table 2.3. First stage polymerase chain reaction (PCR) mix.  
 
 
Component  Volume per sample (μL) 
Genomic DNA (5 ng/μL in 10 mM Tris pH 8.5) 2.5
PCR Fw primer (1 µM) 5
PCR Rv primer (1 µM) 5
2x KAPA HiFi HotStart ReadyMix 12.5
Total volume 25   
 

 

 

 

 

 

 

 

 

 



46 

 

 

 

 

 

 

 

Table 2.4. First stage PCR conditions.  
 
 

   

Step 1   Step 2     Step 3   
Initial 
denaturation 

Denaturation Annealing Extension
Final 
extension

 Store 

95˚C  95˚C  55˚C  72˚C  72˚C   4˚C  
3 min 30 sec 30 sec 30 sec 5 min  ∞
1 cycle   25 cycles     1 cycle   
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 Groups Two-Way ANOVA (p-value) 
CEL INU CELP INUP Fiber PSP Combination

Genus (Relative abundance, %)      

Bacteroides 1.74 ± 0.30 20.2 ± 1.6 3.79 ± 1.20 16.9 ± 6.5 < 0.001 0.409 0.302 
Prevotella 20.0 ± 2.4 3.64 ± 2.90 20.0 ± 2.4 6.39 ± 4.70 < 0.001 0.008 0.367 
Bifidobacterium 0.01 ± 0.01 7.03 ± 2.90 0.71 ± 0.50 3.78 ± 1.60 0.002 0.072 0.071 
Clostridium 2.18 ± 1.20 

a 0.29 ± 0.10 
b

1.61 ± 0.70 
a

0.33 ± 0.20 
b < 0.001 0.108 0.018 

Lactobacillus 1.27 ± 0.90 23.1 ± 2.1 6.76 ± 0.80 33.5 ± 11.0 < 0.001 0.039 0.334 
Sharpea 2.01 ± 1.50 0.02 ± 0.01 0.62 ± 0.60 0.02 ± 0.03 < 0.001 0.354 0.356 
Coprococcus 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.04 ± 0.03 0.021 0.035 0.219 
Bulleidia 0.82 ± 0.50 

b 0.33 ± 0.10 
b

3.42 ± 1.30 
a

1.06 ± 0.10 
a < 0.001 < 0.001 0.010 

Acidaminococcus 19.8 ± 4.3 
a 11.3 ± 1.8 

b 14.6 ± 0.9 
b 11.1 ± 2.1 

b < 0.001 0.034 0.044 

Table 2.5. Changes in the relative abundances of genus during in vitro colonic fermentation. 

Values are reported as mean and standard error (n = 5). Two-way ANOVA was performed to assess the 
effect of fiber (cellulose and inulin), PSP, and their interaction. Differences of p < 0.05 was taken to be 
statistically significant. If the variance was observed in the main effect of the interaction, Tukey’s test was 
used for this comparison. Mean values designated by different letters (a and b) amongst the groups are 
significantly different (p < 0.05). 
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Incubation 
time (h) 

CEL INU  CELP INUP Two-Way ANOVA (p-value) 

µmol mL
−1

 Fiber PSP Combination

Acetate 0 1.92 ± 2.00 2.00 ± 2.00 1.94 ± 0.22 1.94 ± 0.19 0.840 0.935 0.865 

6 4.54 ± 0.70 9.00 ± 1.50 5.68 ± 0.60 9.36 ± 1.50 0.003 0.529 0.744 

12 8.30 ± 0.70 34.2 ± 10.9 10.7 ± 0.4 31.6 ± 10.5 0.007 0.992 0.748 

24 12.0 ± 1.6 126 ± 20 16.6 ± 1.0 107 ± 25 < 0.001 0.672 0.482 

48 32.8 ± 9.6 200 ± 18 32.9 ± 4.4 182 ± 27 < 0.001 0.591 0.588 
Propionate 0 0.57 ± 0.06 0.63 ± 0.07 0.54 ± 0.11 0.68 ± 0.11 0.255 0.935 0.664 

6 1.97 ± 0.92 2.55 ± 1.86 1.90 ± 1.01 2.60 ± 1.77 0.660 0.992 0.967 

12 3.97 ± 0.76 21.2 ± 12.5 5.10 ± 0.30 20.0 ± 13.3 0.097 0.995 0.898 

24 5.56 ± 0.85 83.8 ± 26.2 6.50 ± 0.60 65.5 ± 29.1 0.003 0.663 0.629 

48 13.5 ± 4.1 178 ± 12 12.6 ± 1.4 150 ± 23 < 0.001 0.290 0.319 
n-Butyrate 0 0.11 ± 0.05 0.08 ± 0.03 0.11 ± 0.05 0.07 ± 0.04 0.396 0.902 0.975 

6 0.57 ± 0.13 1.06 ± 0.19 0.70 ± 0.13 1.00 ± 0.20 0.017 0.846 0.789 

12 1.68 ± 0.27 2.25 ± 0.22 2.00 ± 0.18 1.88 ± 0.09 0.276 0.903 0.111 

24 3.07 ± 0.30 3.81 ± 0.34 3.29 ± 0.11 3.43 ± 0.28 0.127 0.754 0.288 

48 5.33 ± 0.92 10.2 ± 1.3 5.16 ± 0.33 9.55 ± 2.39 0.005 0.770 0.861 
Total 
SCFA 

0 2.60 ± 0.22 2.71 ± 0.30 2.58 ± 0.36 2.70 ± 0.31 0.722 0.960 0.994 

6 7.10 ± 1.70 12.6 ± 3.2 8.30 ± 1.70 13.0 ± 3.2 0.062 0.760 0.887 

12 14.0 ± 1.7 57.6 ± 22.8 17.8 ± 0.8 53.5 ± 24.1 0.030 0.992 0.812 

24 20.7 ± 2.5 213 ± 46 26.4 ± 1.4 176 ± 53 < 0.001 0.661 0.549 

48 51.6 ± 14.6 388 ± 31 50.6 ± 6.1 341 ± 52 < 0.001 0.447 0.465 
 

 

Table 2.6. Changes in short chain fatty acid (SCFA) during in vitro fecal fermentation. 

Values of short chain fatty acids (SCFA) for each sample treatments during in vitro colonic fermentation of 
3% cellulose (CEL), 3% cellulose + 0.16% PSP (CELP), 3% inulin (INU) and 3% inulin + 0.16% PSP 
(INUP). Values are reported as mean and standard error (n = 5). Two-way ANOVA was performed to 
assess the effect of fiber (cellulose and inulin), PSP, and their interaction. 
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CHAPTER 3 

Colonic fermentation characteristics of 

purple sweet potato (Ipomoea batatas cv. 

Ayamurasaki) polyphenols in vivo 
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3.1. Introduction  

As has been reported in chapter 2, the purple sweet potato polyphenols (PSP) have been implicated 

to modulate the microbial composition, particularly its association with the less-fermentable 

dietary fiber (CEL). Notably, the effect of PSP according to the principal coordinate analysis 

(PCoA) plot upon treated with cellulose (CELP), shifted away from the cellulose (CEL) group 

indicating different microbial composition.  Although the effect was not so pronounced between 

inulin and PSP, it was more implicated on CEL, which can be seen as a material that could 

conducive for the fermentation of less-fermentable dietary fiber. Besides, in chapter 2, PSP was 

more effective in reducing the putrefactive products, which is sometimes associated with the 

inhibition of putrefactive bacteria by the polyphenols. Although the results were convincing 

regarding the colonic modulation of microflora, nevertheless, it is warranted that an animal model 

should be used to further elucidate the fermentation characteristics of PSP. Apart from  the 

anthocyanin structures and physiological functions of PSP discussed previously in the introductory 

section and the modulatory effect of PSP in vitro presented in chapter 2, could the in vivo result 

display a similar effect regarding the modulatory trend in the microbiota? 

3.1.1. Physiological functionality of polyphenols from purple sweet potato (Ipomoea batatas 

cv. Ayamurasaki) 

Physiological functionality of polyphenols with brief information on purple sweet potato (Ipomoea 

batatas cv. Ayamurasaki) physiological functionality was discussed previously in chapter 1 and 

chapter 2. Purple sweet potato (Ipomoea batatas cv. Ayamurasaki) is a polyphenol/anthocyanin-

rich cultivar. This cultivar was developed in 1995 particularly for industrial natural food colorants. 

Later it was discovered that it was packed with phytochemicals (anthocyanin) such as mono- or 
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di-acylated forms of peonidin and cyanidin, ferulic, and/or hydroxybenzoic acids, and was reported 

with strong antioxidant potential [194,221-223]. Studies have reported that polyphenols isolated 

from purple sweet potato (Ipomoea batatas cv. Ayamurasaki) were antimutagenic, angiotensin I-

converting enzyme-inhibitory, α-glucosidase-inhibitory, and suppression of atherosclerotic lesions 

[224,225]. Stahl et al. [226] reported that lower carbohydrate concentration rather than 

polyphenols was responsible for the health attributes. Later Han et al. [195] ascribed to 

polyphenols isolated from purple sweet potato being a key player in the antioxidative status of rats. 

Still, information regarding the non-absorbable polyphenols in vivo from purple sweet potato 

(Ipomoea batatas cv. Ayamurasaki) is less well appreciated. Thus, in chapter 2, an in vitro 

approach was devised to elucidate the effects of polyphenol extract isolated from purple sweet 

potato (Ipomoea batatas cv. Ayamurasaki) during colonic fermentation using pig’s feces with 

results indicating microbial modulation. This is in line with a study reported by Zhang et al. [215] 

which uses the same approach with the human colonic microbiota. While these studies may be 

important regarding the health attributes associated with sweet potato polyphenols/anthocyanin, it 

warrants further animal studies. 

3.1.2. Aims of the study 

Daily intake and opportunities regarding a polyphenol/anthocyanin-rich meal are by far quite high 

in some countries, but due to its limited knowledge regarding the physiological functionality, 

certainty regarding the non-absorbable fraction of polyphenol plays in the large intestine, 

particularly regarding the purple sweet potato (Ipomoea batatas cv. Ayamurasaki) is still unclear. 

Thus, this study aims to assess the effects of purple sweet potato (Ipomoea batatas cv. 

Ayamurasaki) on microbiota and biomarkers of colonic fermentation in rats (in vivo). Hence, two 

types of dietary fiber, namely cellulose (CEL) (partly fermentable dietary fiber) and inulin (INU 
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(Fuji FF)) (readily fermentable dietary fiber) (Fuji Nihon Seito Co. (Tokyo, Japan)) was designed 

as they are commonly used fibers for colonic fermentation studies to assess the fermentation 

characteristics of polyphenols to elucidate its health attributes and potential substrate for colonic 

microbiota. 
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3.2. Materials and Methods 

3.2.1. Preparation of polyphenols from purple sweet potato (Ipomoea batatas cv. 

Ayamurasaki) 

The purple sweet potato tubers (Ipomoea batatas cv. Ayamurasaki) were bought from Kyushu, 

Japan in 2019. The tubers were thoroughly washed with water and dried using a paper towel.  After 

drying with the paper towel, the tubers were peeled, cut into tiny slices, and freeze-dried. The dried 

potato slices were grounded to power. The extraction of purple sweet potato polyphenols (PSPP) 

was done by weighing 50g of potato powder and subjecting to 70% acetone and sonicate for 20 

minutes. Chosen of 70% acetone was based on the previous study by Han et al. [227]. In a process 

of sonication, almost all colored pigments were extracted. The suspensions were filtered and 

centrifuged (14,600 × g, 4˚C, 30 min). After centrifuging, the acetone fraction was evaporated 

using a rotary evaporator at 35˚C, and the pigment extract was reconstituted with distilled water 

and ready for column chromatography. The recovered amount of PSP after extraction was 

approximately 2.40% (w/w).  During column chromatography, the pigment extracts were applied 

to the pretreated Diaion HP-20 resin (Nippon Rensui Co., Tokyo, Japan) column so that the 

selected eluate fraction was collected. There were three types of solutions consecutively added to 

the elution column, namely, water, 20% ethanol, and 80% acetone. Based on the previous chapter 

2, the pooled eluate fraction from 80% acetone was used for the study because of high polyphenol 

content. The acetone fraction was entirely evaporated using a rotary evaporator at 35˚C, and the 

concentrate was reconstituted with distilled water. The reconstituted samples were freeze-dried 

and samples were ready for in vivo study (Fig. 3.1). The total polyphenol content of the purple 

sweet potato extract was determined according to the Folin Ciocalteu method [199] with 

approximately 0.77mg/g as gallic acid equivalents in the dried purple sweet potato extract. 
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3.2.2. Animals and diets 

The male Fischer rats (7-week-old) weighing 125–155 g were purchased from Charles River 

Laboratories (Yokohama, Japan). Upon arrival, all the rats were housed individually in transparent 

plastic cages with the following conditions; 23 ± 1 °C, 60 ± 5% relative humidity, and 12-h 

light/dark cycle (Fig 3.2). Animal model using rats have been preferred for study due to their 

anatomical, physiological, and genetic similarity to humans. Besides, the small size, ease of 

maintenance, and short life cycle made it an easy choice to use. The Animal Experiment 

Committee of Obihiro University of Agriculture and Veterinary Medicine approved the design of 

the animal study (approval number: 18-86). The rats were housed and treated according to the 

“Guide for the Care and Use of Laboratory Animals” (National Research Council. Guide for the 

care and use of laboratory animals, 1996) [228]. In diet preparation, before treatment, the freeze-

dried polyphenol extract reported above (Section 3.2.1) were well-mixed with the cellulose (CELP 

and CEHP) or inulin (INLP and INHP) using an electric food stand mixer (KPL9000S, Kenmix, 

Toda, Japan). The initial diet treatment commenced after a 7-day acclimation period, in which rats 

were allowed to stabilize in a new environment with free access to water and food. After a period 

of acclimation, the rats were randomly assigned to six groups (n=6 per group) and fed one of the 

experimental diets based on a modified AIN-93G diet (Oriental Yeast Co., Ltd., Tokyo, Japan): 

5% cellulose (CEL), 5% CEL + 0.2% purple sweet potato polyphenol extract (CELP), 5% CEL + 

1% purple sweet potato polyphenol extract (CEHP), 5% inulin (INU), 5% INU + 0.2% purple 

sweet potato polyphenol extract (INLP), and 5% INU + 1% purple sweet potato polyphenol extract 

(INHP) (Table 3.1). Inulin (Fuji FF) was gifted from Fuji Nihon Seito Co. (Tokyo, Japan). 

Polyphenol concentration of 1% was chosen based on a study by Han et al. [195]. During the start 

of diet treatment, body weights were determined without any significant difference amongst the 
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groups. The rats had access to feed and water ad libitum for 4 weeks. During the course of the 

study, body weights and feed intake were determined weekly and daily, respectively. At the end 

of the experimental period on the 27th day, before the animal sacrifice, blood samples (1 mL) were 

collected from the fasted rats (12 hours) from abdominal vena cava under anesthesia induced by 

Nembutal (sodium pentobarbital, 40 mg/kg body weight; Abbott Laboratories, Chicago, IL, USA), 

and the serum was separated by centrifugation (1500 × g for 20 min, Iwaki Glass Co., Ltd., Tokyo, 

Japan) and stored at -80°C for biochemical analysis. At the end of the experimental period, the 

tissues were excised and weighed, and the caecal content was diluted in sterile distilled water (1 g 

of caecal content/5 mL of deionized water) and the solution pH was measured. The remaining 

caecal content suspensions were stored at −80 °C until further analyses. 

3.2.3. Serum lipid analysis 

The blood collected on the 27th day (Section 3.2.1) was allowed to stand at room temperature for 

2 hours. After 2 hours, the serum was then prepared by centrifugation (1500 × g for 20 min, Iwaki 

Glass Co., Ltd., Tokyo, Japan) and the serum was stored at -80°C for further biochemical analysis. 

The determination of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and 

triglyceride (TG) concentrations were done enzymatically using TBA-120FR/JA (Canon Medical 

Systems Co., Ltd., Tochigi, Japan). To determine the serum non-HDL-C concentration, it was 

calculated as follows: [non-HDL-C] = [total cholesterol] - [HDL-C]. 

3.2.4. Cecal bacterial DNA extraction and 16S ribosomal RNA (16S rRNA) gene sequences 

Previously in chapter 2 (Section 2.2.3.2), the samples were obtained from the in vitro 48-h samples. 

In this chapter, in vivo samples were used, thus bacterial DNA was extracted from the caecal 

content without dilution. In this study, the procedures were employed according to chapter 2 
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(Section 2.2.3.2). That is, the extraction of bacterial DNA from the cecal digesta, DNA sample 

purification, polymerase chain reaction (PCR), Gel electrophoresis, first and second stage of PCR. 

The retrieved raw 16S rRNA gene sequences and the generated biome table were normalized using 

an equal subsampling size of 6824 sequences. Distances between bacterial communities in 

different samples, principal coordinate analysis (PCoA) plot, Calypso version 8.84 for bacterial 

visualization procedures were also employed from chapter 2 (Section 2.2.3.2). 

3.2.5. Cecal organic acid analysis 

The caecal organic acid contents in the diluted caecal digests were vortexed and centrifuged 

(16,000 × g, 4°C, 15 min), and the methods for organic acid analysis were employed according to 

the methods presented in chapter 2 (Section 2.2.5) by using the high-performance liquid 

chromatography (Shimadzu LC-10AD, Kyoto, Japan) for the analysis with the following analytical 

conditions: Column, RSpak KC-811 (8.0 mm × 300 mm, Shodex, Tokyo, Japan), eluent and flow 

rate, 2 mM perchloric acid at 1.0 mL/min, column temperature, 47 ◦C, reaction reagent and flow 

rate, ST3-R (10× diluted, Shodex) at 0.5 mL/min, UV detector wavelength, 430 nm. 

3.2.6. Cecal ammonia-nitrogen analysis 

The samples were vortexed and centrifuged (3,000 rpm, 4°C, 15 min) followed by the cecal 

ammonia-nitrogen concentration determination according to the procedures presented in chapter 2 

(Section 2.2.6) using a commercially available kit (Wako Pure Chemical Industry, Ltd., Tokyo, 

Japan).  

3.2.7. Cecal Immunoglobulin A (IgA) analysis 

IgA in the samples was analyzed by an enzyme-linked immunosorbent assay (ELISA) kit 

(Montgomery, TX, United States). To determine the IgA level in the cecal sample, 0.05M coating 
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buffer was prepared (carbonate-bicarbonate buffer, pH 9.6) in 1 µL:1 µL:100 µL ratio of sample, 

antibody, and buffer, respectively which was then pipetted into the wells (100 µL/well) and allowed 

to stand for 1 hour at room temperature. After 1 hour, the well plate contents were discarded and 

wash with wash buffer (0.05 M Tirs, 0.14 M NaCl, 0.05% Tween20, pH 8.0) in the microplate 

washer (Thermo Fischer Scientific Oy, Vantaa, Finland) five times. After, the plate was removed 

and dried by tapping on a paper towel followed by the addition of 200 µL of block solution (50 mM 

Tris, 0.14 M NaCl, 1% bovine serum albumin powder, pH 8.0) and kept at room temperature for 30 

minutes and subsequently stored in the refrigerator at 4°C overnight. On the next day, the block 

solution was discarded and wells were washed as before with microplate washer. The centrifuged 

(3,000 rpm, 4°C, 15 min) samples and standards were prepared and 100 µL each from sample and 

standard was pipetted into wells in duplicates and allowed to stand for 1 hour at room temperature. 

After 1 hour, the plate was washed once more and 100 µL biotinylated detection antibody (HRP) 

was added into each well and allowed to stand for 1 hour at room temperature. After, the contents 

were discarded once more and washed as before with the plate washer. After 100 µL of 

tetramethylbenzidine (TMB) was added into each well and subsequently allowed to stand in the 

dark for 20 minutes. After 20 minutes the stop solution (0.18 M H2SO4) was added and the 

samples in the well plate were measured in the well plate reader (MultiskanTM FC, Thermo Fisher 

Scientific). 

3.2.8. Cecal mucin analysis 

The caecal mucin level was determined according to the method described by Bovee-Oudenhoven 

et al. [229]. The samples were mixed properly by vortex and incubated for 10 minutes at 95°C and 

again for 90 minutes at 37°C consecutively. After, the samples were vortex and centrifuged 

(20,000×g, 4°C, 15 min). The supernatant (100 µL) was pipetted into a 1.5 mL Eppendorf® tube 
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followed by 0.4 M acetate buffer (pH 4.75) and well mixed. After the 10.4 µL of amyloglucosidase 

(300 U/mL) was added and the samples were incubated once more for 20 minutes at 50°C. After 

incubation, 310 µL of cold ethanol (99%) was added, vortex, and stored overnight at -30°C. On 

the next day, the samples were vortexed and centrifuged (20,000×g, 4°C, 10 min) and supernatants 

were carefully removed and 1.5 mL of PBS buffer (1.9 mM NaH2PO4, 8.1 mM Na2HPO4, 0.154 

M NaCl, 0.05% NaN3, pH 7.2) was added to the precipitate to solubilized. Following this, the 

standard was prepared and 300 µL each from standard and samples were pipetted into tubes 

followed by 360 µL of 0.6 M cyanoacetamide diluted in NaOH (cyanoacetamide:NaOH = 1:5 v/v) 

was added and mixed well on vortex and incubated for 30 minutes at 100°C. After cooling in 

water, 3 mL of 0.6 M borate buffer (pH 8.0) was added and vortex and measured using a 

fluorescence spectrophotometer (FP-6200, Jasco International Co., Ltd., Tokyo, Japan) at 336 nm 

and a measurement wavelength of 383 nm. Therefore, the mucin content (µmol/mL) = (Sample 

absorbance – y-intercept) Gradient of line * (dilution factor*1000)/221. 

3.2.9. Cecal indole analysis 

Cecal indole level was determined according to Ikeda et al. [204]. The procedures for cecal indole 

determination were done according to the procedures reported previously in chapter 2 (Section 

2.2.6). 

3.2.10. Statistical Analysis 

All data are presented as a mean and standard error (SE) (n=6). Two-way ANOVA was performed 

to assess the effect of fiber (cellulose and inulin), PSPP, and their combination and differences of 

p < 0.05 was taken to be statistically significant. If the variance was observed in the main effect of 
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combination, Tukey’s test was used for this comparison (p < 0.05). The analyses were performed 

using the SPSS software (version 17; IBM Corporation, Armonk, NY, USA). 
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3.3. Results and Discussion 

3.3.1. Feed intake, body weight, and tissue weight  

Amongst the groups, feed intake, body weight, perirenal fat weight, and epididymal fat weight 

were reduced (p < 0.05) by the IN treatment while the cecal wall and cecal contents were increased 

by IN; however, these parameters were not affected by the PSPP treatment (Table 3.2). The liver 

weight differed neither between the fiber- nor between the PSPP-treated groups (Table 1). And, 

there were no significant differences in the combined effect of fiber and PSPP on those parameters 

as well.  

3.3.2. Serum lipid and ammonia levels  

The effect of fiber, particularly IN treatment reduces (p < 0.001) the serum TC, non-HDL, and TG 

level. When PSPP was added to the diet, the level of TG dose-dependently increases to a significant 

(p < 0.05) level in the PSPP-treated groups. Besides, the serum HDL-C level was significantly (p 

= 0.025) increased by the PSPP treatment (Table 3.3) while the effect of PSPP on serum non-HDL-

C level was not different amongst the groups. On the other hand, and interestingly, the serum 

ammonia level was significantly (p < 0.05) reduced dose-dependently by the PSPP treatment 

(Table 3.3).  

Inulin is a well-known fermentable dietary fiber and thus, reduces the cholesterol level. Kilua et 

al. [230] also reported that kidney fiber reduces cholesterol level. Interestingly, in this study, the 

level of serum TG was increased by PSPP supplementation. High TG level increases the incidence 

associated with stroke, heart attack, and acute inflammation of the pancreas (pancreatitis). It was 

reported that serum TG was originated from the dietary fat and through the action of lipases, it can 

hydrolyze to fatty acids and monoglycerides [231]. Many studies have reported that polyphenols 
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positively decrease serum lipid levels [232,233]. However, some studies reported the opposite 

results showing that polyphenols increased or did not link with the change in the serum lipid levels 

[232,234]. Possibly, it could be associated with the high level of purified polyphenol in the diet as 

Nakagawa et al. [235] stated that pure anthocyanins were shown to elevate the plasma levels of 

homocysteine in rats. The total polyphenol content of PSPP was 77.0% (w/w) as gallic acid 

equivalents in the dried purple sweet potato extract. Similarly, the high level of HDL-C was 

attributed to PSPP, and a lower level of HDL-C is associated with metabolic syndrome (MetS) 

[236] and regarded as good cholesterol because of its cardiovascular protective factor. Other 

studies also reported that a high level of HDL-C is associated with polyphenol intake [237,238] 

and this is in line with this study as well. In this study, the level of serum ammonia was reduced 

by PSPP. A high serum ammonia concentration is associated with a high incidence of cerebral 

edema and herniation [239]. Interestingly, the level of serum ammonia was reduced by PSPP. 

Likewise, a similar result was also reported by Julia et al. [240] and Goto et al. [19]. 

3.3.3. 16S Ribosomal RNA (16S rRNA) gene sequences 

The α- diversity (Shannon index and species richness) and β-diversity were not affected by PSPP, 

although the differences were associated with the differences in the fermentability of cellulose 

(CE) and inulin (IN) (Fig. 3.3), which was indicated by two distinctively microbiota compositions 

between CE- and IN-fed rats in Figure 3.3c. Similar to the previous in vitro study in chapter 2, the 

effect of PSPP on IN-fed rats in this in vivo study was not seen. Besides, the clear distinction in 

the microbial composition when PSPP was supplemented with CE (as was the case in chapter 2) 

was not seen in this in vivo study. However, the effect of PSPP in exerting an individual response 

to the diet by the microbiota can be seen in this study as indicated by the Linear Discriminant 

Analysis (LDA) effect size (LEfSe) plot and the bar chat (Fig. 3.4). Further, it is interesting to note 
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the significant effect (p = 0.001) of PSPP at a higher concentration, according to the Redundancy 

Analysis (RDA) and Canonical Correspondence Analysis (CCA) (Fig. 3.5). There are many in 

vivo studies previously been conducted on the fermentation characteristics of polyphenols. For 

example, it was reported that grape polyphenol extract increased the microbial α-diversity [241], 

and polyphenol-rich Canarium album extract altered the gut microbiota [242]. Previously, studies 

regarding the purple sweet potato polyphenols (PSPP) (Ipomoea batatas cv. Ayamurasaki) have 

been reported [158,195,224,226], but knowledge regarding the non-absorbable polyphenols in the 

large intestine, particularly PSPP is less well appreciated, therefore, this in vivo study was 

conducted to elucidate the fermentation characteristics of PSPP. This study indicated that the α-

diversity and β-diversity were not changed by the PSPP. Seemingly, though not significant, the β-

diversity was impacted by PSPP depending on the fermentability of dietary fiber. Besides, the 

individual microbial response and the differences in the microbial composition between PSPP-fed 

rats and non-PSPP-fed rats attributed to PSPP was also seen in the polyphenol-rich Canarium 

album extract, in which the microbial composition was shifted away from the model control, 

indicating altered gut microbiota [242]. According to the bubble plot (Fig. 3.6), the predominant 

bacterial phyla distributed equally amongst the groups was Firmicutes, and at this level, the effect 

of PSPP was not seen. The dominant of Firmicutes in this in vivo study was similar to the previous 

in vitro study in chapter 2. The bacterial genera used for the results were based on the relative 

abundance expression of above 2% in CEL-fed rats and the taxa that change significantly 

according to the diet treatments. The bacterial genera in this study were affected (p < 0.05) by the 

dietary fiber. For example, IN-fed rats reduced (p < 0.05) the relative abundances of Oscillospira 

and Bacteroides compared with the CE-fed rats. Interestingly, supplementation of the diet with 

PSPP significantly reduced (p < 0.05) the relative abundances of Oscillospira and Bacteroides 
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without any effect due to combination. On the other hand, while IN-fed rats increased the relative 

abundance of Dorea, PSPP supplemented diets significantly (p < 0.05) increased the relative 

abundance of Dorea without any combination effect. The relative abundances of Ruminococcus, 

Parabacteroides, and Coprococcus were not affected by PSPP nor the combination of fiber and 

PSPP (Table 3.4).  While Bacteroides a predominant bacterial genus in the colon, Oscillospira on 

the other hand is associated with high-energy diet [243,244]. It was reported that polyphenols 

isolated from purple sweet potato inhibited the growth of Bacteroides in vitro [215]. Likewise, 

Oscillospira was also suppressed by polyphenols [245]. These results are in line with the present 

in vivo study and might indicate that PSPP is a potential material for the reduction of pathogenic 

bacterial growth. Besides, the quorum sensing mechanisms of bacteria is reportedly been disrupted 

by polyphenols [246,247]. In this study, the modulatory effects could be associated with the 

chemical structure of polyphenols because Sun et al. [248] reported that acylated peonidin exhibits 

a higher inhibition sensitivity on harmful bacteria. Further, Dorea is a genus related to the digestion 

of a high-fiber diet [249] and is associated with the host health. It was reported that polyphenols 

increase the abundance of Dorea [250], which is in line with the present study. Other studies 

reported that peonidin enhanced the growth of beneficial bacteria while the highly acylated 

anthocyanin prevent pathogenic bacterial growth [248,251,252]. Thus, PSPP and its metabolite 

may be a potential material conducive to increase certain beneficial intestinal microbiota as 

reported by Hidalgo et al. [253] that anthocyanin and their metabolites can exert a positive effect 

on the colonic microbiota.  
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3.3.4. Cecal biomarkers  

3.3.4.1. Cecal organic acid production 

All the cecal organic acids were impacted by the fiber (CE and IN) (p < 0.05). However, the cecal 

level of acetate was affected by the combination of fiber and PSPP (p = 0.003), particularly the 

CELP group was significantly (p < 0.05) higher than the other groups (Table 3.5). Besides, the 

cecal succinate production was affected by PSPP (p < 0.05), particularly the supplemental groups 

with a lower concentration of PSPP (CELP and INLP). Likewise, the cecal level of iso-butyrate 

affected (p < 0.001) by both the PSPP and its combination with fiber. It was reported that organic 

acids (mainly acetate, propionate, and butyrate) were associated with the host’s health [254]. In 

this study, the cecal levels of acetate, propionate, and butyrate were not affected by PSPP alone. 

This was similar to the previous in vitro result in chapter 2 and was also similar to a study reported 

recently [250]. Interestingly, the level of acetate alone was affected by the combined effect of fiber 

and PSPP, particularly with the lower concentration of PSPP and the fermentability of dietary fiber. 

It was reported that acetate was produced by many groups of bacteria [255], and this result might 

suggest that specific acetic acid-producing bacteria might be suppressed by PSPP because α- and 

β-galactosidases and β-glucosidase in the intestinal digests were suppressed by polyphenols [91]. 

Similarly, succinate was increased particularly with lower PSPP concentration. Further, the 

formation of branched-chain fatty acid (BCFA) was the result of valine, leucine, and iso-leucine 

fermentation. In a pre-diabetic patient which was reported previously in a clinical study, high 

levels of BCFA were observed [256], and interestingly, cecal iso-butyrate production was 

suppressed in a dose-dependent manner in the CELP and CEHP groups and agrees with other 

studies [257,258]. Generally, PSPP was more effective when it combines with less fermentable 

fiber as was seen in the previous chapter 2 of the study.  
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3.3.4.2. Cecal pH 

The cecal pH was significantly (p < 0.05) affected by PSPP in this study (Fig. 3.7). Acidifying the 

cecal environment provides a conducive environment for beneficial bacterial growth while 

suppressing the growth of pathogenic bacterial [220]. It was decreased dose-decently in the 

cellulose groups, while no significant effect could be seen in the inulin groups, which could be 

associated with the high organic acid production as a result of degradation of the de-glycosylated 

PSPP/anthocyanins and consequently reduce the cecal environment 

3.3.4.3. Cecal putrefactive products-Ammonia and Indole 

Higher levels of putrefactive products are an indication of protein fermentation and it is of great 

concern when produced at a toxic level. For example, tryptophan is catabolized to indole and 

subsequently facilitate the toxic material across the gut barrier and consequently destroys the gut 

epithelial permeability [259,260]. In this study, the effect of fiber and PSPP, and their combined 

effect could not be seen on the production of cecal ammonia. Likewise, PSPP did not affect the 

cecal production of indole although it was reduced at a higher level of PSPP concentration (CEHP 

and INHP) (Fig. 3.7). 

3.3.4.4. Intestinal immunity-related substances - Mucin and IgA  

Interestingly, in this study, the mucin level was increased (p < 0.05) by PSPP and its combination 

with dietary fiber (Fig. 3.7), particularly when it combines with CE at a lower concentration 

(CELP), which was significantly higher (p < 0.05) than the CE group. Besides, there were no 

significant changes when PSPP was combined with IN group. IgA on the other hand, was 

unaffected by PSPP, although the inulin groups significantly increased (p < 0.05) the IgA 

production compared with the cellulose groups. The biomarkers (mucin and IgA) are an intestinal 
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immunity-related substance which are important for the host’s health. Mucin, for example, is a 

first line defense against pathogen while IgA inhibits the bacterial attachment to the epithelium 

[139,261]. 
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3.3.5. Conclusions to Chapter 3 

The modulatory effect of PSPP on the cecal microbiota in this study was positively affecting the 

biomarkers of colonic fermentation properties. Besides, PSPP was more effective at a lower 

concentration with less fermentable dietary fiber, which could indicate a material conducive for 

the fermentation of less fermentable dietary fiber. This was similar to the previous in vitro result 

in chapter 2. Therefore, in this chapter, the result indicated that the inclusion of PSPP in the diet 

could be a material positively affecting the colonic microbiota and biomarkers of colonic 

fermentation that will simultaneously confer beneficial health to the host. 
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Fig. 3.1. Procedure for polyphenol extraction 
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Fig. 3.2. Schematic representation of the animal experimental design. 
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Fig. 3.3. α-Diversity (Shannon index (a) and species richness (b)), and β-diversity (c) comparison
s of microbiota during colonic fermentation in rats for 4 wks. Shannon index (a) and species rich
ness (b) were compared using the non-parametric Kruskal–Wallis rank-sum test. CE, 5% cellulos
e; CELP, 5% cellulose + 0.2% polyphenol extract isolated from purple sweet potato (PSPP); CE
HP, 5% cellulose + 1% PSPP; IN, 5% inulin; INLP, 5% inulin + 0.2% PSPP; INHP, 5% inulin +
 1% PSPP. Statistical significance amongst the groups was determined by two-way ANOVA analy
sis to assess the effect of fiber (CE and IN), PSPP, and their combination. P < 0.05 was considere
d to be statistically significant. Data were expressed as mean and SE (n=6, but *n=5). 
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Fig. 3.4. Linear Discriminant Analysis (LDA) effect size (LEfSe) plot (a) and bar chart (b) compa
risons of microbiota during colonic fermentation in rats for 4 wks. CE, 5% cellulose; CELP, 5% 
cellulose + 0.2% polyphenol extract isolated from purple sweet potato (PSPP); CEHP, 5% cellul
ose + 1% PSPP; IN, 5% inulin; INLP, 5% inulin + 0.2% PSPP; INHP, 5% inulin + 1% PSPP. St
atistical significance amongst the groups was determined by two-way ANOVA analysis to assess t
he effect of fiber (CE and IN), PSPP, and their combination. P < 0.05 was considered to be statis
tically significant. Data were expressed as mean and SE (n=6, but *n=5).  
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Fig. 3.5. Redundancy Analysis (RDA) (a) and Canonical Correspondence Analysis (CCA) (b) co
mparisons of microbiota during colonic fermentation in rats for 4 wks. CE, 5% cellulose; CELP, 
5% cellulose + 0.2% polyphenol extract isolated from purple sweet potato (PSPP); CEHP, 5% ce
llulose + 1% PSPP; IN, 5% inulin; INLP, 5% inulin + 0.2% PSPP; INHP, 5% inulin + 1% PSPP.
 Data were expressed as mean and SE (n=6, but *n=5). 
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Fig. 3.6. Bubble plot of the predominant bacterial phyla during colonic fermentation in rats for 4
 wks. CE, 5% cellulose; CELP, 5% cellulose + 0.2% polyphenol extract isolated from purple swe
et potato (PSPP); CEHP, 5% cellulose + 1% PSPP; IN, 5% inulin; INLP, 5% inulin + 0.2% PSP
P; INHP, 5% inulin + 1% PSPP. Data were expressed as mean and SE (n=6, but *n=5). 
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Fig. 3.7. Cecal pH, ammonia, indole, mucin and IgA during colonic fermentation in rats for 4 wk
s. CE, 5% cellulose; CELP, 5% cellulose + 0.2% polyphenol extract isolated from purple sweet p
otato (PSPP); CEHP, 5% cellulose + 1% PSPP; IN, 5% inulin; INLP, 5% inulin + 0.2% PSPP; I
NHP, 5% inulin + 1% PSPP. Statistical significance amongst the groups was determined by two-
way ANOVA analysis to assess the effect of fiber (CE and IN), PSPP, and their combination. P < 
0.05 was considered to be statistically significant. If the variance was observed in the main effect
 of the interaction, Turkey's test was used for this comparison. Mean values designated by differe
nt letters (a and b) are significantly different (p < 0.05). Data were expressed as mean and SE (n
=6). 
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Ingredients (g/kg diet) 
Dietary group  

CE CELP CEHP IN INLP INHP 

Casein  200 200 200 200 200 200 

L-Cystine  3 3 3 3 3 3 

Sucrose  100 100 100 100 100 100 

Soybean oil  70 70 70 70 70 70 

t-Butylhydroquinone   0.014 0.014 0.014 0.014 0.014 0.014 

Mineral Mix (AIN-93G-
MX)  

35 35 35 35 35 35 

Vitamin Mix (AIN-93VX)  10 10 10 10 10 10 

Choline bitartrate  2.5 2.5 2.5 2.5 2.5 2.5 

Cellulose  50 50 50 - - - 

Inulin（Fuji FF） - - - 50 50 50 

α-Cornstarch 529.486 527.486 519.486 529.486 527.486 519.486 

PSPP 0 2 10 0 2 10 

Sum (g) 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 

 

 

 

 

 

Table 3.1. Compositions of experimental diet. 

PSPP, polyphenol extract isolated from purple sweet potato (Ipomoea batatas cv. Ayamurasaki). 
CE, 5% cellulose; CELP, 5% Cellulose + 0.2% PSPP; CEHP, 5% Cellulose + 1% PSPP; IN, 5% 
inulin; INLP, 5% inulin + 0.2% PSPP; INHP, 5% inulin + 1% PSPP. 
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Groups  
Feed intake 
 (g/4 wk)  

Final body  
weight  
(g/4 wk) 

Body weight 
gain  

(g/4 wk) 

Liver  
(g) 

Perirenal fat
tissue (g) 

Epididymal  
fat tissue (g) 

Cecal wall 
(g) 

Cecal  
content (g)

CE 357 ± 9 253 ± 3 69.4 ± 2.8 9.64 ± 0.36 4.67 ± 0.31 5.01 ± 0.28 0.65 ± 0.05 1.98 ± 0.24

CELP 359 ± 7 258 ± 4 73.9 ± 2.4 9.73 ± 0.21 4.89 ± 0.49 4.76 ± 0.10 0.65 ± 0.04 1.76 ± 0.10

CEHP 359 ± 8 255 ± 5 70.5 ± 2.8 9.74 ± 0.55 4.81 ± 0.17 5.18 ± 0.26 0.71 ± 0.08 2.31 ± 0.25

IN 310 ± 8 238 ± 4 54.0 ± 2.5 9.34 ± 0.27 2.85 ± 0.27 3.26 ± 0.17 1.39 ± 0.06 3.98 ± 0.28

INLP 317 ± 7 239 ± 3 54.4 ± 1.9 9.61 ± 0.36 3.48 ± 1.49 3.84 ± 0.29 1.15 ± 0.07 3.47 ± 0.26

INHP 318 ± 7 239 ± 3 54.4 ± 2.4 9.22 ± 0.26 3.66 ± 0.22 3.89 ± 0.18 1.14 ± 0.07 3.36 ± 0.33

------------- Two-way ANOVA (p-value) -------------  

Fiber < 0.001 < 0.001 < 0.001 0.256 < 0.001 < 0.001 0.016 < 0.001 

PSPP 0.790 0.659 0.786 0.803 0.219 0.088 0.507 0.366 

Combina
tion 

0.904 0.924 0.820 0.802 0.513 0.315 0.586 0.179 

 

 

 

 

 

 

 

Table 3.2. Feed intake, final body weight, body weight gain, tissue weight, and cecal content weight of rats fed 
with the CE, CELP, CEHP, IN, INLP and INHP diets for 4 wks. 

Values are expressed as mean ± SE (n=6). CE, 5% cellulose; CELP, 5% cellulose + 0.2% polyphenol extract is
olated from purple sweet potato (PSPP); CEHP, 5% cellulose + 1% PSPP; IN, 5% inulin; INLP, 5% inulin + 0.
2% PSPP; INHP, 5% inulin + 1% PSPP. Statistical significance amongst the groups was determined by two-wa
y ANOVA analysis to assess the effect of fiber (CE and IN), PSPP, and their combination. P < 0.05 was conside
red to be statistically significant. 



76 

 

 

 

Groups  TC (mmol/L) HDL-C (mmol/L)
Non-HDL-C 

(mmol/L)
TG (mmol/L)

NH3 

(µmol/L)

CE 1.92 ± 0.06 0.488 ± 0.010 1.43 ± 0.05 3.13 ± 0.33 168 ± 6 
CELP 1.93 ± 0.05 0.490 ± 0.010 1.45 ± 0.04 3.81 ± 0.31 157 ± 6 
CEHP 2.02 ± 0.06 0.501 ± 0.008 1.52 ± 0.05 4.00 ± 0.32 145 ± 5 
IN 1.72 ± 0.04 0.479 ± 0.016 1.25 ± 0.03 1.67 ± 0.18 164 ± 5 
INLP 1.74 ± 0.07 0.481 ± 0.020 1.26 ± 0.05 2.13 ± 0.34 149 ± 5 
INHP  1.85 ± 0.04 0.515 ± 0.008 1.33 ± 0.04 2.25 ± 0.20 143 ± 7 

------------- Two-way ANOVA (p-value) -------------  
Fiber < 0.001 0.455 < 0.001 < 0.001 0.336

PSPP 0.057 0.025 0.214 0.011 0.001

Combination 0.795 0.296 0.994 0.591 0.871

 

 

 

 

 

 

 

 

Table 3.3. Serum total cholesterol (TC), high-density-lipoprotein-cholesterol (HDL-C), non-HDL-C, trigl
yceride (TG), and ammonia (NH3) in rats fed with the CE, CELP, CEHP, IN, INLP, and INHP diets for 4 
wks. 

Values are expressed as mean ± SE (n=6). CE, 5% cellulose; CELP, 5% cellulose + 0.2% polyphenol extr
act isolated from purple sweet potato (PSPP); CEHP, 5% cellulose + 1% PSPP; IN, 5% inulin; INLP, 5%
 inulin + 0.2% PSPP; INHP, 5% inulin + 1% PSPP. Statistical significance amongst the groups was deter
mined by two-way ANOVA analysis to assess the effect of fiber (CE and IN), PSPP, and their combination.
 P < 0.05 was considered to be statistically significant. 
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  Genus (Relative abundance, %)

Groups  Ruminococcus Oscillospira Parabacteroides Dorea Coprococcus Bacteroides

CE 18.5 ± 2.7 2.25 ± 0.45 7.59 ± 2.71 2.47 ± 0.84 4.21 ± 1.66 2.41 ± 0.54

CELP 22.6 ± 3.9 2.35 ± 0.29 6.51 ± 2.28 1.79 ± 0.44 0.77 ± 0.24 1.44 ± 0.46

CEHP 14.9 ± 5.3 0.88 ± 0.31 3.00 ± 1.02 3.96 ± 1.41 1.39 ± 0.67 1.00 ± 0.37

IN 6.73 ± 0.69 0.80 ± 0.24 0.94 ± 0.86 5.74 ± 0.80 13.6 ± 3.6 0.78 ± 0.54

INLP 10.1 ± 0.4 0.74 ± 0.18 0.07 ± 0.03 6.57 ± 1.13 13.9 ± 1.8 0.080 ± 0.040

INHP 9.08 ± 2.60 0.43 ± 0.07 0.67 ± 0.61 9.12 ± 0.94 17.5 ± 3.5 0.180 ± 0.140

------------- Two-way ANOVA (p-value) ------------- 
Fiber < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

PSPP 0.338 0.043 0.273 0.029 0.654 0.010

Combinat
ion 0.510 0.470 0.267 0.612 0.375 0.429 

Table 3.4. Relative abundance of bacterial genus during caecal fermentation in rats fed with CE, 
CELP, CEHP, IN, INLP, and INHP diets for 4 wks.  

Values are expressed as mean ± SE (n=6). CE, 5% cellulose; CELP, 5% cellulose + 0.2% polyphe
nol extract isolated from purple sweet potato (PSPP); CEHP, 5% cellulose + 1% PSPP; IN, 5% in
ulin; INLP, 5% inulin + 0.2% PSPP; INHP, 5% inulin + 1% PSPP. Statistical significance amongs
t the groups was determined by two-way ANOVA analysis to assess the effect of fiber (CE and IN), 
PSPP, and their combination. P < 0.05 was considered to be statistically significant. 
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Table 3.5. Cecal organic concentrations in rats fed with CE, CELP, CEHP, IN, INLP, and INHP diets for 4 
wks.  

Values are expressed as mean ± SE (n=6), but *n=5. CE, 5% cellulose; CELP, 5% cellulose + 0.2% polyph
enol extract isolated from purple sweet potato (PSPP); CEHP, 5% cellulose + 1% PSPP; IN, 5% inulin; IN
LP, 5% inulin + 0.2% PSPP; INHP, 5% inulin + 1% PSPP. Statistical significance amongst the groups was
 determined by two-way ANOVA analysis to assess the effect of fiber (CE and IN), PSPP, and their combina
tion. P < 0.05 was considered to be statistically significant. 
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CHAPTER 4 - General Conclusions and implications 

As have been mentioned in chapter 1, the main aim or general focus of the present study was to 

examine the biological activity of polyphenols from commonly consumed root crop, particularly 

the purple sweet potato (Ipomoea batatas cv. Ayamurasaki) with a particular attention to the 

fermentation characteristics to elucidate its potential as a healthy substrate for colonic microbiota, 

and the results obtained might contribute to a better understanding of the potential health attributes 

of colored foods. In doing this, an in vitro study was conducted, which was discussed in chapter 2, 

and following this, an animal study was conducted and was discussed in chapter 3 to examine the 

fermentation characteristics of polyphenols. 

In the in vitro study, the purple sweet potato polyphenol modulates the colonic microbiota, 

particularly, with high impact when combined with less fermentable dietary fiber (cellulose), 

which implies that polyphenol might be a potential material for the fermentation of less- or non-

fermentable fibers. In this case, a distinctively separated cluster formation between the polyphenol-

combined and without polyphenol. Besides, polyphenol extract differentially proliferated and 

inhibited some beneficial and pathogenic bacterial growth respectively, and has the potential to 

reduce the unwanted cecal fermentation products. Additionally, an in vivo study showed the 

modulatory effect of polyphenol on cecal microbiota by positively affecting the biomarkers of 

colonic health. Like in in vitro study, the animal study also showed the similar trend in the 

modulatory effects of polyphenol with more impact in association with less fermentable fiber.  

Therefore, with respect to the main aim or focus of the present study regarding the biological 

activity of polyphenols, particularly the fermentation characteristics and its potential health 

attributes, it was clear that the polyphenol isolated from purple sweet potato positively affecting 
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the colonic microbiota and biomarkers of colonic health during fermentation and could be a 

potential material for improving the fermentation characteristics of less- or non-fermentable 

dietary fiber during colonic fermentation that will simultaneously confer beneficial health 

attributes to the host. Besides, purple sweet potato polyphenols might be a potential material for 

functional food ingredients with health-associated benefits to the host. 
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Summary 
Introduction and Objective 

The growing interest in polyphenols has led many researchers to study and confirmed its potential 

health attributes. Studies have reported that polyphenols are strong antioxidants, which means that 

they (polyphenols) can counteract oxidative stress caused by reactive oxygen species (ROS). 

Besides, polyphenols can alleviate the risk factors associated with heart diseases such as lowering 

of blood pressure and low-density lipoprotein (LDL)-bad cholesterol level. Polyphenols are very 

low (less than 5%) in terms of absorption in the upper gastrointestinal tract, while more than 90% 

exited the upper gastrointestinal tract into the large intestine and becomes a substrate for microbial 

fermentation. Speculation surrounding the non-absorbable polyphenols could be attributed to a 

certain role in the large intestine which requires a thorough investigation. Therefore, the main 

objective of the study was to investigate the biological activity of antioxidants (polyphenols) and 

prebiotics particularly the fermentation characteristics of purple sweet potato to elucidate its 

potential as a healthy substrate for colonic microbiota. 

Materials & Methods  

In Chapter 2, in vitro fermentation study was conducted by using a small-scale laboratory 

fermenter. Fermentation materials used were polyphenol extracts prepared from purple sweet 

potato. The samples were collected at 0, 6, 12, 24, and 48 h time points for the analysis of SCFA 

(HPLC), putrefactive products, intestinal immunity-related substances, and bacterial abundance 

(plate count and 16S rRNA gene sequencing). In chapter 3, in vivo study was conducted using 

Fischer 344 male rats (6 rats / group) aiming to investigate the fermentation characteristics of 

polyphenols. The rats were fed the experimental diets (5% cellulose (CEL), 5% CEL + 0.2% purple 
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sweet potato polyphenol extract (CELP), 5% CEL + 1% purple sweet potato polyphenol extract 

(CEHP), 5% inulin (INU), 5% INU + 0.2% purple sweet potato polyphenol extract (INLP), and 

5% INU + 1% purple sweet potato polyphenol extract (INHP)) based on a modified AIN-93G diet. 

Organ weights, serum, and cecal digesta were collected for biochemical, cecal biomarkers, and 

microbiological analyses.  

Results & Discussion 

Chapter 2: The in vitro fermentation study using sweet potato polyphenols (PSP) displayed the 

modulatory effect on the colonic microbiota in this study. The differential beneficial bacterial 

growth and the reduction of pathogenic bacteria were depended on the fermentability of dietary 

fiber, which was more effective with cellulose and could be a potential material conducive for 

improving the fermentation characteristics of less-fermentable dietary fiber. PSP also reduces the 

level of putrefactive product (p-cresol). Thus, PSP might be a potential material for functional food 

ingredients that will confer health benefits to the host.  

Chapter 3: Purple sweet potato polyphenol extract (PSPP) increased the serum triglyceride (TG) 

and HDL-C level while reducing the NH3 level. Additionally, the β-diversity of bacterial species 

for inulin groups (IN, INLP, and INHP) were similar to the previous study in chapter 2 by 

clustering together while that of cellulose groups (CE, CELP, and CEHP) were not distinctively 

separated as seen in the previous study in chapter 2. Besides, PSPP reduces the relative abundance 

of Oscillospira and Bacteroidetes while increasing the relative abundance of Dorea. The 

production of acetate and succinate were increased particularly with lower PSPP concentration, 

while iso-butyrate was reduced. Further, the level of pH was reduced by PSPP while mucin was 

increased by PSPP in the CELP group. In this chapter, it seems PSPP was more effective with the 
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less fermentable dietary fiber (cellulose) as seen with the previous study in chapter 2. Finally, the 

fermentation characteristics of PSPP may have different effects on the microbiota depending on 

the fermentability of dietary fiber associated with it. Therefore, this study demonstrated that dietary 

inclusion of polyphenol/anthocyanin from the purple sweet potato might confer positive health 

attributes to the host gut. 
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概要 

はじめに 

ポリフェノールへの関心の高まりにより、多くの研究者がその潜在的な健康属性を研究

および確認するようになりました。研究によると、ポリフェノールは強力な抗酸化物質

であり、これは、ポリフェノールが活性酸素種（ROS）によって引き起こされる酸化ス

トレスに対抗できることを意味します。さらに、ポリフェノールは、血圧の低下や低密

度リポタンパク質（LDL）-悪玉コレステロール値などの心臓病に関連する危険因子を

軽減することができます。ポリフェノールは上部消化管での吸収が非常に低く（5％未

満）、90％以上が上部消化管を出て大腸に入り、微生物発酵の基質になります。非吸収

性ポリフェノールを取り巻く推測は、徹底的な調査を必要とする大腸における特定の役

割に起因する可能性があります。したがって、この研究の主な目的は、抗酸化剤（ポリ

フェノール）とプレバイオティクスの生物学的活性、特に紫色のサツマイモの発酵特性

を調査して、結腸微生物叢の健康な基質としての可能性を解明することでした。 

 

材料と方法 

第 2 章では、小規模の実験室用発酵槽を使用して in vitro 発酵研究を実施しました。使

用した発酵材料は、紫色のサツマイモから調製したポリフェノール抽出物でした。サン

プルは、SCFA（HPLC）、腐敗生成物（アッセイキット）、腸の免疫関連物質（アッ

セイキット）、および細菌の存在量（プレート数）の分析のために、0、6、12、24、お
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よび 48 時間の時点で収集されました。および 16SrRNA 遺伝子シーケンシング）。第 3

章では、ポリフェノールの発酵特性を調査することを目的として、Fischer 344 雄ラット

（6 匹/群）を使用して in vivo 研究を実施しました。ラットに AIN-93G ダイエットに基

づいて修正された実験食（5％セルロース（CEL）、5％CEL + 0.2％紫サツマイモポリフ

ェノール抽出物（CELP）、5％CEL + 1％紫サツマイモポリフェノール抽出物（CEHP）、

5％イヌリン（INU）5％INU + 0.2％紫芋ポリフェノール抽出物（INLP）、および 5％

INU + 1％紫芋ポリフェノール抽出物（INHP））を与えました。臓器重量、血清、およ

び盲腸消化物は、生化学的、盲腸バイオマーカー、および微生物学的分析のために収集

されました。 

結果と考察 

第 2 章：サツマイモポリフェノール（PSP）を使用した in vitro 発酵研究では、この研究

で結腸微生物叢に対する調節効果が示されました。有益な細菌の増殖と病原菌の減少の

違いは、食物繊維の発酵性に依存していました。食物繊維は、セルロースより効果的で

あり、発酵性の低い食物繊維の発酵特性を改善するのに役立つ可能性があります。 PSP

は、細胞分解生成物（p-クレゾール）のレベルも低下させます。したがって、PSP は、

宿主に健康上の利益をもたらす機能性食品成分の潜在的な材料である可能性があります。 

第 3 章：紫色のサツマイモポリフェノール抽出物（PSPP）は、血清トリグリセリド

（TG）と HDL-C レベルを増加させ、NH3 レベルを減少させました。さらに、セルロー

スグループ（CE、CELP、および CEHP）のβ多様性が明確に分離されていないのに対

し、イヌリングループ（IN、INLP、および INHP）の細菌種のβ多様性は、クラスター
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化し、第 2 章の以前の研究と同様でした。さらに、PSPP は、ドレアの相対的な存在量

を増やしながら、オシロスピラとバクテロイデスの相対的な存在量を減らします。酢酸

塩とコハク酸塩の生成は、特に PSPP 濃度が低いほど増加しましたが、イソ酪酸塩は減

少しました。さらに、CELP グループでは PSPP によって pH が低下し、PSPP によって

ムチンが上昇しました。この章では、PSPP は、第 2 章の前の研究で見られたように、

発酵性の低い食物繊維（セルロース）より効果的だったようです。最後に、PSPP の発

酵特性は、食物繊維の発酵性に応じて微生物叢に異なる影響を与える可能性があります。

したがって、この研究は、紫色のサツマイモからのポリフェノール/アントシアニンの

食事による含有が、宿主の腸に正の健康属性を与える可能性があることを示しました。 
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