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1. Introduction 

Dietary fibers are consumed from cereals, fruit and vegetables, but now are also added in 
purified form to food preparations since the roles of dietary fibers in preventing and treating 
some diseases have been well documented. Dietary fiber intake in Western countries is 
currently estimated to be 16.3-43.4 g per person per day [1]. According to current 
recommendations (Food and Nutrition Board, Institute of Medicine, 2001), the average daily 
requirement of dietary fiber is 25 g per day for women younger than 50, 21 g per day for 
women older than 50; 38 g per day for men younger than 50, and 30 g per day for men older 
than 50 [2]. 

The addition of dietary fibers to foods confers three different types of benefits. Their 
nutritional value motivates consumers to eat increased quantities of dietary fibers, which is 
advised by nutritionists. Their technological properties are of great interest to food 
manufacturers. Finally, dietary fibers may also be used to upgrade agricultural products 
and by-products for use as food ingredients. Consequently, both the nutritional value and 
technological properties of dietary fibers are important in the potential development of a 
wide range of fiber-enriched foods for example: bakery products, snacks, sauces, drinks, 
cereals, cookies, dairy products, meat products [3].  

Different types of dietary fibers have different structures and chemical compositions, and 
correspondingly are of varying nutritional and technological interest. Although many studies 
have confirmed the nutritional benefits of dietary fibers (preventing diabetes mellitus, 
cardiovascular diseases, various types of cancer, and improving immune functions), the results 
depend on the types of dietary fibers studied or on the experimental conditions used [3]. The 
intake of dietary fiber might influence in different ways the absorption of nutrients [4]. With 
respect to glucose, an increase in the total fiber content of food can delay the glycemic response 
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[5]. However, there is fairly consistent evidence that soluble types of fiber reduce blood 
glucose and purified insoluble fibers have little or no effect on postprandial blood glucose [6]. 
In the other direction, dietary fiber has been shown to impair the absorption of minerals and 
trace elements in the small intestine because of their binding and/or sequestering effects [7]. 
This is associated with negative impacts on mineral bioavailability, particularly in high-risk 
population groups [8]. Glucose, calcium and iron have gained increasing interest in nutrition 
fields. Glucose is the key in carbohydrate and lipid metabolism influencing the management of 
body weight [9]. Calcium is involved in most metabolic processes and the phosphate salts of 
which provide mechanical rigidity to the bones and teeth. Intake of calcium is related to the 
prevention of osteoporosis [10,11]. Iron (Fe) deficiency is a leading nutritional concern 
worldwide, affecting 20–50% of the world’s population [12].  

There is an unequivocal need for predicting absorption of these nutrients. The aim of most of 
the investigations in this field is to make evident that fiber may be an important determinant 
of the utilisation of these nutrients in the diet. Much research has been done to better 
understand the physicochemical interactions between dietary fiber and these nutrients in the 
past decades [13-15]. Several of these investigations have applied in vitro digestive models to 
study their absorption in foods [16-18]. However, few works have been done to study their 
absorption from fermented milk products [19]. Yogurt is one of the dairy products, which 
should continue to increase in sales due to acceptance for the consumers and diversification in 
the range of yogurt-like products, including reduced fat content yogurts, yogurts with dietary 
fibers, probiotic yogurts, symbiotic yogurts, yogurt ice-cream, etc [20]. For a long time, yogurt 
has been recognised as a healthy food and as an important nutritional source [21].  

The interactions between fibers added to yogurt from different sources (animal and plant 
fibers) and with different behaviors (soluble, insoluble and viscous fibers) and glucose, 
calcium and iron, have been studied using chemical experimental models of the human 
digestive tract to evaluate the availability of these nutrients. 

2. Definition and composition of dietary fiber 

The term ‘dietary fiber’ (DF) first appeared in 1953 and referred to hemicelluloses, cellulose 
and lignin [22]. Since the 1970s it has been recognised as having health benefits. Burkitt [23] 
recommended that individuals should increase their DF intake in order to increase their 
stool volume and stool softness. This was based on comparisons between Africa and the UK 
concerning fiber intakes and disease incidence. Trowell [24] first defined DF as ‘the 
remnants of the plant cell wall that are not hydrolysed by the alimentary enzymes of man’. 
From those days the definition has undergone numerous revisions that were summarized 
accurately by Tungland and Meyer [4]. 

The Codex Alimentarius Commission adopted a new definition of fiber in July 2009, 
designed to harmonize the use of the term around the world. It describes fiber as elements 
not hydrolised by endogenous enzymes in the small intestine (indigestibility) as well as 
having physiological effects beneficial to health. Dietary fibers are carbohydrate polymers 
with ten or more monomeric units and belonging to one of three categories of carbohydrates 
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polymers: edible carbohydrate polymers naturally occurring in food, carbohydrate 
polymers which have been obtained from raw food material by physical, enzymatic, or 
chemical means, and synthetic carbohydrate polymers [25–27]. 

The chemical nature of fibers is complex; dietary fibers are constituted of a mixture of 
chemical entities [28]. Dietary fiber is composed of nondigestible carbohydrate, lignin and 
other associated substances of plant origin, fibers of animal origin and modified or synthetic 
nondigestible carbohydrate polymers. The nondigestible carbohydrates are composed of the 
following polysaccharides: cellulose, β-glucan, hemicelluloses, gums, mucilage, pectin, 
inulin, resistant starch; oligosaccharides: fructo-oligosaccharides, oligofructose, 
polydextrose, galacto-oligosaccharides; and soybean oligosaccharides raffinose and 
stachyose [4]. Chitosan is an example of fiber of animal origin, derived from the chitin 
contained in the exoskeletons of crustaceans and squid pens; its molecular structure is 
similar to that of plant cellulose [29]. Cereals are the principal source of cellulose, lignin and 
hemicelluloses, whereas fruits and vegetables are the primary sources of pectin, gums and 
mucilage [30]. Each polysaccharide is characterised by its sugar residues and by the nature 
of the bond between them [28]. They are presented in Table 1.  

Fibers  Main chain Branch units  

Cellulose  β-(1,4) glucose   
β-glucans  β-(1,4) glucose and β-(1,3) glucose   
Hemicelluloses    
Xylans  β-D-(1,4) xylose   
Arabinoxylans  β-D-(1,4) xylose  Arabinose  
Mannans  β-D-(1,4) mannose   
Glucomanns  β-D-(1,4) mannose and β-D-(1,4) glucose   
Galactoglucomannans  β-D-(1,4) mannose, β-D-(1,4) glucose  Galactose  
Galactomannans  β-(1,4) mannose  α-D-galactose  
Xyloglucans  β-D-(1,4) glucose  α-D-xylose  
Pectin    
Homogalacturonan  α-(1,4)-D-galacturonic acid (some of the  

carboxyl groups are methyl esterified)  
 

  
Rhamnogalacturonan-I  (1,4) galacturonic acid, (1,2) rhamnose  

and 1-, 2-, 4-rhamnose  
Galactose, arabinose, 
xylose,  
rhamnose, galacturonic acid  

Rhamnogalacturonan-II  α-(1-4) galacturonic acid  Unusual sugar such as:  
apiose, aceric acid, fucose  

Arabinans  α-(1-5)-L-arabinofuranose  α-arabinose  
Galactans  β-(1-4)-D-galactopyranose   
Arabinogalactanes-I  β-(1-4)-D-galactopyranose  α-arabinose  
Arabinogalactanes-II  β-(1-3)-and β-(1-6)-D-galactopyranose  α-arabinose  
Xylogalacturonan  α-(1-4) galacturonic acid  xylose  
   

Inulin  β-(2-1)-D-fructosyl-fructose   
Gum    
Carrageenan  Sulfato-galactose   
Alginate  β-(1,4)-D-mannuronic acid or α-(1-4)-L- 

guluronic acid 
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Fibers  Main chain Branch units  

e.g. 1: seed gum from 
Abutilon indicum  

β-(1,4)-D-mannose  D-(1,6) galactose  

e.g. 2: seed gum from 
Lesquerella fendleri  

Rhamnose, arabinose, xylose, Mannose,  
galactose, glucose, galacturonic acid  

 

Oligofructose (enzymatic 
hydrolysis of inulin)  

β-(2-1)-D-fructosyl-fructose   

Polydextrose (synthetic)  D-Glucose   
Resistant maltodextrins 
(heat and enzymatic 
treatment of starch)  

α (1-4)-D-Glucose  α (1-6)-D-Glucose  

Lignin  Polyphenols: Syringyl alcohol (S), Guaiacyl 
alcohol (G) and p-coumaryl alcohol (H)  

 

Chitosan  β-(1-4)-linked D-glucosamine and N- 
acetyl-D-glucosamine  

 

Table 1. Chemical composition of dietary fibers [28]. 

3. Classification of dietary fiber 

Several different classification systems have been suggested to classify the components of 
dietary fiber: based on their role in the plant, on their fiber constituents (Table 2), on the type 
of polysaccharide, on their simulated gastrointestinal solubility, on site of digestion and on 
products of digestion and physiological classification. However, none is entirely 
satisfactory, as the limits cannot be absolutely defined. Two very accepted classifications are 
those which use the concept of solubility in a buffer at a defined pH, and/or the concept of 
fermentability in an in vitro system using an aqueous enzyme solution representative of 
human alimentary enzymes. Generally, well fermented fibers are soluble in water, while 
partially or poorly fermented fibers are insoluble [4]. However, dietary fiber is 
conventionally classified in two categories according to their water solubility: insoluble 
dietary fiber (IDF) such as cellulose, part of hemicellulose, and lignin; and soluble dietary 
fiber (SDF) such as pentosans, pectin, gums, and mucilage [31].  

Taking into account the physiological and physicochemical behavior of fibers it could be 
necessary to add two subcategories among the group of soluble fibers: viscous soluble fibers 
(such as guar gum, glucomannans, pectins, oat β-glucan, psyllium, mucilages, etc) and 
nonviscous soluble fibers (such as lactulose, oligosaccharides, fructo-oligosaccharides, 
inulin, etc.). Jenkins et al. [6, 32] mentioned the term viscous soluble fiber in their works 
about fibers and low glycaemic index, blood lipids and coronary heart diseases. Dikeman 
and Fahey [33] also mentioned the term in their work in which they investigated the 
viscosity in relation with dietary fiber including definitions and instrumentation, factors 
affecting viscosity of solutions, and effects on health. Thus, dietary fiber could be classified 
in soluble (viscous and non viscous) and insoluble fiber. The latter do not form gels due to 
their water insolubility and fermentation is very limited [34]. However, numerous 
commercial fibers are available in the market for use in food technology and have both 
insoluble and soluble fiber components in the same product. This is due to the fact that 
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many of these are powders which come from the extraction, concentration and drying of the 
fiber contained in cereals, fruits and vegetables. Therefore, it might be more appropriate to 
classify fibers based on their content of soluble and insoluble fractions (Table 3). It is 
recognised that the physiological and physicochemical effects of dietary fibers depend on 
the relative amount of individual fiber components, especially as regards the soluble and 
insoluble fractions [28].  

Fractionation of dietary fibers aims to quantify those constituents, to isolate fractions of 
interest and to eliminate undesirable compounds. Techniques for fractionation of dietary 
fibers are limited in number. Several researchers have determined the cellulose, 
hemicelluloses and lignin contents of dietary fibers from different food sources. Claye, 
Idouraine, and Weber [35] isolated and fractionated insoluble fibers from five different 
sources. Using cold and hot water extraction, enzymatic and chemical treatment, they 
obtained four fractions: cellulose, hemicellulose A and B, and lignin. The fractionation 
methods are varied and were developed according to the material tested. Therefore, there is 
no global method used. The existing methods described universal techniques of 
fractionation. Each analyst must modify previously used approaches to develop a method 
optimal to the material being tested [28]. 

 
Fiber Constituents Principal groupings Fiber components/sources  

Nonstarch 
polysaccharides & 
oligosaccharide 

Cellulose Cellulose-Plants (vegetables, sugar beet, 
various brans) 

 Hemicellulose Arabinogalactans, _-glucans, 
arabinoxylans, glucuronoxylans, 
xyloglucans, galactomannans, pectic 
substances.  

 Polyfructoses  Inulin, oligofructans  
 Gums & Mucilages  Seed extracts (galactomannans –guar 

and locust bean gum), tree exudates 
(gum acacia, gum karaya, gum 
tragacanth), algal polysaccharides 
(alginates, agar, carrageenan), psyllium  

 Pectins Fruits, vegetables, legumes, potato, 
sugar beets  

Carbohydrate analogues Resistant starches and 
maltodextrins 

Various plants, such as maize, pea, 
potato 

 Chemical synthesis Polydextrose, lactulose, cellulose 
derviatives (MC, HPMC)  

 Enzymatic synthesis Neosugar or short chain 
fructooligosaccharides (FOS), 
transgalactooligo collagen, chondroitin 
saccharides (TOS), levan, xanthan gum, 
oligofructose, xylooligosaccharides 
(XOS), guar hydrolyzate, curdlan.  
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Fiber Constituents Principal groupings Fiber components/sources  

Lignin  Lignin Woody plants  
Substances associated 
with nonstarch 
polysaccharides  

Waxes, cutin, Suberin Plant fibers 

Animal origin fibers  Chitin, chitosan, collagen, 
chondroitin  

Fungi, yeasts, invertebrates 

Table 2. Dietary fiber constituents [4] 

 

Category  Subcategory Fiber fraction Main food source

Soluble fiber Viscous β-glucans  Grains (oat, barley, rye)  
  Pectins  Fruits, vegetables, legumes, sugar 

beet, potato  
  Gums & Mucilages Leguminous seed plants (guar, locust 

bean), seaweed extracts (carrageenan, 
alginates), plant extracts (gum acacia, 
gum karaya, gum tragacanth), 
microbial gums (xanthan, gellan), 
psylluim 

 Nonviscous Sugars Lactulose 
  Oligosaccharides Various plants and synthetically 

produced (polydextrose, 
fructooligosaccharides, 
galactooligosaccharides, 
transgalactooligosaccharides) 

  Inulin Chicory, Jerusalem artichoke, sugar 
beet, onions 

Insoluble fiber  Cellulose  Plants (vegetables, various brans) 
  Hemicellulose  Cereal grains  
  Lignin  Woody plants  
  Cutin/suberin/other 

plant waxes  
Plant fibers  

  Chitin and chitosan, 
collagen  

Fungi, yeasts, invertebrates  

  Resistant starches  Plants (corn, potatoes, grains, 
legumes, bananas) 

  Curdlan (insoluble 
β-glucan) 

Bacterial fermentation  

Table 3. Table 3. Classification of dietary fiber based on solubility 

4. Analytical methods for studying dietary fibers 

The complexity of fibers is given by their chemical nature and polymerisation degree that 
they possess. This requires various analytical methods for the measurement of dietary fiber, 
to precisely estimate its composition in food and food by-products. Methods for the 
determination of dietary fiber may be divided into three categories: non-enzymatic-
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gravimetric, enzymatic-gravimetric, and enzymatic-chemical methods. The latter includes 
enzymatic-colorimetric and enzymatic-chromatographic (GLC/ HPLC) methods [28]. 
Nowadays, the most commonly used methods for dietary fiber measurement are the 
enzymatic-gravimetric Association of Official Analytical Chemists (AOAC) method [36] and 
enzymatic-chemical method [37]. The method of Van Soest [38] is generally used in 
veterinary studies. 

5. Dietary fiber and human health 

5.1. Fiber, lipid metabolism and cardiovascular disease 

The earliest and most widely researched topic related to dietary fiber and human health is 
reducing the risk factors for coronary heart disease [24]. Total serum cholesterol and low 
density- lipoprotein (LDL) cholesterol levels are generally accepted as biomarkers indicating 
of potential risk for developing the disease [5]. In consequence, research has primarily 
focused on their reduction as a means to diminish the risk of developing cardiovascular 
disease. Substantial experimental data support that blood cholesterol can be lowered using 
viscous soluble fibers that produce relatively high viscosity in the intestinal tract [39-41]. It is 
known that viscous soluble and insoluble dietary fibers can bind bile acids and micelle 
components, such as monoglycerides, free fatty acids, and cholesterol, which decrease the 
absorption and increase the fecal excretion of these entities [42,43]. For insoluble dietary 
fibers such as lignin or citric fiber this reducing effect is rather low compared to viscous 
soluble dietary fibers and is mainly based on direct binding of bile acids. In the small 
intestine the bile acids are bound by the insoluble dietary fibers through hydrophobic 
interactions and excreted from enterohepatic circulation together with the undigested 
insoluble dietary fibers which results in a lowering of the blood biomarkers levels [44,45]. 
Furthermore, free fatty acids and cholesterol bound by dietary fibers cannot be absorbed by 
the body and will be excreted. The biomarkers-lowering effect of viscous soluble dietary 
fibers such as psyllium, oat β-glucan or pectin is based on different mechanisms. The 
binding of water in the chyme and the resulting increase in viscosity is regarded as the main 
effect. This leads to a reduced diffusion rate of bile acids, which cannot be reabsorbed by the 
body and thus are excreted [46-48]. Besides, some studies indicate that there are also direct 
binding forces such as hydrophobic interactions between soluble dietary fibers and bile 
acids [49]. Dietary fiber also modifies lipid metabolism by influencing the expression of key 
genes. Acetyl-CoA carboxylase is the rate-limiting enzyme in lipogenesis and is regulated by 
AMP-activated protein kinase (AMPK). In a 10-week study comparing obese and lean rats, 
adding 5 g of P. ovata to rat chow increased the phosphorylation of AMPK, consequently 
inhibiting acetyl-CoA carboxylase [50]. Fructooligosaccharide (10g/100g) also has been 
shown to decrease the hepatic acetyl-CoA carboxylase expression in rats [51]. In view of 
new research [52,34] the United States Food and Drug Administration has approved  
health claims supporting the role of dietary fiber in the prevention of coronary heart disease 
[53].  
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5.2. Fiber, carbohydrate metabolism, and diabetes mellitus 

It is known that exists a link among an elevated body mass index, waist circumference and 
the risk of type 2 diabetes mellitus [54,55]. The role of DF in weight reduction has been 
examined in animal and human studies. A reduced risk for type 2 diabetes mellitus (T2DM) 
appears to depend on the type and dose of dietary fiber and the study population [36]. In 
mice, 10% psyllium and 10% sugar cane fiber decreased the fasting blood glucose and 
fasting plasma insulin when added to a high fat diet for 12 weeks, compared to the insoluble 
fiber cellulose [56]. β-Glucan also improved the glucose tolerance and decreased the serum 
insulin in mice when added to a high fat diet at a 2% and 4% level [57]. In humans, muffins 
high in β-glucan and resistant starch lowered the postprandial blood glucose and insulin 
levels [58]. A prospective cohort design with 252 women was used to measure energy 
intake, dietary fat intake, fiber intake, body weight, body fat percentage, physical activity, 
season of assessment, age and time between assessments. They concluded that increasing 
dietary fiber intake significantly reduced the risk of gaining weight and fat in women, 
independent of several potential confounders such as: physical activity, dietary fat intake, 
and others [59]. Another study about the consumption of soluble viscous fiber, that included 
one hundred and seventy six men and women, reached the same conclusions [60]. Other 
biomarkers such as Glycemic Index (GI) and Glycemic Load (GL) when they are high were 
both associated with an increased risk of diabetes in a meta-analysis of observational studies 
[61,62]. On the other hand, numerous epidemiological studies performed to date relate to a 
high intake of dietary fiber with low levels of GI and GL [63-65]. Moreover, DF has also 
shown to be effective improving altered parameters in obesity and T2DM [66,67]. Soluble 
viscous fiber plays an important role in controlling satiety and postprandial glycemic and 
insulin responses [68] and some studies showed that insoluble dietary fiber improved the 
quality of life for these patients [69] 

The protective effect of DF on obesity and T2DM has been historically attributed to greater 
satiety due to an increased mastication, calorie displacement, and decreased absorption of 
macronutrients [55]. This mechanism is associated with the ability of soluble fibers to form 
viscous solutions that prolong gastric emptying, consequently inhibiting the transport of 
glucose, triglycerides and cholesterol across the intestine [70-72]. Recently, it was observed 
that both soluble and insoluble DFs also modifies carbohydrate metabolism by influencing 
the expression of hormones such as glucose-dependent insulin tropic polypeptide and 
glucagon-like peptide-1, that stimulate postprandial insulin release, enhance glucose 
tolerance, and delay gastric emptying [73-76]. 

5.3. Fiber and gut microflora 

The large intestine plays host to a large and diverse resident microflora. Over the last 10-15 
years, 16S ribosomal RNA analyses has allowed a more complete characterization of the 
diverse bacterial species that make up this population [77]. Around 95% of human colonic 
microflora (as estimated from faecal sampling) appear to be within Bacteroides and 
Clostridium phylogenic groups, with less than 2% of the total microflora being made up of 
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Lactobacilli and bifidobacteria [78]. In general, the colonic microflora is partitioned from the 
rest of the body by the mucus layer and mucosa. Loss of this partitioning effect is associated 
with disease processes within the large intestine [79], but it is unsure whether this is a cause 
or -effect of the disease process. Within the healthy large intestine, the main way the colonic 
microflora interacts with the host is through its metabolites [80]. Some of these metabolites 
are putatively damaging to the underlying mucosa, such as indoles, ammonia and amines 
while others are potentially beneficial to the host, including short chain fatty acids (SCFA) 
[81] and lignans that the mammalian gut can absorb [82,83]. SCFA are produced by bacterial 
fermentation of dietary carbohydrate sources, of which dietary fiber is the main type in the 
large intestinal lumen. 

Dietary fiber, plays a profound role on the number and diversity of bacteria that inhabit the 
large intestine. In the absence of dietary fiber or other luminal energy sources, resident 
bacteria in the colon will turn to large intestinal mucus as an energy source prior to 
attacking the underlying mucosa [84]. As bacteria require the necessary enzymes to break 
down saccharide bonds of the diverse range of dietary fibers, fiber will clearly affect 
microfloral population dynamics. The presence of any fermentable dietary fiber is likely to 
lead to an increase in microfloral bifidobacterial and Lactobacillus levels, as these bacteria 
ferment carbohydrates. Previous studies in humans have suggested dietary fibers like 
alginate [85], chitosan [86], and inulin [87] lead to a reduction in potentially harmful 
microfloral metabolites. A range of small human interventions with various fermentable 
dietary fibers have shown significant, but small, clinical benefit in a number of intestinal 
diseases and disorders either on their own or in combination with probiotics [88-90]. 

Catabolism by microbial populations may also be important for decrease the levels of 
cholesterol and lipids. Bacteria such as Lactobacillus and Bifidobacteria can exert a 
hypocholesterolemic effect by enhancing bile acid deconjugation [91,92]. Furthermore, 
Lactobacillus and Bifidobacteria remove cholesterol in vitro by assimilation and 
precipitation [93,94]. Fermentation products further affect lipid metabolism. Propionate 
inhibits the incorporation of acetic acid into fats and sterols, resulting in decreased fatty acid 
and cholesterol synthesis [95].  

5.4. Fiber and Immune function 

Besides its absorptive functions, the gastrointestinal tract is involved with a range of immune 
functions. The mucosa effectively partitions the rest of the body from digestive enzymes, large 
numbers of bacteria and assorted toxins that occur within the gut. The mucosa has two main 
roles in immunity. Firstly, the mucosa samples luminal contents to assess the threat to the 
body because the gut comes into contact with a wide range of external antigenic compounds. 
This is carried out by the gut-associated lymphoid tissue or GALT [96]. In the second place, 
gut epithelium must also protect itself from the luminal stress of damaging agents and shear 
forces [97]. To do this, protective mucus is secreted along almost the entirety of the 
gastrointestinal tract (excluding the oesophagus and possibly Peyer’s patches). Within the 
mouth, mucin is secreted alongside other salivary secretions and acts as a lubricant. In the 
stomach and intestine, mucus is secreted as a protective barrier [98].  
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There is a paucity of data regarding intake of DFs and immune function associated with the 
gut or otherwise in humans [99]. Animal studies within this area are also sparse. Field et al. 
[100] carried out studies with dogs and they found that fermentable fiber intake resulted in 
increased intra-epithelial T-cell mitogen response [92]. In a recent study it has been observed 
that DF may interact directly with immunoregulatory cells. Mucosal macrophages and 
dendritic cells have receptors with carbohydrate-binding domains that bind β-glucans and 
cause a decrease in IL-12 and increase in IL-10, which is consistent with an anti-
inflammatory phenotype [101]. No previous study has assessed the impact of DFs on the 
human mucus barrier due to the invasiveness of procedures involved with measuring the 
mucus barrier directly. However, the effects of different types of DFs on the intestinal 
mucus barrier have been studied in animal models. Fibers and fiber sources such as 
alginates, ispaghula husk, wheat bran, ulvan and carrageenan all appear to benefit the 
protective potential of the colonic mucus barrier [100,102]. 

5.5. Fiber and prevention of cancer 

Cancer continues to be one of the number one health concerns of populations worldwide. 
Most cancers strike both men and women at about the same rate, with exception of cancers 
of the reproductive system. Of particular concern is cancer of the colon, ranking among the 
top 3 forms of cancer in the U.S.A., for both men and women. Colon cancer is also one of the 
leading causes of cancer morbidity and mortality among both men and women in the 
Western countries, including the U.S.A. [103]. The European Prospective Investigation of 
Cancer (EPIC) is a project that includes more than half a million people in 10 European 
countries and they results indicate that dietary fiber provides strong protective effects 
against colon and rectal cancer. In one of its papers, the authors clarify that methodological 
differences in some previous studies (e.g., study design, dietary assessment  instruments, 
definition of fiber) may account for the lack of convincing evidence for the inverse 
association between fiber intake and colorectal cancer risk [104]. A careful work within the 
same project was conducted as a prospective case–control study nested within seven UK 
cohort studies which included 579 patients who developed incident colorectal cancer and 
1996 matched control subjects. They used standardized dietary data obtained from 4- to 7-
day food diaries that were completed by all participants to calculate the odds ratios for 
colorectal, colon, and rectal cancers. In this work, the researchers confirmed that the intake 
of dietary fiber is inversely associated with colorectal cancer risk [105]. Taking into account 
these studies, the United States Food and Drug Administration has approved health claims 
in 2010 supporting the role of DF in the prevention of cancer [106].  

Human metabolic and animal model studies indicate that beneficial effects of dietary fiber 
in relation to colon cancer development depend on the composition and physical properties 
of the fiber [107,108]. The effect of soluble fiber sources is mainly based on their 
fermentation and on the effects of short-chain fatty acids produced, especially of butyric 
acid. It has been known since 1982 that the colonic mucosa uses these acids, especially 
butyrate, as a preferential energy source [109]. Butyric acid stimulates the proliferation of 
normal cell lines both in vitro and in the normal epithelium, but retards the growth of 
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carcinoma cell lines and induces apoptosis in cultured colonic adenoma and carcinoma cells 
[110,111]. Insoluble fiber has been found to have a protecting effect by absorbing 
hydrophobic carcinogens [112-114]. A third potentially effective mechanism is that of the 
accompanying phenolic compounds. Several phenolic compounds, having antioxidative 
properties, are present especially in cereal fiber sources. They are released from their bound 
states by bacterial enzymatic action in the colon, and can act in the intestine locally as 
anticarcinogens both in preventing cancer initiation and progression [115-117]. 

6. Digestive and absorptive functions of the gastrointestinal tract and 

dietary fibers 

The gastrointestinal tract (GIT) is the initial site of action from which dietary fibers produce 
systemic effects presented in the previous section. The physiological effects of dietary fiber 
depend on a myriad of variables, but generally they depend on the type (soluble or 
insoluble), the dose of a specific fiber consumed, the composition of the entire fiber-
containing meal, and the individual physiological profile of the subject who consume the 
fiber-containing meal [5]. The GIT serves as an interface between the body and the external 
environment. The main function of the GIT is to absorb nutrients from ingested foods. The 
organs of the GIT are connected to the vascular, lymphatic and nervous systems to facilitate 
regulation of the digestive function [118]. To carry out this function digestive processes are 
realized by secretion of enzymes and associated co-factors, and through maintenance of the 
gut lumen at optimal pH for digestion [119]. Gastrointestinal secretion of enzymes and other 
factors, alongside control of gut motility is governed by a series of complex neurohumoral 
pathways (mediated by acetylcholine, gastrin, motilin, cholecystokinin, gastric inhibitory 
peptide (GIP), secretin, etc.) that begin to operate by luminal content. Two main features of 
luminal content which appear to govern gastrointestinal physiology are luminal chemical 
profile and luminal bulk. The nutrient/chemical profile of the gut lumen is sensed by 
specialised chemosensor enteroendocrine cells within the epithelium [120], while 
mechanoreceptors (stretch activated neural cells) occurring within the myenteric and 
submucosal plexusues [121] are activated as a result of mechanical pressure from luminal 
contents. The main absorptive area in the gut is the small intestine, which is involved in the 
absorption of the subunits of digestible macronutrients, as well as vitamins, minerals and 
other micronutrients [87]. Ingested foods must be mechanically homogenised with digestive 
secretions in order to allow better hydrolysis of macronutrients, and, in some cases, to allow 
micronutrient release. Mastication in the buccal cavity mix food with salivary secretions 
among them α-amylase starts digestion of starches [122]. Food boluses entering the stomach 
are maintained there for mixing with gastric secretions. A strongly acidic secretion allows 
denaturation of proteins and solubilisation of other factors. Gastric proteases (mainly 
pepsin) cleave bonds in proteins to form a range of shorter peptides and amino acids. 
Gastric lipase initiates digestion of dietary lipids [123]. By the time the majority of luminal 
contents leave the stomach, they have been processed into creamy, homogenous slurry, 
known as chyme. As luminal contents appear in the upper section of the small intestine (the 
duodenum), they are met with alkali (bicarbonate-rich) secretions from the liver, pancreas 
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and intestinal crypts. Pancreatic exocrine secretions also contain a myriad of enzymes for 
digestion of all macronutrients [124]. 

Classically, dietary fiber is cited as reducing whole gut transit time, thereby increasing 
frequency of defecation. This effect can be explained on the one hand, due to DF increase the 
intestinal luminal bulk resulting in an increased peristalsis which reduce the whole gut 
transit time. DFs that increment the luminal bulk are those that have a high water-binding 
capacity [125]. Furthermore, feed-forward and feedback from other portions of the gut as a 
result of fiber intake could also affect motility of the different organs of the GIT. 
Prolongation of nutrient release into the intestinal lumen from the stomach is likely to result 
in a lengthened phase of hormonal feedback from the duodenum, terminal ileum and colon, 
leading to a delay in gastric emptying [84]. At the same time, this delay in the gastric 
emptying towards small intestine are likely to increased motility distally (and therefore 
decreased transit time). The most researched area of the effects of dietary fibers on gastric 
motility is linked to gastric emptying. A range of studies have demonstrated that inclusion 
of viscous fibers in liquid test meals results in delayed gastric emptying, and are particularly 
consistent in the case of pectins in human studies [126,127]. In a study comparing the 
physiological effects of a mixed meal containing high levels of natural fibers (fruit, 
vegetables and whole grains) against one without these fibers (instead containing fruit and 
vegetable juice and refined grains), concluded that removal of natural fiber decreased 
gastric emptying mean rate of approximately 45 min in a crossover feeding trial in 8 healthy 
adult participants [128]. The dietary fibers that raise the bulk of luminal contents of the large 
bowel are those that are not well fermented by the colonic microflora, and those that have a 
high water-binding capacity [84]. 

6.1. Nutrients absorption 

To date, evidence has been obtained in different types of studies that dietary fiber can 
influence the metabolism of carbohydrates and lipids preventing the development of 
diabetes mellitus and cardiovascular disease. Intake of dietary fiber can influence the 
absorption of nutrients in different ways. It has been postulated that the presence of any 
dietary fiber in the upper GI tract will result in a decreased rate of intestinal uptake of a 
range of nutrients. However, it is necessary to consider what physicochemical factors of 
dietary fibers are important in these roles [84]. In previous animal studies, Kimura et al. 
[129], noted higher levels of cholesterol excretion in rats fed diets containing 1000 mg/kg of 
degraded alginates with molecular weights of 5 and 10 KDa compared to the effect of a diet 
with a lower molecular weight (1 kDa) alginate or a control (no fiber) diet. While such 
absorption-lowering effects can be beneficial in reducing energy uptake, it must also be 
noted that such factors are also likely to reduce the bioavailability of minerals, vitamins and 
phyto-chemicals. Dietary fiber fractions differ largely in their abilities to affect mineral and 
trace element availability and this might have negative impacts in high-risk population 
groups. Small human feeding studies have suggested that inclusion of food hydrocolloids 
like alginates [130], guar gum [131,132] and β-glucan [58,133-135] into test meals results in a 
blunting of postprandial glycaemic and insulinaemic responses. 
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7. In vitro chemical experimental models 

To study the absorption of nutrients in vivo, feeding methods, using animals or humans, 
usually provide the most accurate results, but they are time consuming and costly, which is 
why much effort has been devoted to the development of in vitro procedures [136]. The in 

vitro digestive chemical experimental model enabled mimicking, in the laboratory, the in 
vivo reactions that take place in the stomach and duodenum. In principle, in vitro digestion 
models provide a useful alternative to animal and human models by rapidly screening food 
ingredients. The ideal in vitro digestion method would provide accurate results in a short 
time [137] and could thus serve as a tool for rapid food screening or delivery systems with 
different compositions and structures [19]. In vitro methods cannot be used alone for 
important decisions taken by industry or international organizations because human studies 
are required for such determinations, but are important for screening purposes and to 
project future studies.  

8. Work objective 

Considering the fact that dietary fibers are new ingredients widely applied in foods, it is 
important to know their effect on absorption of nutrients and micronutrients. For this 
reason, the interaction between nutrients and fibers from different sources (animal and plant 
fibers) and types (soluble and insoluble fibers) has been studied using chemical 
experimental models of the human digestive tract to evaluate the availability for absorption 
of glucose, calcium and iron using yoghurt as a food model. 

9. Materials and methods 

9.1. Dietary fibers employed 

The plant fibers used in this work were: inulin (Frutafit-inulin, Imperial Sensus, The 
Netherlands), bamboo (Qualicel, CFF, Gehren, Germany), wheat (Vitacel WF 101, JRS, 
Rosenberg, Germany), apple (Vitacel AF 400-30, JRS, Rosenberg, Germany) and psyllium 
(Metamucil, Procter and Gamble Co., Cincinnati, OH, USA). Metamucil is a pharmaceutical 
formula with Plantago ovata seed husk (49.15% w/w) and sucrose (50.85%). Suppliers of 
wheat and apple fiber indicated that these products are free from phytic acid, and besides, 
the wheat fiber is gluten free. The inulin utilized in this work has a degree of polymerisation 
≥ 9 as declared by suppliers. 

The dietary fiber from animal source utilised in these assays was chitosan. It was obtained 
from crustacean chitin in the Laboratorio de Investigación Básica y Aplicada en Quitina 
(LIBAQ-INQUISUR-CONICET), Universidad Nacional del Sur, Bahía Blanca, Argentina. 
Chitin firstly was isolated from shrimp (Pleoticus mülleri) waste by the process that was 
described in our previous work [138]. Chitosan was prepared directly by heterogeneous 
deacetylation of chitin with 50% (w/w) NaOH. For the biopolymer characterisation, 
moisture and ash contents were determined at 100–105 °C and 500–505 °C, respectively. 
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Deacetylation degree was obtained using FT-IR spectroscopy (Nicolet iS10 FT-IR 
Spectrometer, Thermo Fisher Scientific, USA) with samples in the form of KBr at a ratio of 
1:2. Viscosity of 1% chitosan in 1% acetic acid solution was measured with a Brookfield 
model DV-IV + viscosimeter (Brookfield, USA) with spindle 21 and a 50 rpm rotational 
speed at 25 °C [139]. 

9.2. Analysis for dietary fiber 

Total, soluble and insoluble dietary fiber contents of chitosan and plant fibers were analysed 
according to the enzymatic–gravimetric method of the Association of Official Analytical 
Chemists (AOAC) Official Method 991. 43 [140]. Apple, bamboo, psyllium and wheat fibers 
were investigated to obtain contents of main cell wall constituents (lignin, cellulose, 
hemicellulose). These components were determined by modifications of the method 
described by Robertson and van Soest [38, 141] using ANKOM200/220 Fiber Analyzer 
(ANKOM Technology, Macedon, NY, USA). This method measures Acid Detergent Fiber 
(ADF), Neutral Detergent Fiber (NDF) and Lignin. Cellulose and hemicellulose contents 
were obtained by calculations. To determine ADF, duplicate samples were agitated under 
pressure with hot acid detergent solution for 60 min, rinsed in hot water and dried. To 
determine lignin content, duplicated samples were digested in 72% (v/v) sulfuric acid, 
following ADF analysis. Cellulose content of samples was calculated from ADF minus the 
lignin content. To determine NDF, duplicated samples were shaken with neutral detergent 
solution and heat-stable α-amylase for 60 min, rinsed and dried. Hemicellulose content of 
samples was calculated as NDF minus ADF [141]. 

9.3. Yoghurt preparation 

Yoghurt was prepared using reconstituted whole milk powder (15% w/w) and 5% sucrose. 
This mix was homogenized and heated to 85 °C for 30 min., cooled to ambient temperature 
and inoculated with 0.03% starter culture. Starter was constituted by a 1:1 mixture of 
Streptococcus thermophilus (CIDCA collection 321) and Lactobacillus delbrueckii subsp. 
bulgaricus (CIDCA collection 332). Samples were incubated at 43°C to reach a pH of 4.4–4.6 
and stored at 4°C, after completion of the fermentation process 1.3% (w/w) of each dietary 
fiber was added to samples of yoghurt [142]. The amount of fiber was selected following US 
regulations for fiber-fortified products [143].  

To study glucose availability 0.6 g of glucose (Sigma-Aldrich Co., St. Louis, MO, USA) was 
added for each sample of yoghurt with each type of dietary fiber. In calcium availability 
studies the digestive mimicking was done without the addition of exogenous calcium 
because yoghurt is a source of calcium in the diet [138]. To evaluate the interactions between 
the fibers and iron, 0.8% (w/w) of ferrous sulfate was added to yoghurt samples with each 
type of fiber [139]. This addition was in accordance with local regulations governing iron 
supplementation in milk products. Ferrous sulfate (FeSO4·7 H2O) of 99.9% purity was used 
as purchased (Sigma-Aldrich Co., St. Louis, MO, USA). 
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9.4. Digestive chemical experimental model 

Two types of digestive simulations were performed to study the interactions between 
dietary fibers used and the macro and micro nutrients tested. To evaluate the interaction of 
glucose and calcium with the fibers, gastric and duodenal environments were simulated. To 
examine the interactions between the fibers and iron was used in addition, a dialysis 
membrane to imitate the iron passage through the intestinal wall. Digestive enzymes were 
not utilized in these models because they do not hydrolyze fibers. The importance of 
duodenal simulation in these studies is because most dietary glucose, calcium and iron are 
absorbed in the duodenum. 

The experiments to study the availability of glucose and calcium were performed in the 
following steps: a mix of 12.5 g of yogurt with 0.3 g of each fiber was stirrer in 50 mL of 0.1 M 
HCl (Merck) pH 1.0–2.0, 30 rpm and 37°C to reproduce the gastric environment. After 1 hour 
simulations were taken from the acidic medium to pH 6.8–7.2 with 15 g/L of NaHCO3 (Sigma 
Chemical Co., St. Louis, MO, USA). The stirring speed was increased from 30 to 300 rpm and 
the temperature was maintained at 37°C to reproduce the duodenal environment. Then 
simulations were allowed to rest for 15 min until two phases separated. Samples to determine 
glucose and calcium concentration were taken from the supernatant. Glucose and calcium 
amounts, determined by this way, represent the bioavailability fraction of those nutrients. A 
control without fibers was made to consider glucose and calcium 100% availability [138]. 

Experiments to study the interaction of dietary fibers with iron were carried out in the 
following manner. Yoghurts with ferrous sulfate and each fiber were stirred in 50 mL of 0.1 M 
HCl (Merck) for 1 h at pH 1.0–2.0, 30 rpm and 37 °C to reproduce the gastric environment. 
During this first step of simulation pH was checked each 15 min with a pH Meter Hach model 
EC-30 (USA) and it remained constant (pH 1.0–2.0). To reproduce the chemical duodenal 
environment pH level was increased to pH 6.8–7.2 with 0.2 M NaHCO3 (Sigma-Aldrich Co., 
St. Louis, MO, USA), stirring speed was increased from 30 to 300 rpm to imitate the peristaltic 
movement and temperature was maintained at 37°C. Simulations were immediately 
transferred into a dialysis tubing cellulose membrane (D9527-100 FT, (Sigma-Aldrich Co., St. 
Louis, MO, USA). This cellulose membrane (molecular weight cut-off 12,400) was previously 
prepared, as indicated by suppliers, and it was cut into 28 cm length pieces. The loaded tubes 
were immersed in 100 mL of distilled water; at 37°C. Iron concentrations were determined 
from the dialysed medium at 30 and 60 minutes. Control yoghurt with ferrous sulfate without 
fibers was subjected to the digestive simulation and was considered as 0% iron retention to 
calculate iron retention percentages for each fiber [139]. 

9.5. Analytical techniques 

To determine glucose concentration an enzymatic method was used. Glucose reacts with 10 
kU/L glucose oxidase (GOD), and 1 kU/L peroxidase (POD) in presence of 0.5 mM 4-
aminophenazone (4-AP) and 100 mM phosphate buffer (pH 7.0) containing 12 mM 
hydroxybenzoate (Wiener Lab Glicemia enzymatic AA Kit, Argentina). An amount of 
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digestive simulation solution (10 mL) was mixed with 1.0 mL of reagent, tubes were incubated 
for 5 min in water bath at 37°C and developed colour were read in spectrophotometer 
(Spectronic 20 Genesys TM, Spectronic Instrument, USA) at 505 nm. Final reaction colour is 
stable for 30 min. Glucose calibration curve was carried out. The amounts of glucose used in 
this study correspond to available carbohydrates in the human mixed diet. 

To determine calcium concentration a spectrophotometric method was used. Calcium reacts 
with 3.7 mmol/L cresolphtalein complexone (Cpx) at pH 11 (buffer 0.2 mol/L 
aminomethylpropanol (AMP) solution in 35%v/v methanol) (Wiener Lab Ca-color Kit, 
Argentina). Assays were carried directly in spectrophotometer test tubes: 50 lL Cpx were 
mixed with a plastic rod and absorbance was read in spectrophotometer (Spectronic 20 
Genesys TM, Spectronic Instrument, USA) at 570 nm (internal blank), then 20 mL of each 
digestive mimicking sample were added, immediately mixed and read after 10 min. A 
standard curve was developed [138]. 

To determine iron concentration in the dialysates a spectrophotometric method was used, 
500 μL of dialyzates was reduced with 2 mL of mercaptoacetic acid (succinic acid buffer, pH 
3.7). Then, iron reacted with one drop of pyridyl bis-phenil triazine sulfonate (PBTS) 
producing a pink color due to the complex formed (Wiener Lab Fe-colour Kit, Rosario, 
Argentina). Absorbance was read on a spectrophotometer (Spectronic 20 Genesys Thermo 
Electron Scientific Instruments Corp., Madison, WI, USA) at 560 nm (internal blank). All 
glassware used in sample preparation and analysis was rinsed with 10% (v/v) concentrated 
HCl (37%) and deionised water before using, to avoid mineral contamination. A regression 
equation (y = 2.5333x + 0.0042, R2 = 0.995) derived from data generated from standards of 
FeSO4 was used to calculate iron concentrations in the samples. Iron retention percentages 
for each studied fibers were calculated as a percentage of the amount of iron measured in 
the dialysed medium obtained with the control yoghurt without fibers [139]. 

9.6. Statistical analysis 

Experiments were performed at least five times for each dietary fiber using freshly prepared 
yogurt. For total iron concentration in dialyzates, each individual sample was run in 
duplicate. Averages and standard deviations were calculated and expressed in each case as 
the mean ± SD for n replicates. Normality of the data was checked with the Lilliefors test. 
The influence of different dietary fibers on the retention percentages of glucose, calcium and 
iron were statistically analyzed by a one-way analysis of variance (ANOVA) (p < 0.05) to 
find significant differences and Tukey’s test to compare means. 

10. Results and discussion 

10.1. Characterisation of fibers 

The dietary fibers used in this study have different water solubility characteristics: inulin is 
a soluble fiber, bamboo and wheat are insoluble fibers, apple is partially insoluble fiber, and 
psyllium forms a viscous dispersion at concentrations below 1% and a clear gelatinous mass 
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at 2%. Chitosan is a fiber of a different origin, i.e. from animal source and is soluble in an 
acidic medium and flocculates in an alkaline medium. We used these fibers because they 
present different physicochemical behaviors that have been described in literature [144,4]. 
The commercial fiber compositions used in this study, regarding total, soluble and insoluble 
fractions, are shown in Table 4. Analysis for dietary fiber using the AOAC method 991.43 
showed that wheat and bamboo have high amounts of insoluble fraction. 

 

Fiber 
Insoluble 

fiber 
% Insoluble 

fiber 
Soluble 

fiber 
% Soluble 

fiber 
Total 
fiber 

Apple 44.8 ± 0.4 77.1 13.3 ± 0.7 22.9 58.1 ± 1.0 

Bamboo 91.4 ± 0.5 95.9 3.2 ± 0.8 3.4 95.3 ± 0.9 

Chitosan 98.0 ± 1.0 100 nd nd 98.0 ± 1.0 

Inulin nd Nd ≥ 85.5 100 ≥ 85.5 

Psyllium 37.5 ± 0.6 82.9 7.1 ± 0.5 15.7 45.2 ± 0.8 

Wheat 92.1 ± 0.6 97.6 2.3 ± 0.6 2.4 94.4 ± 1.1 

nd: no detectable 

Table 4. Total, soluble and insoluble fiber content (g/100g) of employed fibers 

Inulin presents only soluble fraction as expected. Psyllium and apple have both soluble and 
insoluble fractions. Apple fiber is characterized by a well balanced proportion between 
soluble and insoluble fraction [145]. The total dietary fiber content is 45.2% for psyllium, 
which is an acceptable value, taking into account that the supplier declared a 49.15% content 
for Plantago ovata seed husk in Metamucil preparation. Van Craeyveld et al. [146] reported 
3.4% (dm) ash and 7.1% (dm) protein contents for Plantago ovata seed husks. The total 
dietary fiber content is 58.1% for apple, which is about 10–14% higher than the values 
reported by Sudha et al. [147]; however, this value was in accordance with suppliers. The 
chitosan used in this study has 98% of insoluble fraction and no detectable soluble fraction. 
Furthermore the characteristics of this biopolymer are a deacetylation degree of 89%, a 
viscosity of 120 mPa.s, 6.7 g% moisture and 0.67 g% ash content.  

Plant fiber characterisations were completed with the study of Acid Detergent Fiber (ADF) 
and Neutral Detergent Fiber (NDF), lignin, cellulose and hemicellulose contents (Table 5). 
Apple presents the highest lignin content. Wheat fiber mainly has cellulose. Bamboo has 
proportional amounts of cellulose and hemicellulose, but compared with other fibers, has 
the highest hemicellulose content. These results are in accordance with their plant fiber 
origins and previous works [145-149]. Frutafit-Inulin was not analysed because its 
composition was ≥85.5% (w/w) of inulin, ≤9.5% of mono and disaccharides, ≤0.1% of ash 
with polymerisation degree ≥9 according to suppliers. Chitosan was not analysed either, 
because of its animal origin. 
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Fibre ADF NDF Lignin Cellulose Hemicellulose 

Apple 38.6 ± 0.9 44.3 ± 0.7 8.4 ± 0.8 30.2 ± 1.7 5.7 ± 1.6 

Bamboo 50.2 ± 0.7 90.4 ± 0.6 5.0 ± 0.3 45.2 ± 1.0 40.2 ± 1.7 

Psyllium 7.3 ± 0.4 36.8 ± 0.9 0.8 ± 0.1 6.5 ± 0.4 29.5 ± 1.3 

Wheat 74.8 ± 0.3 89.7 ± 0.6 2.6 ± 0.4 72.2 ± 0.7 14.9 ± 0.9 

Table 5. Acid Detergent Fiber (ADF), Neutral Detergent Fiber (NDF), lignin, cellulose and 
hemicellulose (%) of fibers 

Scientists who deal with animal nutrition usually use Van Soest’s method to analyse feed. 
Scientists working on human nutrition use methods of the AOAC, because of their interest 
in soluble fiber. It is known that soluble fiber plays an important role in human health and 
the food industry. However, it could be useful in human nutrition to know the composition 
of insoluble fiber, as it is possible that insoluble fibers do not all have the same effect on 
human health. The NDF and insoluble fiber methods were applied to the same samples. 
Insoluble fiber includes hemicellulose, cellulose, lignin, cutin, suberin, chitin, chitosan, 
waxes and resistant starch. NDF includes hemicellulose, cellulose and lignin. Escarnot et al. 
[149] studied three wheat varieties and four spelt genotypes. They analysed three milling 
fractions from those grains for insoluble and soluble fiber contents, lignin, hemicellulose and 
cellulose. They found a very high correlation (r2 = 0.99) between the two methods, showing 
that NDF and insoluble fiber methods cover the same types of fiber. For insoluble fiber 
analysis, the NDF method is faster and more thorough. 

10.2. Digestive chemical model and glucose, calcium and iron retention 

percentages 

Dietary fiber have been found to have the capacity of binding different substances like bile 
salts and glucose which have implications in cholesterol lipid and carbohydrate metabolism 
respectively, as presented in the preceding sections. However, the continuous introduction 
of new ingredients in the food industry requires further studies in order expand knowledge 
of the impact on nutrient absorption. 

Figure 1 shows the behavior of samples during the digestive tract simulation to evaluate 
glucose and calcium retention percentages and macroscopical differences between them 
could be observed. Different simulated digestive contents for different fibers before dialysis 
in assays to determine the iron retention percentages are not shown because they are similar 
to those presented in Fig. 1. Simulation of gastrointestinal environment during dialysis of 
different yoghurts can be observed in Figure 2. Changes in pH during gastrointestinal 
simulation produces different behaviors depending on the type of fiber employed. The 
apple fiber is a fine powder with brownish color, probably due to the content of phenolics 
compounds [150]. When apple fiber is added to the yogurt and subjected to the 
gastrointestinal simulation this color persists (Figure 1). In Figure 2 it can be seen that 
Psyllium fiber gives a viscous dispersion [151,152]. Due to changing pH values in the 
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(1) Wheat, (2) psyllium, (3) apple, (4) inulin, (5) chitosan and (6) bamboo fibers. 

Figure 1. Photograph of the macroscopic view of different fibers in the in vitro digestive tract 
simulation.  

 
(1) Yoghurt without fiber, (2) chitosan, (3) psyllium, (4) wheat. 

Figure 2. Different fiber behaviors in the dialysis step of digestive simulation.  
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digestive tract, Chitosan precipitates while passing through the first portion of the small 
intestine, forming flocculus. Chitosan, that is a positively charged polysaccharide, is 
insoluble in neutral and alkaline pH. It is only soluble in acidic pH because below pH 6.5 
(pKa = 6.5), the amine groups of chitosan are positively charged. When it is solubilised in 
dilute acid, chitosan has a linear structure [153]. At pH > 6.5, the polymer loses its charges 
from the amine groups and therefore becomes insoluble in water and precipitate forming 
flocculus. 

Using the model that reproduces in vitro gastrointestinal conditions we determined glucose 
availability reduction and the results are shown in Figure 3. Significant differences (p < 0.05) 
are observed in glucose availability reduction percentage for the different fiber samples. In 
the gastrointestinal conditions chitosan formed a flocculus that entrapped glucose so its 
availability reduction is the highest. Psyllium increases viscosity medium and glucose 
availability reduction is 15.3 ± 1.8%; wheat has 9.5 ± 2.1% of glucose retention and inulin 5.7 
± 1.8%, apple and bamboo showed no availability reduction. This in vitro study supports the 
view that certain types of dietary fiber reduce the rate of glucose absorption but chitosan has 
the most pronounced effect. The behavior in delaying absorption could be likely to alter the 
gut endocrine response both by carrying material further down the small intestine prior to 
absorption as well as by producing a flatter blood glucose profile. 

 
Figure 3. Glucose availability reduction 

On the other hand, dietary fiber may influence the availability of minerals, such as calcium, 
magnesium [154] and iron [155]. Animal studies have found that dietary chitosan possibly 
arrests the absorption of calcium [156,157].  
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To study calcium availability the same model for glucose was used but without the addition 
of exogenous calcium because yogurt is an important source of this mineral in the human 
diet. Data are shown in Figure 4. Statistical analysis confirmed significant differences (p < 
0.05) among the behavior of the different fibers with calcium. It is observed 16.5 ± 1.6% of 
calcium availability reduction for apple fiber that have significant differences with the 
others fibers. However availability reduction responses, between insoluble fibers (wheat 
and bamboo) and soluble ones (inulin and psyllium plantago), have no significant 
differences (p < 0.05) by Tukey’s test. Again, like results obtained with glucose, this study 
demonstrated that the chitosan effect is more pronounced and higher than for the other 
studies [138]. 

 
Figure 4. Calcium availability reduction. 

To study iron retention percentages by the fibers tested in the present study, the 
introduction of cellulose dialysis tubes in the digestive chemical experimental model is 
utilised. The use of a membrane dialysis tube reproduces, in the laboratory, the duodenum 
wall and its utilisation is presumably a significant factor that determines iron absorption 
according to Miret et al. [158].  

In yoghurt, caseins are modified as a consequence of its production process. Bioactive 
peptides are formed from caseins during the elaboration of milk products (cheese, yoghurt) 
under the action of endogenous enzymes of milk (plasmin, cathepsin, among others) or of 
microorganisms [159]. These peptidic fragments that are already present in yoghurt, could 
fix iron and calcium according to Bouhallab and Bouglé [159]. Then, these complex matrices 
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(yoghurts with each type of fiber and iron or calcium) are subjected to the gastrointestinal 
simulation. Control yoghurt with ferrous sulfate without fiber was also subjected to the 
digestive simulation and considered to be 0% iron retention (100% iron dialyzated) to 
calculate iron retention percentages for each fiber. Similarly, control yoghurt without fibers 
was subjected to the digestive simulation to estimate calcium 100% availability. With these 
control yoghurts, we could consider the interaction of iron or calcium with casein peptidic 
fragments.  

Iron retention percentages of different fibers are presented in Figure 5. Bamboo and wheat 
fibers, both insoluble, have low iron retention percentages between 2–5% at 30 min with a 
maximum of 10% at 60 min. There are no significant differences (p < 0.05) between them by 
Tukey’s test. Bamboo and wheat are high in cellulose content. Cellulose could retain iron by 
physical adsorption according to results reported by Torre et al. [15]. They worked with 
high dietary fiber food materials studying the physicochemical interactions with Fe(II), 
Fe(III) and Ca(II) without an in vitro digestive model. They found that the interaction 
between Fe(II) and cellulose could be explained better by physical adsorption than complex 
formation. Inulin, a soluble fiber, has no iron retention at 30 or 60min of simulation. This 
result is in accordance with studies that confirm that inulin does not interfere with iron 
absorption [17,20,160,161]. 

Although psyllium and apple fiber contain both soluble and insoluble fractions, they have 
significantly different responses (p < 0.05). The apple fiber incorporated in yoghurt has no 

 
Figure 5. Iron retention percentages of yoghurts with different studied fibers 
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influence on iron retention. Psyllium shows, on average, 44.6 ± 3.8% iron retention at 60min, 
which may be mainly attributed to the formation of high viscous dispersion that could be 
interfering with iron absorption (Figure 2). In addition, the differing behaviors between 
apple fiber and psyllium could be explained by the different chemical composition of these 
fibers. Psyllium has high hemicellulose content and apple has the highest lignin content and 
cellulose. However, bamboo has a low iron retention percentage. The bamboo behavior 
could be explained due to the composition with equal proportions of soluble and insoluble 
fractions. More research is needed of this type of fiber. 

Chitosan presents the highest iron retention percentages at 30 min (53.2 ± 3.7%) and 60 min 
(56.8 ± 4.5%), which shows significant differences (p < 0.05) with other fibers. This 
biopolymer, which has an animal origin, contains 98% insoluble fiber, and flocculates in the 
first portion of the small intestine. This flocculus (Figure 2), which could entrap iron, clearly 
decrease iron dialysis. However, certain amount of iron could go through the cellulose 
membrane and could be measured to calculate the iron retention percentage. Certain 
amount of casein-peptide-fragments interacting with iron could remain in solution. 
Nevertheless, their presence does not interfere with the calculation of iron retention 
percentages as proven by the digestive simulations performed with control yoghurts.  

This study shows that the effect of chitosan on iron absorption is more pronounced and 
higher than those measured for the other studied plant fibers, as dietary fiber is a significant 
factor that influences iron absorption. The iron retention percentages of different fibers used 
in this work could be explained mainly as a result of physicochemical phenomena, like 
adsorption, formation of viscous dispersion and flocculus. 

Yoghurt contains peptidic fragment s from caseins. The caseins are amphiphilic 
phosphoproteins and their isoelectric point (pI) value is 4.6. At pH above the pI, caseins are 
negatively charged and soluble in water. The caseins have an electronegative domain 
preferentially located in small peptidic fragments known as αs1-Casein, β-casein and κ-
casein. These structural features of the caseins may render these molecules adept at forming 
complexes with multivalent cationic macromolecules, such as chitosan [153]. In yoghurt (pH 
= 4.4–4.6) aggregation of the casein-peptide-fragments occur because of a reduction in the 
electrostatic repulsion at around their pI value. Anal et al. [153] studied the interactions 
between sodium caseinate and chitosan, under a range of conditions. This study showed 
that soluble or insoluble chitosan–caseinate complexes can be formed depending on the pH. 
The characteristics of the complexes are determined by the biopolymer types and their 
concentration, as well as by environmental conditions. In a certain pH range (5.0–6.0), 
nanocomplexes of chitosan and sodium caseinate with diameter between 250 and 350 nm 
were formed. The chitosan and sodium caseinate complexes associated to form larger 
particles, which resulted in phase separation appear when the pH was either in the range 
4.0–4.5 or >6.5. At pH 3.0–3.8, where chitosan and sodium caseinate have similar charges, 
they may dissociate from each other and become solubilized in solution. According to these 
authors, yoghurts with chitosan could contain chitosan-casein-peptidic complexes apart 
from free chitosan molecules in solution.  



 

The Complex World of Polysaccharides 478 

Besides, calcium existing in yoghurt or the added iron could interact with free chitosan 
molecules and those complexes. In our work, yoghurts with chitosan are subjected to 
gastrointestinal simulations. In the first step, our food passes through the simulated stomach 
(pH = 1.0–2.0) and it could be expected that casein peptidic fragments, chitosan, iron or 
calcium, all remain in solution. While the food passes through the first portion of the 
simulated small intestine, changes in pH can lead to formation of chitosan-casein peptidic 
complexes and iron or calcium could be interacting with them. At pH 6.8–7.0, free chitosan 
molecules and chitosan-casein-peptidic complexes precipitate forming flocculus. The force 
of the coagulum formed is high and can be seen in Figures 1 and 2. The results reported by 
Ausar et al. [162] indicate that hydrophobicity of the casein-chitosan complex is the main 
mechanism by which the casein-chitosan flocculation is produced.  

Chitosan is essentially a positively charged polysaccharide. Iron and calcium are cations. 
Anal et al. [153] measured zeta potential of chitosan solutions, sodium caseinate solutions 
and chitosan-caseinate mixtures in a range of pH (3.0–6.5). They found that the pure 
chitosan solutions were strongly positively charged between pH 3.0 and 6.0. The zeta 
potential values of chitosan solutions decreased with increasing pH and were slightly 
negative (approximately − 2.5 mV) at pH 6.5. In our study, in the range of pH 3.0–6.0, 
isolated molecules of chitosan were probably interacting with iron or calcium by adsorption 
rather than by electrostatic forces. Besides, Anal et al. [153] observed that the zeta potentials 
of the chitosan–caseinate solutions were negative at pH > 5.5. In this range of pH, in our 
work, electrostatic interaction could exist between chitosan-caseinate complexes and iron or 
calcium. However, when chitosan precipitates, it captures the iron or calcium either by 
electrostatic forces or by adsorption [138,139]. 

The behavior of chitosan with calcium and iron in the digestive simulations were similar 
and can be explained in the same manner. However, the behavior between the other fibers 
used and the same micronutrients in the digestive simulations were significantly different. 
The flocculus formation by chitosan is a very strong kind of behavior which is independent 
of the use of the dialysis membrane. Evidently other types of interactions are brought into 
play for the other fibers that need further studies to determine them. 

11. Conclusion 

Results showed that the different plant fibers decreased glucose, calcium and iron 
availabilities whereas the effect of chitosan (fiber from animal source) was more 
pronounced. These findings could be positive or negative depending on the nutrient and the 
nutritional stage or health of the population who would receive the food under study. 
However, the in vitro digestive chemical experimental model may be used to increase the 
understanding of the interactions between animal and plant fibers with nutrients and 
micronutrients. This knowledge is very important from the point of view of health and for 
food industry and technologists. 
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