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Background: Micronutrient malnutrition, a condition that describes a diet lacking 
in an adequate amount of vitamins and minerals for proper functioning and 
development, affects about a third to a half of the world population. Iron deficiency 
is one of the most prevalent global health issues most notable in developing 
countries. The introduction of different types of naturally occurring plant-based 
prebiotics into the diet may prove to be an effective strategy to improve digestive 
health and to increase nutrient retention levels.  
 
Methods: We introduced five different prebiotic treatment groups, sorbitol, 
mannitol, stachyose, curcumin, and raffinose, into the diets of broiler chickens by 
intra-amniotic administration. After hatch day, we euthanized the broiler chicks to 
analyze their intestinal content by collecting samples of the liver, small intestine, 
and cecum. 
 
Results: We found that the intra-amniotic administration of various prebiotic 
treatment groups (sorbitol, mannitol, raffinose, stachyose, and curcumin) affects 
brush border membrane (BBM) functionality by up-regulating the expression of 
brush-border enzymes including amino peptidase, ATPase, and sucrase 
isomaltase. This suggests enhanced iron absorption and improved digestion. We 
also demonstrated that the relative expression of gene DMT1 was down regulated, 
signifying increased absorbable iron present in the digestive tract, lessening the 
need for the enhanced expression of DMT1. Furthermore, our results showed the 
up-regulation of various species of bacteria residing in the large intestine. These 
included bifidobacteria and E. coli, signifying improved health and functioning of 
the gastrointestinal (GI) tract.  
 
Conclusions: These findings reveal that the introduction of various types of 
naturally occurring plant-based prebiotics found in staple food crops results in 
increased iron absorption, increased levels of beneficial bacteria levels in the 
gastrointestinal tract, and enhanced functionality of the brush border membrane, 
the absorptive surface of the small intestine. 
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1. Introduction 
 
 

Micronutrient malnutrition is the term used to describe a diet lacking in an 

adequate amount of vitamins and minerals for proper functioning and 

development. It affects about a third to half of the world population, most notably 

in developing countries across the globe. Approximately two billion people 

worldwide do not attain an ample amount of vitamins and minerals in their diets 

(Miller and Welch, 2013) and over three million children are killed annually 

worldwide due to undernourishment (Joseph Nordqvist, 2013).  This is often a 

result of “hidden hunger", which describes a chronic lack of vitamins and minerals 

without visible warning signs. As a result, people who are affected may not even 

be aware of it (Fitzpatrick et. al, 2009). The introduction of prebiotics into the diet, 

however, is an effective strategy to improve digestive health and to increase 

nutrient retention levels (Tako et. al, 2013).  

Micronutrients include all of the known vitamins and minerals that are 

essential for proper bodily development and function (Miller et. al, 2013).  Attaining 

suitable levels of micronutrients is crucial in order to live a healthy and productive 

life (Dennis Miller and Ross Welch, 2013). The onset of micronutrient malnutrition, 

however, develops when intakes of bioavailable micronutrients are too low to meet 

expected requirements, or if the daily recommended intake is insufficient (Shergill-

Bonner, 2013). Various types of deficiencies can affect the body, but the three 

most prevalent forms include iron, iodine, and zinc deficiencies (Kendal D. Hirschi, 

2009; Miller et. al, 2013).  Iron deficiencies are currently one of the most 

predominant nutritional problems in the world today as it affects an estimated 2.7 
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billion people (Shergill-Bonner, 2013). Its negative effects include anemia, 

impaired motor and cognitive development, increased risk of maternal mortality, 

premature births, low birth weight, and low energy (Fitzpatrick et. al, 2012).  

Prebiotics are non-digestible carbohydrates or fibers that serve as raw 

material for gut bacteria and other microbes to utilize for energy (Schrezenmeir 

and Vrese, 2001). In addition, studies have shown that prebiotics stimulate the 

growth of specific species of gut bacteria such as bifidobacteria and lactobacilli 

(Tako et al., 2014). Beneficial effects of prebiotics include increased production of 

short chain fatty acids, increased “good” bacteria in the gut, decreased pro-

inflammatory immune factors, improved bowel regularity, and an increased uptake 

of certain minerals such as calcium and zinc (Tako et. al, 2013; Cummings and 

Macfarlane, 2002; Gibson and Roberfroid, 2010).  

Sorbitol is a prebiotic sugar alcohol that occurs naturally in fruits such as 

apples, pears, peaches, and apricots. It can also be found in lentils, which are a 

staple in parts of Africa and India. Studies have shown that sorbitol helps reduce 

rising blood glucose levels and slows insulin response (Global Diabetes 

Community, 2015). Mannitol is a member of the sugar alcohol family and can also 

be found in lentils, a staple widely consumed in Africa and India. It can be used for 

preventing or treating excess body water in certain kidney conditions and for 

reducing swelling of the brain (Shawkat et. al, 2015; Global Diabetes Community, 

2015). Raffinose is a prebiotic found in beans, peas, and lentils, which are staples 

in parts of Africa, India, and South America. It has been found to reduce calorie 

intake as well as the risk of developing colon cancer (Soy Oligosaccharides, 2015).  
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Stachyose, like raffinose, is present in peas, beans, and lentils. Stachyose 

encourages the growth of friendly bacteria while destroying unfriendly bacteria. 

The bowel is therefore less prone to developing cancer because prebiotics 

indirectly produce beneficial materials in the intestines. Additionally, minerals such 

as calcium and magnesium become more readily absorbed. Furthermore, 

stachyose may restrain the synthesis of cholesterol (The Healthier Life, 2001).  

Similarly, curcumin is a prebiotic and the main active ingredient in turmeric, 

a popular spice commonly used in India and Pakistan. Curcumin has many health 

benefits such as functioning as a powerful anti-inflammatory and a strong 

antioxidant. Furthermore, studies have shown that curcumin may be beneficial for 

preventing heart disease, cancer, metabolic syndrome, and Alzheimer’s disease 

(Gunners, 2014).   

One of the main focuses of this study is to examine the effects of these 

various naturally occurring prebiotics on the functionality of the brush border 

membrane. The brush border membrane (BBM) is an essential component of the 

gastrointestinal tract as it is the absorptive surface of the small intestine (Hartono 

et. al, 2014). It is lined by microvilli, which cover the surface of the epithelium, or 

the tissue that lines cavities of surfaces of blood vessels and organs. Microvilli play 

a very vital role because they contain enzymes that allow for the absorption of 

digested nutrients. Many different types of enzymes and genes that contribute to 

healthy digestion and absorption of nutrients can be found at the BBM.  
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Overall, the major aim of this study is to better understand the potential 

prebiotics have in the context of iron bioavailability, digestive health, and the 

functionality of the brush border membrane. 

 
2. Research Question and Hypotheses 
 
Question: Is the functionality of the brush border membrane, the abundance of 

bacteria populations, or iron bioavailability altered with the introduction of various 

prebiotics? 

 

H0: The intra-amniotic administration of the prebiotics will have no effect on iron 

bioavailability, gut bacterial growth, or the brush border membrane. 

 

H1: The intra-amniotic administration of each prebiotic group will increase 

beneficial bacterial growth.  

 

H2: The intra-amniotic administration of each prebiotic group will have an effect 

on the functionality of the brush border membrane.  

 
 
3. Materials and Methods 
 
3.1 Broiler Chicken Model 
 
The Broiler Chicken Model was used for this study due to its 

• Fast growing time 

• Short Incubation time 

• Sensitivity to dietary mineral deficiencies  
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• >85% homology between gene sequences of human and chicken 

intestinal DMT-1 (iron transport), DcytB (reduction of Fe3+ to Fe2+), and 

Ferroportin (iron transport) 

 
3.2 Experimental Design 
 

Fertile broiler chicken eggs were obtained from a commercial hatchery and were 

incubated under optimal conditions at the Cornell University Animal Science 

Poultry Farm Incubator.  

 
3.3 Intra-amniotic Administration Procedure (in ovo feeding technique) 
 
On Day 17 of embryonic incubation, eggs containing viable embryos were weighed 

and divided into groups based on weight. All treatment groups were assigned eggs 

of similar weight-frequency distribution. The intra-amniotic treatment solution (1mL 

per egg, except for curcumin .5mL) was injected with a 21-gauge needle into the 

amniotic fluid and included selected concentrations of the various prebiotic 

treatment groups. Saline, oil, and non-injected groups served as the controls. Eggs 

were placed in hatching baskets so that each treatment was equally represented 

at each incubator location.  

  

Immediately after hatch (day 21), all chicks were euthanized by the mentor through 

CO2 exposure. The digestive tracts were quickly removed from the carcass and 

separated into various sections for tissue analysis (liver, cecum, small intestine). 

The samples were immediately frozen in liquid nitrogen and then stored in an 80 
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C freezer until analysis. Cornell University Institutional Animal Care and Use 

Committee approved all animal protocols.  

 
3.4 Blood Analysis and Hb Measurements 
 
Blood was collected from the heart immediately after euthanization by the mentor 

through CO2 exposure. Blood Hb concentrations were determined 

spectrophotometrically using the cyanomethomoglobin method following the kit 

manufacturer’s instructions.  

 
Isolation of total RNA 
 
Total RNA was extracted from 30mg of duodenal and liver tissues using RNeasy 

Mini Kit according to the manufacturer’s protocol. All steps were carried out under 

RNase free conditions.  

 
Gene Expression Analysis 
  
As previously described, RT-PCR was carried out with primers chosen from the 

fragments of chicken duodenal and hepatic tissues (Tako et. al, 2005; 2012; 2014; 

Reed et. al, 2014). Highly conserved tissue-specific 18S rRNA was used as 

internal standard to normalize the results. All PCR products were separated by 

electrophoresis on agarose gels stained with ethidium bromide and quantified 

using the Quantity One 1-D analysis software.  

 
Electrophoresis, staining, and measurement of the gels  
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Electrophoresis was conducted using a 6% separating gel and a 5% stacking gel. 

Samples were run at a constant voltage of 100V. The gels were treated with 

ethidium bromide.  

 

The gels were scanned with a Bio-Rad densitometer. Measurement of the bands 

from each sample was conducted using the QuantityOne 1-D analysis program. 

The local background was subtracted from each sample.  

 
Collection of Microbial Samples and intestinal Contents/DNA Isolation 
 

The ceca were sterilely removed. The contents of he ceca were placed into a sterile 

50mL tube containing 9mL of sterile PBS and homogenized by vortexing with glass 

beads for 3 min. Debris was removed by centrifugation at 700 g for 1 min, and the 

supernatant was collected and centrifuged at 12 000 g for 5 min. The pellet was 

washed twice with PBS and stored at 20 C until DNA extraction. For DNA 

purification, the pellet was re-suspended in 50mM EDTA and treated with 

lysozyme for 45 min at 37 C. The bacterial genomic DNA was isolated using a 

Wizard Genomic DNA purification kit (Tako et. al, 2015).  

 
Primer Design and PCR Amplification of Bacterial 18S rDNA 
 

Primers for Bifidobacterium, Clostridium, and E. coli were used to evaluate the 

relative proportion of each examined bacteria. All products were expressed relative 

to the content of the asprimer product. PCR products were separated by gel 
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electrophoresis stained with ethidium bromide and quantified using the Quantity 

One 1-D analysis software. 

 
Statistical Analysis 
 
Results were analyzed by a one-way multiple analysis of variance (MANOVA) 

using the JMP software. Differences between treatments were compared by 

Turkey’s test, and values were considered statistically different at p<0.05.  

 
 
 
3. Results and Discussion 
 
Intestinal (cecum) Content Bacterial Genera Analysis Results  
 
 
As seen by figure 1, the introduction of sorbitol, mannitol, raffinose, and stachyose 

had a significant effect on the relative abundance of bifidobacteria relative to saline 

solution. The introduction of curcumin, however, had a significant effect on the 

relative abundance of bifidobacteria relative to vegetable oil (its medium) and non. 

Because bifidobacteria is a friendly species of bacteria that helps fight against 

disease-causing microorganisms, this suggests improved function and regulation 

of the GI tract.  
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Figure 1: According to the graph, all of the prebiotic treatment groups contributed to an 
increased level of bifidobacteria in the intestines relative to their corresponding controls.  
 
   
 
 
 
 
As shown by Figure 2, the introduction of sorbitol was the only prebiotic group that 

had a significant effect on the relative abundance of E. coli. While E. Coli can be 

harmful in large amounts, most trains are harmless and are part of the human 

microbiota. This suggests that sorbitol is a naturally occurring prebiotic that E. Coli 

can utilize for energy for improved gut health.  
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Figure 2: This graph shows that most prebiotic treatment groups did not have a significant 
effect on the up or down regulation of E. coli abundance in the intestines. The introduction 
of sorbitol, however, caused a significant increase in E. coli abundance.  
 
 
 
 
 
 
As shown by figure 3, all of the prebiotic treatment groups had a significant effect 

on the down regulation of the relative abundance of clostridium. The down-

regulation of this species of bacteria does not follow the up-regulated pattern we 

have observed in other strains of bacteria. This, however, is not necessarily a 

negative result because clostridium is a type of bacteria that can act as a pathogen, 

causing food poisoning and other bowel defects.  
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Figure 3: This graph highlights a break in trend on the relative abundance of bacteria 
populations when compared to the previous results (figure 1 and 2). While the other figures 
showed significant up-regulated bacteria abundance, this figure shows that each prebiotic 
group had a significant down-regulated effect on the relative abundance of clostridium.  
 
 
 
 
 
 
 
BBM Functionality Reflected by Enzyme Gene Expression Results 
 
 
 
As shown by Figure 4, all of the prebiotic treatment groups introduced had a 

significant effect on the up-regulation of the relative expression of amino peptidase. 

Amino peptidase is an enzyme responsible for catalyzing the breakdown of 

peptides. This result suggests an increased absorptive/digestive effect on proteins 

at the brush border membrane. 
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Figure 4: This graph shows that each prebiotic treatment groups had a significant effect 
on the up-regulation of the relative expression of Amino Peptidase relative to their 
respective control groups. This suggests an effect on the brush border membrane with 
respect to protein absorption.  
 
 
 
 
As shown by Figure 5, all prebiotic treatment groups had a significant up-regulated 

effect on the relative expression of ATPase. ATPase is an enzyme that catalyzes 

the hydrolysis of ATP to ADP, releasing energy that is used in the cell. By using 

ATP hydrolysis for energy, it is also responsible for transporting a variety of 

different compounds such as ions and phospholipids across the membrane. Thus 

suggests an effect on the absorptive/digestive functionality of the brush border 

membrane. 
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Figure 5: This graph shows that the relative expression of ATPase was significantly 
increased as a result of the introduction of all prebiotic treatment groups relative to their 
respective controls. 
 
  
As shown by Figure 6, all prebiotic treatment groups had a significant up-regulated 

effect on the relative expression of sucrose isomaltase relative to their respective 

controls with the exception of curcumin. Sucrose isomaltase is an enzyme that 

breaks down sucrose and maltose into simple sugars so they can be absorbed by 

microvilli into intestinal epithelial cells. Therefore, this suggests increased 

absorption of sucrose and maltose into intestinal epithelial cells.  
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Figure 6: Based on this graph, the relative expression of sucrose isomaltase was 
increased significantly due to the introduction of each prebiotic treatment group relative to 
their respective controls. This indicates an effect on the functionality of the BBM.  
 
 
 
As shown by Figure 7, the introduction of all of the different prebiotic treatment 

groups had a significant effect on the down regulation of the relative expression 

of DMT1. DMT1 is a gene that functions in the transport of ferrous iron. These 

results can be expected because with more iron being readily absorbed by the 

body, the up-regulation of the expression of DMT1 is not needed.  
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Figure 7: This graph is different in comparison to the other enzyme/gene results. The 
introduction of each prebiotic treatment groups resulted in the down-regulation of DMT1 
expression. These results, however, positively suggest increased iron absorption because 
the need for DMT1 expression diminishes when increased levels of iron are being more 
readily absorbed.  
 
 
 
 
4. Future Research 
 
As mentioned previously, sorbitol, mannitol, raffinose, stachyose, and curcumin 

are naturally occurring plant-based prebiotics. These prebiotics can be found in 

staple food crops such as lentils, beans, and peas in various locations around the 

world, especially in areas where iron deficiency is widespread. Locations where 

iron deficiency is particularly prevalent include parts of Africa, India, Pakistan, and 

South America. For future studies, biofortification, the development of 

micronutrient-dense staple crops using traditional breeding practices and modern 
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biotechnology (Bouis et. al, 2010) should be looked into in conjunction with the 

information obtained from our research on prebiotics. This could lead to increasing 

the levels of naturally occurring prebiotics within staple food crops to enhance iron 

absorption. If properly executed, this would ultimately help to alleviate iron 

deficiency in regions around the globe. 

 
5. Conclusion  
 
In this study, we have concluded that the intra-amniotic administration of various 

prebiotic treatment groups (sorbitol, mannitol, raffinose, stachyose, and curcumin) 

affects brush border membrane (BBM) functionality by up-regulating the 

expression of brush-border enzymes including amino peptidase, ATPase, and 

sucrase isomaltase. This suggests enhanced iron absorption and improved 

digestion. We also demonstrated that the relative expression of gene DMT1 was 

down regulated, signifying increased absorbable iron present in the digestive tract, 

lessening the need for the enhanced expression of DMT1. Furthermore, our results 

have shown the up-regulation of various species of bacteria residing in the large 

intestine. These included bifidobacteria and E. coli, signifying improved health and 

functioning of the gastrointestinal (GI) tract. We also observed a down-regulation 

of the relative abundance of clostridium, which can act as a harmful strain of 

bacteria. The results from our study indicate that introducing various naturally 

occurring plant-based prebiotics to the diet, which are present in staple food crops, 

improves iron absorption and effects BBM functionality in a way that benefits the 

health and functioning of the gastrointestinal digestive tract.  
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