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Okara is a white-yellow fibrous residue consisting of the insoluble fraction of the soybean seeds remaining after
extraction of the aqueous fraction during the production of tofu and soymilk, and is generally considered a waste
product. It is packed with a significant number of proteins, isoflavones, soluble and insoluble fibers, soyasaponins,
and other mineral elements, which are all attributed with health merits. With the increasing production of soy
beverages, huge quantities of this by-product are produced annually, which poses significant disposal problems
and financial issues for producers. Extensive studies have been done on the biological activities, nutritional values,
and chemical composition of okara as well as its potential utilization. Owing to its peculiar rich fiber composition
and low cost of production, okara might be potentially useful in the food industry as a functional ingredient or good
raw material and could be used as a dietary supplement to prevent varied ailments such as prevention of diabetes,
hyperlipidemia, obesity, as well as to stimulate the growth of intestinal microbes and production of microbe-derived
metabolites (xenometabolites), since gut dysbiosis (imbalanced microbiota) has been implicated in the progression

of several complex diseases.

dietary fiber gut microbiota

| 1. Introduction

Soybean is labeled as one of the essential crops across the globe and is native to Asia, and has been under
cultivation for over thousands of years there. However, the present leading producers are found on the other side
of the Pacific Ocean, thus north and south America . America, Brazil, Argentina, and China are currently the
leading world producers and consumers of soybean, respectivelyld. Epidemiological reports unveil a strong
connection between regular and optimal intake of soybeans with numerous health-promoting functions, such as
lowering the risk of several cancer forms (colorectal cancer, prostate cancer, breast cancer, bone health, etc.),
cardiovascular diseases, cognitive function, type Il diabetes, renal function, atherosclerosis, menopausal symptom,
and coronary heart diseases by lowering the levels of (LDL) low-density lipoproteinsE4E, Soybeans are usually
processed to obtain protein isolates and other end-products like soymilk and soybean curd (tofu)€, which are both
known traditional Asian food products, however are now consumed across the globe owing to the nutritional and
health-promoting claims. A large sum of fibrous residue called okara is produced after soymilk and soybean curd
production processes, i.e., obtained after extraction of the aqueous fraction. Okara is a white-yellow material, which
consists of the insoluble parts of the seeds remaining in the filter sack when pureed soybean seeds are filtered
during soymilk production. Okara is abundant and nutritionally valuable, and has been used in the vegetarian diets
of Western countries since the 20th centuryl&l Studies on the nutritional and non-nutritional constituent of okara

reveal that it is packed with a significant number of proteins, isoflavones, soluble and insoluble fibers,
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soyasaponins, and other mineral elements, which are all attributed with health merits[292  Owing to its high
dietary fiber content, okara supplementation yielded a decrease in body weight, beneficial properties on lipid
metabolism, protected the gut environment in terms of antioxidant status, as well as prebiotic effects [Ell12],
Typically, close to 1.2 kg of wet okara is obtained from 1 kg of dry soybean processed for soymilk or tofu. This
makes okara a cheap source of fiber-rich food. However, it is normally used as fertilizers or is landfilled, animal
feed, or discarded as waste due to its high susceptibility to spoilage, extra cost of production, undesirable flavor,
and grittiness in texture attributes, which are all caused by its high moisture content. Its valorization will be
essential, to aid in utilizing the untapped precious nutrients as well as serving to eliminate the socio-environmental
and economic problems caused by this waste disposalL314Ii23l16] \Moreover, most of the valorization research on

okara focused more on physical attributes rather than the possible health attributes2Z,

In recent years, there has been a growing interest in using by-products or waste biomasses from the food industry
as new sources of functional ingredients such as prebiotics. Its value addition would reduce the environmental
effect from their decomposition and as well increase their benefitll8l19 Due to the peculiar dietary fiber
composition of okara, it might be potentially useful in the food industry as a functional ingredient. In this sense, it
could be used to increase the dietary fiber content in varied cereal productslZ8. Dietary fiber is evidenced to
positively impact the gut health by fostering the growth of select gut microbes, as well as the production of microbe-
derived metabolites (xenometabolites), and non-gastrointestinal related conditions such as non-alcoholic fatty liver
disease, diabetes, and cardiovascular diseasel22. Gut dysbiosis or poor gut health has been implicated in the
progression of chronic kidney diseasel2ll. This concept has given rise to terms such as the gut-kidney axis22 and
the gut-liver axis/22. Nowadays, numerous studies have been undertaken aiming to uncover the functional and
therapeutic effect of okara, as well as facilitate its effective utilization. Hence, this review seeks to compile scientific
research on the bioactive compounds in soybean residue (okara) and discuss the possible prebiotic impact of this
fiber-rich residue as a functional diet on eubiosis/dysbiosis condition of the gut, as well as the consequential
influence on liver and kidney functions, to facilitate a detailed knowledge base for further exploration,

implementation, and development.
Dietary Fiber in Nutrition

The adoption of varied plant-based components including dietary fiber, polysaccharides, and prebiotics seems to
be on the rise and is gaining more and more attention owing to its supposed health effects. However, there are
variations in the nutritional composition of these varied fiber-containing feed/foodstuffsi24, and consumers have
developed much interest in the association between the carbohydrate/fiber content of these foods and the possible
glycemic effect mediated post ingestion22. For instance, an extruded cereal food product is regarded to reflect a
high glycemic index similar to or more than that of bread, and it has been evidenced in multiple reports that an
individual rate of glycemic response is dictated by the extent and rate of starch hydrolysis after ingestion and can
be manipulated through daily meal dietary fiber supplementationl28l27]. Dietary fiber describes (non-digestible
carbohydrates of plant origin) food-derived components that are resilient to digestion/hydrolysis by the core
enzyme machinery that is present in animals/humans’ gut. Fibers are the residual parts of a plant that are safe for

consumption and it includes compounds such as cellulose, lignin, cell wall polysaccharides, oligosaccharides, and
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other related compounds, e.g., phenolic compounds!28l2939 Dietary fiber is tagged as the seventh (7th) important
food nutrient for organisms and is subcategorized into two types, thus, soluble dietary fiber (SDF) and insoluble
dietary fiber (IDF)I22!, which are all made of dense indigestible polysaccharides. The most widely acknowledged
classification for dietary fiber has been to distinguish dietary components based on solubility in a buffer at a definite
pH, and/or fermentability in an in vitro system with an enzyme solution serving as human alimentary enzymes.
Further classification is based on fermentability such as less fermentable/water-insoluble (i.e., lignin, cellulose and
hemicellulose) and well fermentable/water-soluble (i.e., gums, pectins and mucilages)Bl. Recent research
proposes dietary fiber classification by size/density plots, however, the traditional and most convenient ways for
dietary fiber classification still remains via solubility to water. Numerous studies have demonstrated support of
dietary fiber to influence the increase in cholesterol- and sodium cholate-binding capacity as well as influence the
decrease in blood pressure, protect against several cancers, including colorectal cancer, breast cancer and
prostatic cancer, prevent gastrointestinal problems2288l  ameliorate constipation (fecal softening and bulking,
improve regularity and/or frequency), depicting an anti-inflammatory effect on the digestive tract as well as aid
partially in lipid substitution, blood glucose regulation, and/or blood cholesterol reduction2234I83]  Hence, it is
justifiable that dietary fiber influences the performance and functions of the gastrointestinal tract and consequently
reflects on human/animals’ health28137], High dietary fiber consumption is suggested to inhibit the bioavailability of
some essential nutritional components including, but not limited to, vitamins and other minerals, and may impact
the rate of food digestion, energy metabolism as well as gut microbial composition, which may, in turn, result in the
production of short-chain fatty acid that is responsible for (10-30%) the total energy requirement of the host 78]
89 and on the other hands, aid in the detoxification of the host digestive tractd. Besides, dietary fiber, which
comprises polysaccharides that skips enzymatic digestion, acts essentially as a substrate to the intestinal
microbiota and is suggested to impact the host-microbial community and immunity®ll. Dietary fiber deprivation in a
mice experiment yielded to the alteration in mucus-eroding microbiota, disruption of the intestinal barrier, mucus
layer depletion, and lethal colitis!42.

2. Valorization of Soybean Residue (Okara) as a Functional
Food

As discussed earlier, okara contains high levels of dietary fiber and proteins, and significant amounts of isoflavones
as well as mineral elements, which merits it a high nutritional value and a potential prebiotic function. Hence, it is
potentially useful as a functional ingredient with health-promoting effectsll. Specifically, the incorporation of
soybean-derived ingredients into a variety of products with the motive of providing beneficial properties and
functions to the body has been the focus over the years, and have aroused much interest from the food industry.
These are termed ‘functional foods’#3l. Okara has been used in food production for human consumption as well as
application in animal nutrition for several years mainly in Japan and China, both in its processed and raw forms, to
more easily provide a fair intake of the nutritional claim for the fiber and protein. Okara can be a partial substitute
for soy flour, wheat flour, and other food-producing components so as to boost the protein and fiber content(24l. The
rich amount of proteins, carbohydrates, and other forms of nutrients embedded in okara make it a potential

substrate for microbial fermentation. Bacteria, yeasts, and fungal fermentation of soybean residue are suggested to
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decrease the content of raw fiber, increase the content of proteins, soluble fiber, isoflavones, and amino acids, and
decomposing phytic acid, resulting to an upgrade in the processing properties as well as nutritional value®2. The
use of soybean residue in different food formulation such as drinks, bread, sausages, pancakes, candies, biscuits,

cake, and nutritional flour, has been studied and evidenced earlier in numerous reports48I47][481[49]

2.1. Application of Soybean Residue in Human Nutrition

The rich solvent-binding properties of okara make it an ideal low-cost ingredient with which to encourage yields in
bakery and meat products®. It has been evidenced to have a positive influence on the shelf life of chocolate
cookies mainly at an optimal concentration of 5%, and as well prevent syneresis in cheese ravioli filling during
defrosting and freezing. Besides, its insipid taste enables it to be used at relatively high levels without adversely

influencing the texture or taste profiles of the formed productsy.

The study by Park et al. 211, on the influence of okara and additives including, soy flour, starch, and hydroxypropyl
methylcellulose on the quality and nutritional value of cookies were reviewed. The results displayed that okara-
enriched cookies had higher levels of carbohydrate (35.3%), fat (25.7%), protein (11.6%), and ash (6.3%) in
contrast with wheat cookies containing carbohydrate (59.6%), fat (20.2%), protein (15.2%), and ash (2.2%). A
cookie containing okara depicted lower carbohydrate and higher ash content. Hydroxypropyl methylcellulose
supplemented cookies portrayed a higher water holding capacity, i.e., three times higher than that of control, which
enhanced the performance of the dough and the quality of enriched cookies. Cookies supplemented with additives,
mainly, soy flour and hydroxypropyl methylcellulose, portrayed reduced water activities, which enhanced the
storage life and hardness in consort with significant improvement in the crispness of okara-enriched cookies. Suda
et al. 52 incorporated okara powder (containing 50% dietary fiber, 0.45% calcium, and 21.3% vegetable protein)
into bread and pancake ingredients, intending to develop fortified foods for medical use. Three dissimilar types of
bread were processed, which include the 10% okara bread, and other additives, as well as preservatives, were
needed to encourage yeast fermentation and enable storage at room temperature. After effective freezing without
preservatives, the flavors of all three bread were altered. A soft pancake was prepared using a mixture of pancake
powders with 20% okara. The pancake free from preservatives was suitable for refrigerator storage before being
eaten, while both the fresh pancakes and those comprising the preservatives made with 20% okara were accepted
as supplements for the elderly hospitalized patients. The study showed that the soft pancake supplemented with
okara and 40% water was much use as a fitting supplement for dietary fiber, calcium, and vegetable protein than
the bread supplemented with okara. The quality of okara supplemented bread is suggested to significantly
increased with the addition of enzymes (lipase, glucose oxidase, and pentosanase). The incorporation of 4-8%
soybean powder has been evidenced to yield a quality increasel22l. The application of 5% soybean dietary fiber on
bread, treated with 1% NaOH for an hour and 1% HCI at 60 °C for 2 h, depicted an appearance and quality similar
to that of a normal bread54],

A recent study by Kang et al. 22! on the quality attributes of rice noodles enriched with different levels of okara flour
(0—20%) was reviewed. The authors recorded that the adhesiveness, hardness, and cooking loss of the noodles

increase with an increasing amount of okara, while swelling index, cohesiveness score, and water absorption
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significantly decreased. Among all samples, noodles fortified with 10% okara flour demonstrated the lowest score
for the predicted glycemic index. The incorporation of alginate with a CaCl, coating upgraded the cooking
properties without affecting the in vitro starch digestibility of soybean residue-enriched rice noodles. The findings
recommended that noodles with good quality attributes and reduced in vitro starch digestibility scores could be
developed through incorporating okara flour of up to 10% level. Again, a study on the cooking quality of soybean
by-product okara fiber fortified noodle reported that the noodles were of good cooking quality when okara fiber was
supplemented at 9% (particle size of 100 mesh), 4% salt, and 0.25% sodium alginate®2. Pan et al. 28 studied the
impact of okara and vital gluten on the physical and chemical properties of noodles. The results portrayed that a
higher level of okara (10-15%) significantly decreased the tensile strength, extensibility, elasticity, and optimum
cooking time of the noodles. Noodles enriched with okara displayed an improved flavonoids content, total phenolic,
and antioxidant and/or free radical-scavenging activity. The results showed that 6% wheat gluten and 5-10% okara
powder incorporation produces noodles with good texture, cooking, and sensory properties. Hence, soybean
dietary fiber supplementation in food formulation can be the best alternative in achieving food products with a low

glycemic index.

In the study by Katayama and Wilson[28!, a soybean-based snack was formulated using partially dried okara
(44.3% moisture) prepared from lipoxygenase-free soybeans and a commercially dried okara powder (7.7%
moisture) made from regular soybeans (lipoxygenase-present). The authors also utilized commercially low linolenic
acid soybean oil and commercially low saturated soybean oil in the same recipe and determine the best recipe for
baked or a deep-fried soy-based food product. At the end of the study, the authors observed that the baked foods
made from the partially dried okara-free lipoxygenase powder and the commercially low-saturated soybean oil, had
a taste, appearance, and texture parallel to the reference product (i.e., commercial Japanese okara-based snack).
The final product had 11.4% protein and 7.4% dietary fiber, which was 2.0 and 1.5 times higher in contrast with the
standard. The amount of calcium was as well higher (4.3 times) than the reference score. Bedani et al. B also
recorded an increase in the functional and nutritional properties of soy yogurt incorporated with soybean by-product
okara. All these findings suggest the commercialization of okara at the industrial level as a potential nutritionally

enhanced value-added food product.

2.2. Application of Soybean Residue in Animal Nutrition

Owing to the higher non-fibrous carbohydrates and proteins content of okara, as well as being cheaper than
soybean meal, makes it attractive to be used as feed for dairy cattle, goats, sheep, pigs, poultry, and fish, with the
aim of substituting part of their normal feed281(52160(61]

The by-products of food crops are generally known to possess high moisture content and, the avoidance of the
high energy costs of drying, are hence usually stored by silage, a forage storage technique that involves acidifying
the plant mass via anaerobic microorganisms, to aid minimize and deny it from being colonized by other
microorganisms that will result to the loss of its nutritional value. A famous practice in Japan, with the aim of
preventing nutritional loss, curbs this by mixing dry feed with wet by-products to achieve low moisture total mixed

ration silage. The mixture of peanut hulls and okara can therefore have a synergistic influence on the silage mix to
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form the right dry matter fermentable carbohydrates for ideal silage fermentation. Silage with peanut hulls/okara
ratio 22:78 has been evidenced to decrease fiber content and lignification, as well as improve the efficiency of both

in-vitro ruminal fermentation and silage fermentation models after 8 weeks[28l,

Meeting the required protein profile in young pigs especially for organic pig producers is a challenge. Thus, the
price of organic feed is significantly higher (i.e., 4 times higher), and has limited availability. Okara is suggested as
an alternative and a potential source of organic protein, and its intake in up to 25% of young pigs’ diets depicted no
effect on average daily food intake, average daily profit, and gain/feed ratio in contrast with the control 82, Wang et
al. [6183] glso substituted dried okara for soybean meal in dairy cattle and yellow cattle for a duration of 30 days.
The authors recorded no significant differences in the production of milk, feed consumption, milk-fat content, and
daily profit between both groups. However, the feeding cost of the group substituted with dried okara was

significantly reduced.

In addition, okara can also be used in the production of microbial proteins, which are synthesized via solid-state
fermentation. During the process of fermentation, the mold degrades the residual fiber into low molecular weight
carbohydrates, which are well along used by yeasts to synthesize proteins. Moreover, some anti-nutritional factors
(including, but not limited to, trypsin inhibitors, lectin, and saponin) can be further decomposed or reduced through
fermentation B4, Pan et al. 62 studied the changes in microbial production via mixed culture solid-state
fermentation on okara. The authors observed a doubled crude protein content in contrast with the original material
when using wheat bran and okara (ratio 2:8) as substrate, and Trichoderma viride, Aspergillus
niger, Saccharomyces cerevisiae, and Candida utilis (1:1:1:3) as a mixed crop, after fermentation for three days at

32 °C. Table 3 and Table 4 presents summarized studies on the effect of okara supplementation on nutrition, as

well as the impact of its fortification on food properties and function respectively (in vivo/in vitro).

3. Physicochemical and Prebiotic Influence of Dietary Fiber
(Emphasis on Okara-Derived Fiber) on Gut and Associated
Tissues: Gut, Liver, and Kidneys

Numerous shreds of evidence are indicating that the gut microorganisms can directly influence the physiological
conditions in human/animals such as improving the host immune system, improving the roles of the intestinal
barrier, stimulating the defensive mechanisms against pathogens as well as increasing the defensive mechanisms
against inflammatory bowel diseases, producing biological metabolites, regulating autoimmunity, regulating
diabetes and preventing obesity, and destroying cancer cells. The host gut—-microbiota interactions are dynamic
and highly dictated by several environmental conditions particularly diet €8, In addition, the gut is reported to have
dual and opposing roles of enabling nutrients to enter the body while denying the entry of harmful substances. Both
gastrointestinal barrier function and nutrient absorption have been demonstrated to be altered by dietary fiber. For
instance, dietary fiber-induced changes to the gastrointestinal barrier by increasing mucins and the cell that
produce them “goblet cells” (67881 Mucins are large glycoproteins that, along with lipids, antibodies, bacteria, ions,
proteins, antimicrobial peptides, and water, form what is termed as mucus 2. Mucus protects the gut epithelium

from mechanical stress, to prevent the translocation of harmful substances as well as to lubricate the intestine and
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to facilitate easy transportation of digested material. A study comparing a standard rodent chow/diet (i.e., fiber from
corn, oats, and wheat comprising 4.3% of the diet by weight) with a chow devoid of any fiber displayed that mice
fed with a fiber-deficient diet had a thinner mucus layer, hence enabling microbes to get in closer proximity to the
gastrointestinal epitheliumZ%. Therefore, insufficient amounts of dietary fiber in the gut may encourage bacteria to
degrade the host mucus layer (i.e., breaking down one of the host’s physical barriers) in an attempt to provide

themselves with substrates needed to survive.

3.1. Physicochemical Role of Dietary Fiber in The Gastrointestinal Tract

The main role of the gastrointestinal tract is the absorption of nutrients from ingested foods. This absorption is
preceded by a series of digestive processes within the different gut compartments. These processes are governed
by the secretion of enzymes and associated co-factors, as well as through maintenance of gut lumen at optimal pH
conditions for digestion.l’l. Classically, the consumption of dietary fiber has been postulated to affect the uptake of
nutrients in diverse methods. The physicochemical factors of dietary fiber, including fermentation, bulking ability,
viscosity and gel formation, binding ability, solubility, and water-holding capacity, have been proved to influence
nutrient absorption. A plethora of in vivo and in vitro studies have been carried out in the past decades to aid
illuminate the physicochemical interactions between dietary fiber and these nutrients2. However, it appears that
water-soluble dietary fiber, which is either viscous or gel-forming under intestinal/gastric conditions reduces the rate
of absorption than low molecular weight and low viscous fibers. The small intestine is the main absorptive area in
the gut, which, per the dietary stand-point, involves in the absorption of the subunits of digestible macronutrients
(i.e., monosaccharides from carbohydrates, amino acids and some di/tripeptides from proteins, and fatty

acids/glycerol from di/triglycerides), as well as minerals and vitamins, and other micronutrients 1],

Dietary fiber differs in form depending on their biochemical and physiological properties, and hence affect the
bioavailability of nutrients, composition of microbiota and gastrointestinal functions. Soluble dietary fiber portrayed
an increased viscosity and reduced starch digestibility”, as well as suppressed the activity of a-amylase in the
gastrointestinal tract, which consequently reduced the rapid rise in postprandial blood glucose levels 374, The
consumption of soluble viscous fibers, together with other dietary changes like reduced fat intake, is effective in
reducing cholesterol levels /3. Sasaki and KohyamalZ8! studied the influence of various soluble dietary fiber on
starch digestibility. They recorded a strong connection between apparent viscosity at low shear rates and inhibition
of starch digestibility. However, insoluble dietary fiber decreased the digestibility of starch by non-specific enzyme
adsorption. Nagano et al. 7 systematically reviewed the improved functional and physicochemical properties of
okara, by nanocellulose technologies used in food development. The authors hypothesized that nanocellulose
technologies may improve physicochemical roles, hence influencing the gut microbiota community. Their study
demonstrated an increased viscosity, dispersion ability, as well as the specific surface area of cellulose and okara.
The increased viscosity triggered the suppression of a-amylase activity whereas increased dispersion ability and
specific surface area of okara resulted in improved SCFA production of human dominant gut bacteriald.
Bifidobacteria and lactobacilli are the most important health-promoting bacteria of the gut microbiota. Hence, both
are common targets for dietary interventions to promote health. Other bacteria including enterococci, eubacteria

streptococci, and Bacteroides can be classified as potentially harmful or beneficial to health depending on the
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species 879 The healthy bacteria exert beneficial functions to the host through their metabolisms such as SCFA
formation (mainly propionate, acetate, and butyrate), absence of toxin production as well as the synthesis of
defensins or vitaminsZ8l, Desai et al.#2 researched the consequential impact of dietary fiber deprivation on the gut
microbiota using a gnotobiotic mouse model. The authors observed that during intermittent or chronic dietary fiber
deficiency, the gut microbiota turns to the host’s secreted mucus glycoproteins as a nutrient source, consequently
yielding to an erosion of the colonic mucus barrier. Thereby, promoting greater epithelial access and lethal colitis by
the mucosal pathogen, Citrobacter rodentium. The study disclosed intricate pathways linking diet, the gut

microbiota, and intestinal barrier dysfunction, which could be ameliorated via dietary therapeutics.

3.2. The Use of Soybean Residue as a Prebiotic

The consumption of okara as prebiotics/non-digestible food components can selectively stimulate the composition
and/or activity of one or a limited number of gastrointestinal microbes, that can confer health merits to the host2,
as well as non-gastrointestinal related conditions such as cardiovascular diseasel®ll, chronic kidney disease (CDK)
(821 non-alcoholic fatty liver disease (NAFLD), and diabetes[®3. The prebiotic influence of okara has been
researched in in-vitro studies using Lactobacillus acidophilus and Bifidobacterium bifidum/8483l. Okara provided a
surface for bacteria cell adhesion, thereby enabling substrate uptake as well as cell growth. The degree of
fermentation of the residue was about 3.6 times more in B. bifidum compared with L. acidophilus4. Treatment
with B-glucanase (Ultraflo L®) improved the soluble dietary fiber content in okara, subsequently enhancing its
fermentation by B. bifidum/8/. The conversion of okara insoluble dietary fibers to soluble fibers was again observed

when Streptococcus thermophilus and Lactobacillus delbrueckii subspecies bulgaricus were both used[Z.

There are numerous studies on the dietary effects of yogurt fortified with soybean residue/okara, produced by lactic
fermentation of soymilk and soy milk residue, on lipid and cholesterol levels in rats(€8. Okara fortified yogurt was
prepared by mixing dried okara with soymilk, in a ratio of 1:2, and the mixture was then fermented with L.
delbrueckii subspecies delbrueckii. The formed product was freeze-dried and then incorporated into the rat’s diets.
Regardless of their diet, rats fed with dried okara and soymilk yogurt portrayed a significant and consistent lower
level of total plasmatic cholesterol in contrast with the control group and another group fed with only soymilk yogurt.
The authors concluded that the use of okara provided additional merits to soymilk, thus the fiber-rich residue
facilitated the excretion of bile acids via their absorption to fecal matter, therefore encouraging the
hypocholesterolemic effect[€8l [9],

Furthermore, fermentation is suggested to play a crucial role in the cholesterol-lowering effect as it triggered the
production of bioactive peptides through the enzymatic hydrolysis of soy proteins(€8. The DNA microarray analyses
result also confirmed that the consumption of soybean residue and soymilk yogurt reduced the synthesis of lipids
and cholesterol, and up-regulated the B-oxidation of fatty acids and cholesterol disintegration®. In summary, these
studies demonstrated that both the supplementation of okara and its subsequent fermentation in a soymilk yogurt

matrix depicted hypocholesterolemic effects.
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The organoleptic qualities and textural profiles of okara fortified yogurt were then assessed. Soymilk with only dried
soybean residue or with insulin and dried okara was fermented with a commercial yogurt starter culture that
contained L. acidophilus, Bifidobacterium animalis subspecies lactis, and Streptococcus thermophilus2Z. These
yogurts exhibited significantly greater physical stability and were ranked lower in hedonic tests, probably owing to
the relatively large size of the dried okara. However, the addition of insulin seems to increase palatability, thus the

acceptance score was the greatest for the yogurt with both insulin and okara added.

3.3. Prebiotic Status of Soybean Residue on Gut Microbiome

Research on human gastrointestinal microbiota labeled as the “second brain”, or “forgotten organ” has increased
exponentially in recent years following the latest advances in technology®2. The gut is the core immune organ in
the body, which harbors approximately 70—-80% of the body’s immune cells and has been tagged as the largest
source of inflammation evidenced to contribute to diseases like NAFLD and CDK [29[81192] |t has been proved that
the gut microbiota produces not only metabolites that can impact host physiology, but rather with metabolites that
can also contribute an essential role in the host’'s immune system and metabolism via a complex set of chemical

interactions as well as signaling pathways[221[94195],

Prebiotics are non-digestible parts of food termed carbohydrates that act as fibers. Unaltered, they reach the colon
where they are used by the gastrointestinal microorganisms, they serve as food for “good” intestinal bacteria, and
encourage their growth, colonization as well as sustainability in the digestive tract. Among prebiotics or fiber types,
are the most important galactooligosaccharides, and oligosaccharides, which are referred to as bifidogenic
substances; relating to their ability to selectively enhance the growth of Bifidobacterium spp. (B. breve, B. longum,
B. infantis, B. pseudolongum, B. lactis) and Lactobacillus spp. (L. plantarum, L. casei, L. reuteri, L. acidophilus)28! .
The most commonly used prebiotics in human studies include, but are not limited to, Fructooligosaccharide,

Galactooligosaccharide, Xylo-oligosaccharide, Arabinoxylan-oligosaccharides, and Soybean oligosaccharides28
Eu)

Pérez-Lopez et al.[28 studied the prebiotic effect of okara on gastrointestinal microbiota in high-fat-fed rats. To
improve the solubility of the okara and achieving a soluble dietary fiber-enriched residue, the authors applied high
hydrostatic pressure treatment together with the Ultraflo® L enzyme in the preparation. Wistar rats were fed with a
high-fat diet supplemented with 20% treated okara for four weeks. The authors observed a reduction in plasma
triglycerides (1.4-times), weight loss, and an enhancement in the metabolism of amino-acid (1.2-times lower urea)
in contrast with the control group. Regarding its prebiotic status, okara enhanced the release of short-chain fatty
acids (SCFAs) and improved magnesium and calcium absorption. Furthermore, quantitative PCR analysis of
selected bacterial groups affirmed that okara protected the values of several beneficial groups in gastrointestinal
microbiota and restored dysbiosis caused by a high-fat diet. Thus, preventing bacterial drop triggered by a high-fat
diet. The authors concluded that the supplementation of okara exerted health-promoting functions in vivo and

hence could be used as a prebiotic as well as a functional ingredient in foods.
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Villanueva et al. 12 as well studied the effect of high-fat diets supplemented with 13% or 20% okara on lipid
profiles of the liver, plasma, and feces in male golden Syrian hamsters after three (3) weeks of feeding. The diet did
not yield any significant differences in body weight gain or feed intake (p > 0.05). However, plasma levels of
triglycerides, total cholesterol, and VLDL- plus LDL cholesterol in hamsters fed with 20% okara decreased
significantly (p < 0.05) compared with the control group. Though, no significant differences (p > 0.05) were
observed in HDL- and LDL-cholesterol plasma levels in all the experimental groups. Triglycerides, total lipids, total
and esterified cholesterol concentrations in the liver were decreased by 20% okara supplemented diet. Regarding
hamsters fed with 13% okara fortified diets, the mean values of the triglyceride, total lipid, and cholesterol in the
liver and plasma reduced as compared to the control group, but the differences were not statistically significant.
Besides, all assayed okara supplemented diets depicted increased fecal excretion of total lipids, free cholesterol,
triglycerides, and total nitrogen (p < 0.05) in contrast with their respective controls. The authors suggested that the
main components of okara, i.e., dietary fiber and protein, could be attributed with the total lipids and cholesterol
decreased in the liver and plasma, and the fecal output increase in high-fat-fed hamsters, and hence might play an
essential role in the prevention of hyperlipidemia and could as well be used as value-added ingredient for

functional food preparation.

In 2016, Villanueva et al. studied the potential prebiotic and fat-lowering effects of enzymatically treated okara in
high-cholesterol-fed Wistar ratsl8. The authors observed a significant reduction in the serum and liver triglyceride
levels (p < 0.01) of rats fed with enzymatically treated okara. Total lipids, bile acids, and triglycerides were
significantly (p < 0.001) higher in the feces of rats fed with enzymatically treated okara diet. However, the pH of
fecal contents was reduced (p < 0.001), probably owing to the significant increase in the production of short-chain
fatty acids in the treated group compared to the control group (i.e., Total SCFA (mmol/g) of 229.2 + 37.0 for the
control group and 568.2 + 56.5 for the treated group). In addition, the enzymatically treated okara yielded reduced
triglycerides in liver and serum, and improved the excretion of total lipids, bile acids, and triglycerides, increasing
the lipid profile in high cholesterol-fed rats. The fiber content is suggested to aid improve intestinal transit via
increasing fecal bulk. The authors concluded that the reduced pH and improved SCFA production affirmed the

occurrence of fiber fermentation, hence signifying a potential prebiotic effect.

3.4. Gut, Liver, and Kidney Responses to the Prebiotic Effects of Dietary Fiber in
General

In the microbial process of prebiotic fermentation in the large intestine, SCFAs such as butyrate, propionic acid,
acetic acid, vitamin K, and vitamin B12 are formed, which are then absorbed by the gastrointestinal mucosa and
distributed via the lymphatic and vascular system to cells of an organism22. The resulting butyrate is metabolized
directly in the gastrointestinal epithelium, where it acts as a regulator of cell division and growth. Propionate is used
in the liver and as well serves as a precursor used for suppressing cholesterol synthesis. Acetate is predominantly
metabolized in the muscle cells, heart, kidneys, and brain. The production of SCFA decreases the pH of the
environment, hence encouraging cell differentiation and growth of intestinal epithelial cells as well as re-supporting

the microflora. In addition, fermentation in the intestine is suggested to produce the final form of the degradation of
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substances like simple gases: Carbon dioxide, hydrogen, methane, and hydrogen sulfide 28!, Figure 1 presents the

schematic overview of the major prebiotic effects of dietary fiber on the gut, liver, and kidney29,
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Figure 1. Schematic overview of the major prebiotic effects of dietary fiber on gut, liver, and kidney.

3.4.1. Gut Responses

The increase in the production of short-chain fatty acids (SCFASs) resulting from the fermentation of dietary fiber
has been shown to boost gut barrier function via increasing gut cell proliferation and diversity29[100 SCFAs
decrease gastrointestinal pH, which may alter the gut microbiota by obstructing the growth of pathogens and
decrease the expression of microbial virulence genes 2%, Again, it has been evidenced that epithelial cell lines
metabolize the SCFA butyrate, yielding oxygen reduction that results in the stabilization of transcription factor,
hypoxia-inducible factor-1 alpha (Hif-1a) 192 This transcription factor has been implicated in gastrointestinal
barrier function via regulating apoptosis 193 and inflammation 194, A microarray study confirms that high-amylose
resistant starch could improve hormones as well as structure and function of the gut via increasing the levels of Hif-
la expression together with genes related to cell growth, differentiation, apoptosis, and proliferation in the cecal
tissue of rats supplemented with 30% resistant starch in contrast with rats fed an equal amount of energy from a
low-fiber diet 193], A recent study by Zhang et al. [1%8 evaluated the effects of prebiotics on bioavailability and
biotransformation of ginsenosides in rats after a two-week prebiotic (i.e., galactooligosaccharide,
fructooligosaccharide, and fibersol-2) intervention. The results displayed that area under concentration-time curve
and peak plasma concentration of ginsenoside and its intermediate metabolites in the prebiotic intervention groups
were improved at various degrees than those in the control group. In addition, the gut microbiota significantly
responded to the prebiotic treatment at both functional and taxonomical levels. The gut metagenomic analysis as
well unveiled the functional gene amelioration for polyketide/terpenoid metabolism, gluconeogenesis, glycolysis,

and propanoate metabolism, etc. The authors concluded that prebiotics may selectively endorse the proliferation of
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certain bacterial stains having glycoside hydrolysis capacity, hence, subsequently encouraging bioavailability and

biotransformation of primary ginsenosides in vivo.

The tight junction proteins are another key component of the gut barrier affected by dietary fiber. A study by Cani et
al. 297 pbserved that feeding a standard rodent chow supplemented with (10%) fructooligosaccharides improved
the expression of genes in the jejunal tight junction proteins and Zonula occludens-1 (ZO-1), decreased intestinal
permeability, and reduced plasma lipopolysaccharides (LPS) concentrations. Again, Fukunaga et al. 198 studied
the effect of soluble fiber pectin on the production of fecal short-chain fatty acid, intestinal cell proliferation, and
microbial population. The results showed that rats fed 2.5% pectin for two weeks displayed increased plasma
glucagon-like peptide-2 (GLP-2) and increased cecal SCFAs. Butyrate, in another Caco-2 cell culture model, was
again demonstrated to activate AMP-activated protein kinase, enabling tight junction protein assembly as well as
improved barrier function shown via improved transepithelial electrical resistancel299, Ohata et al.22% also used
the Caco-2 cells culture model and observed that butyrate improved lipoxygenase activity by hindering histone
deacetylation, which caused transepithelial electrical resistance to increase. Apart from the alteration of intestinal
immune function and physical barriers to minimize injury from microbe-derived proinflammatory factors, prebiotic
can as well protect organs like the kidney and liver from metabolic abuses. It has long been evidenced that
constant consumption of nondigestible carbohydrates instead of digestible carbohydrates, minimizes the increase
in blood glucose and insulin2. Mithieux et al.l}1ll researched intestinal gluconeogenesis, which is another
carbohydrate regulatory pathway influenced by dietary fiber consumption. The gastrointestinal production of
glucose is understood to improve glucose sensing in the portal vein, resulting in reductions of hepatic glucose
production as well as influenced signaling to the brain, yielding an increase in satiety. However, microbiota-
generated metabolites of prebiotic (e.g., propionate), are suggested to act as a gluconeogenic precursoriti2l, |n
summary, this highlights the merits of microbe-derived SCFAs in supporting the physical components of the gut
barrier (mucosal layer, tight junctions, and cellularity) and influencing host immune factors, which will

consequentially impact functions of tissues such as the liver and kidneys.
3.4.2. Liver Responses

Indeed, it is known that blood from the gut reaches the liver via the portal vein, and hence is justifiable that this
organ is a target of gut-derived factors altered by diet and microbiome changes. However, prebiotic fiber is being
considered an ideal treatment and management option for NAFLD and related obesity and insulin resistancel2.
The hepatic effects of prebiotic fiber as discussed earlier include influencing gut ecology, thus gut permeability,
systemic inflammation, as well as circulating gastrointestinal-derived hormone and metabolite signals. Endorsing
the association between gut health and liver, patients with NAFLD were seen to portray an altered gut
microbiotal® and improved gut permeabilityX23]. Dietary fibers have been demonstrated to hinder the translocation
of bacterial products such as LPSREI4. Thus, this will aid to decrease hepatic exposure to LPS and other
associated microbe-derived proinflammatory products. This may hinder the tendency of fatty liver progressing to
the inflammatory form termed as non-alcoholic steatohepatitis (NASH)2Y. This transition is thought to occur in two
stages known as the “two-hit” hypothesis. The “first hit” is the state where the liver is susceptible to metabolic

insults or the “second hit”, owing to liver fat accumulation. The “second hit” is assumed to come from a variety of

https://encyclopedia.pub/entry/6818 12/24



Okara and Gut | Encyclopedia.pub

sources, such as bacterial overgrowth, and is suggested to induces hepatic inflammation 13, Cortez-Pinto et al.
[116] evaluated the effect of different dietary patterns in NASH patients. The study revealed that these patients
consumed low fiber, more fat, and less carbohydrate than the healthy controls. In addition, another study discussed
the therapeutic effects of whole grains derived dietary fiber and demonstrated its merits associated with metabolic
syndrome (MtS) and NAFLD after consumption. Besides the reduction of liver fat, whole grains derived dietary fiber
could as well reduce inflammation [L71[118[119]

The proposed effects of prebiotic fibers on lipid metabolism are attributed to inhibition of de novo fatty acid
synthesis (FAS) 1201[121]1122] prepiotic fibers are thought to downregulate hepatic lipogenic enzymes, mainly FAS,
by increasing the production of SCFA propionate 123 Again, due to their unique modes of action regarding
cholesterol metabolism specifically linked with their fermentability and modulation of the microflora. As reported
earlier, SCFA has been implicated in cholesterol metabolism. Levrat et al. 124! studied the role of dietary propionic
acid on hypocholesterolemic rats. Inulin supplementation yielded an increase in caecum SCFA compared to the
control diet. However, the concentrations of SCFA measured in the portal vein indicate that the liver is exposed to
high concentrations of SCFA, specifically propionic acid. The authors concluded that the presence of propionic acid
in the liver reduces cholesterolemic responses. Another study reported the effect of prebiotic fiber on serum lipids
and hepatic gene expression in JCR: LA-cp rats. The authors reported that prebiotic fibers caused a decrease in
cholesterol levels by improved cholesterol excretion in the form of bile as well as hinder liver triacylglycerol

accumulation. The authors recommended the use of prebiotic fibers as dietary treatments for hypercholesterolemia
122

3.4.3. Kidney Responses

Apart from the liver, the kidney is another essential organ affected by a significant intake of dietary fiber. Dietary
fiber has been proven in numerous reports to decrease nitrogen burden as well as systemic inflammatory abuse in
CKD. Similar to NAFLD, in vivo CKD experiment often depict an altered gut microbiotall22l126] intestinal
inflammation, increased intestinal permeability as well as an increment in plasma concentrations of microbe-
derived metabolites (e.g., p-cresol sulfate and indoxyl sulfate) 22127128 |t has been shown by epidemiological
research that a sufficient intake of dietary fiber decreases all potential causes of mortality in patients diagnosed
with CKDIE22, Although the mechanism is not fully understood, it is however attributed to the role of dietary fiber in
maintaining substrate delivery to the lower gut, which in the long run modifies bacterial metabolism. Certainly, if a
sufficient amount of nondigestible carbohydrates is unable to reach the colon, then substrates like amino acids will
be fermented, leading to the formation of potentially harmful metabolites like p-cresol and indoles, which will
consequentially stress the kidney239,

A known mechanism highlighting the effects of dietary fiber on the kidney include the reduction in nitrogen load on
both liver and kidneys via increasing microbial biomass. The microbial generated biomass aids to sequester
nitrogen in the gut and decrease the amount that reaches the portal circulationl22131l |n 2019, Adams et al.
studied the effects of dietary supplementation of prebiotic fiber on nitrogen metabolism, intestinal morphometry,

and blood biochemistry in weaning piglets. The inclusion resulted in an increase in nitrogen metabolism by
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increasing the digestibility and utilization of nitrogen as well as decreasing fecal and urinary content of nitrogen.
Again, Mardinoglu et al.232l compared the metabolism of amino acids in conventional and germ-free mice, and
discovered that the concentrations of amino acids entering the liver portal vein in the conventional mice were low;
the reduction in the portal amino acids was associated with increased demand in nitrogen for microbial synthesis
(1331 The formation of SCFAs is another proposed mechanism by which dietary fiber can impact kidney function.
Thus, SCFAs are suggested to influence kidney blood flow by stimulating olfactory receptor 78 (Olfr-78), a G-
protein-coupled receptor found in the renal juxtaglomerular apparatus that encourages renin secretion, which is
responsible for regulating blood pressurell34l. Blood pressure regulation is an essential component in managing
the progression of CKDI23, |n summary, dietary fiber is suggested to improve kidney function as well as decrease
the occurrence of CKD via causing shifts in the microbiome, which will consequentially maintain and improve the

gut barrier, altering the metabolism of uremic solute and microbial nitrogen, as well as controlling renal blood flow.
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