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ABSTRACT 
 
 
 

SUPPLEMENTING POWDERED HIGH-FIBER FOODS TO ALTER GUT MICROBIAL 

METABOLISM FOR COLORECTAL CANCER PREVENTION  

 

Trillions of microorganisms populate the human digestive tract and enhance immunity, 

improve digestion and inhibit pathogens when in healthy balance. However, a disruption of gut 

community balance is associated with a number of diseases including colorectal cancer (CRC). 

The purpose of this research was to investigate supplementation with two high-fiber foods, heat 

stabilized rice bran (SRB) and cooked navy bean powder (NBP), for potential to favorably alter 

the intestinal environment for CRC prevention. Study 1 aimed to assess differences in stool 

microbiota and associated metabolites in healthy individuals versus those diagnosed with CRC. 

Next, two pilot dietary interventions were undertaken (Study 2 and 3), one in healthy individuals 

and another in CRC survivors. Both pilot studies provided diets supplemented with SRB or NBP 

or macronutrient matched control foods and changes in stool microbiota and associated 

metabolites were assessed at baseline and after 2 and 4 weeks. The collective body of this 

research supports the hypothesis that gut microbiota and their metabolites differ with respect to 

CRC and that intervention with SRB or NBP can alter this profile.  

Despite similar increases in dietary fiber intake, SRB induced more significant change to 

gut microbiota and metabolites possibly due to differing chemical composition of plant fibers. 

Relative to NBP, SRB is rich in arabinoxylans, which structurally mimic the protective mucins 

lining the intestinal surface. Changes in both microbiota and metabolites observed with SRB 

supplementation are consistent with enrichment of glycan-foraging bacteria able to switch 
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between dietary glycans (arabinoxylans in this case) and host glycans for energy. Acetate and 

propionate, potentially beneficial byproducts of microbial fermentation of glycans and other fiber 

components, increased at 2 weeks in CRC survivors. However, some of the observed changes 

did not persist at 4 weeks and further research is necessary to determine if more lasting changes 

are possible with these dietary interventions, as well as whether these altered 

microbial/metabolite profiles are associated with reduced risk of CRC incidence and recurrence.  
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CHAPTER 1: LITERATURE REVIEW 

 

 

 

Importance of whole grains and legumes in food security and human health 

Rice (Oryza sativa) is the staple food of more than half the world’s population including 

three of the world’s most populous nations — China, India, and Indonesia, which together have 

nearly 3 billion people. Rice is important for world food security in that it is an affordable and 

readily available crop to the poorest of people. To heighten awareness of the role of rice in 

alleviating poverty and malnutrition, the 57th session of the United Nations (UN) General 

Assembly designated 2004 as ‘The Year of Rice’. In addition, the UN reaffirmed the need to 

focus world attention on the role rice can play in providing food security.  Here in the USA, the 

average person consumes about 25 pounds of rice per year, of which about 4 pounds is used for 

brewing beer. However, Americans now eat about twice as much rice as they did 10 years ago, 

which highlights the increasing domestic importance of this food crop [1]. 

In contrast, consumption of pulses (grain legumes) has been steadily decreasing over the 

last several decades except in the Near East/North Africa region [2]. However, pulses offer 

enormous potential for world food security as an economically accessible and highly nutritious 

protein source. In addition, pulses promote sustainable agricultural practices by promoting 

biodiversity and enriching nitrogen content of the soil. This year the UN General Assembly 

declared 2016 ‘The International Year of Pulses’ in order to “heighten public awareness of the 

nutritional benefits of pulses as part of sustainable food production aimed towards food security 

and nutrition”. Pulses contain amino acids that are lacking in cereal grains, which serve to raise 

protein quality when these two foods are consumed together. In addition, pulses are rich in iron 

and zinc making them particularly beneficial for those at risk of iron-deficiency anemia. Pulses 
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and legumes were recently recommended to improve the quality of the US diet in part for their 

mineral content, including iron [3]. Iron has been identified as a ‘shortfall’ nutrient in the US 

because it is under-consumed by many adolescent girls and premenopausal women [4]. 

Diets that consistently contain whole grains and legumes are associated with lower risk 

for developing multiple diseases including cardiovascular disease, cancer, obesity, and diabetes 

[5-8].  Risk for cancers of the gastrointestinal tract is particularly sensitive to diet since these 

tissues are in frequent contact with digesting food. Gastrointestinal cancer of the colon and 

rectum, or colorectal cancer (CRC) is a highly preventable disease with up to 43% of cases 

thought to be a result of two main disease determinants, diet and lifestyle [9,10]. Populations 

following a Western lifestyle show increased CRC incidence [11], while rural populations 

consuming high fiber plant foods show reduced CRC [12]. Mechanisms for chemopreventive 

activity of whole grains and legumes are likely related to the high-fiber content of both foods, 

but the association between fiber intake and overall CRC risk has proved inconsistent [7,13-15]. 

To date the actual mechanisms by which whole grain and legume consumption promotes human 

health remain largely uncharacterized. The current research seeks to clarify part of this 

knowledge gap. 

 

Health benefits of fiber consumption 

 Dietary fiber plays an important role in human health. Soluble fiber exerts cholesterol 

lowering effects and insoluble fiber helps decrease gastrointestinal transit time [16]. By 

increasing intestinal transit time, viscosity and bulking, fiber lessens time of contact with colon 

tissues and concentration of potential carcinogens [17,18]. High fiber diets are recommended for 

CRC prevention, but the relationship of fiber intake to CRC occurrence has proved inconsistent 
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[7,13-15]. The largest meta-analysis on this relationship to date included more than 14,500 cases 

and almost 2 million participants and suggested a 10% reduction in risk for every 10 grams of 

fiber consumed daily [19]. Previously, chemopreventive effects associated with fiber 

consumption were related to these physiochemical properties, but the fermentation of fiber by 

intestinal microbiota and its subsequent metabolites are now credited with increasing importance 

[20].   

 Anaerobic fermentation of non-digestible plant fibers energizes colonocytes and reduces 

inflammation via microbial short chain fatty acids (SCFA), byproducts of this process [21]. Gut 

fermentation of fiber to SCFA, particularly butyrate is one proposed mechanism for improved 

chemoprevention with increased fiber consumption [21]. Butyrate is the primary energy source 

for colonic epithelia, helps maintain intestinal barrier function and has anti-proliferative 

properties [22]. In addition, fiber-rich foods contain a variety of other phytochemicals that have 

anti-oxidant and anti-inflammatory properties. These properties are responsible for the potential 

chemopreventive activity of these compounds, which include polyphenols, carotenoids, 

tocopherols and lignans [23].  

Increasing plant fiber can also indirectly decrease pro-carcinogenic microbial metabolites 

such as secondary bile acids and trimethylamine N-oxide (TMAO) by supplanting animal protein 

and fat in the diet [24]. These harmful metabolites may also be bound and excreted by dietary 

fiber thereby reducing exposure of colon cells to secondary bile acids [17,25]. The role of fiber 

relative to other phytonutrients in colorectal chemoprevention remains unclear. The research 

presented herein aims to evaluate changes in phytonutrients, including fiber, and their secondary 

byproducts present in human stool following supplementation with foods derived from whole 

grain rice or legumes. 
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Selection of two high-fiber foods to be used for the current research 

The purpose of the current research was to investigate the potential to favorably alter the 

intestinal environment for improved health, particularly for prevention of colorectal cancer 

(CRC) with dietary change. Two high-fiber foods were chosen for supplementation, heat-

stabilized rice bran (SRB) and cooked navy bean powder (NBP). SRB and NBP (Phaseolus 

vulgaris) were chosen for study, because they are high-fiber staple foods that provide a source of 

bioactive phytochemicals that possess CRC chemopreventive activities in cell and animal models. 

Despite both being high in fiber, research to date suggests that SRB and NBP do not have 

equivalent effects on gut microbiota.  For example, whole grain brown rice flakes were 

previously shown to increase gut bacterial diversity, Firmicutes:Bacteroidetes ratio and 

abundance of organisms from the genus Blautia [26]. Also, rice bran consumption has been 

shown to increase beneficial Lactobacillus spp. in animal studies [27]. However, limited studies 

in animal models have identified few effects of dry bean consumption on gut microbiota [28,29].  

Rice bran, whole grain rice, and cooked and raw bean seeds have been the subject of 

research for their ‘prebiotic’ activity [30,31]. Prebiotic foods are defined by their resistance to 

human digestion; thereby entering the colon and serving as substrates for beneficial commensal 

bacteria. Both soluble and insoluble fiber shapes the composition of intestinal microbiota and 

influences their role in human physical and mental health [32-34]. The colonic bacteria break 

down these substrates into beneficial short chain fatty acids (SCFA), which regulate cell 

replication and apoptosis and reduce inflammation [35]. Production of SCFA also acidifies the 

intestinal environment creating unfavorable conditions for the establishment of some genotoxin-

producing microorganisms [17,25]. Genotoxins directly damage DNA by breaking strands, 

creating point mutations, and inducing other numerical and structural changes that deregulate 
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proper cell growth and function and may lead to cancer. Both rice bran and beans were 

previously shown to increase fecal concentrations of SCFA in animal or in vitro models [30,36]. 

In addition, polyphenols contained in SRB [6] can selectively alter the gut microbial community 

[37], and are transformed into antioxidant phenolic acids [17,38,39]. Microbial production of 

these beneficial metabolites may play an important role in the ability of these foods to prevent 

CRC.  

 

Nutrient and phytochemical composition of stabilized rice bran (SRB) 

Rice bran contains all the outer brown layers of the kernel including the seed coat, 

pericarp, nucellus, and a portion of embryo-surrounding aleurone (Fig 1.1). However, polished 

white rice is composed of the starchy endosperm, germ and also a portion of the aleurone layer. 

The outer brown layers contain high levels of phytonutrients, oil, proteins and minerals 

important to human health while the inner white layers are predominated by carbohydrate [40]. 

SRB is a potential source for B vitamins and iron as well as vitamin E and some minerals [40]. In 

addition, SRB is an important source of macronutrients, soluble and insoluble dietary fibers, and 

small bioactive molecules [40]. Macronutrient breakdown is approximately 20% lipid, 15% 

protein, and 50% carbohydrate [41]. The lipid fraction contains monounsaturated fatty acid, 

primarily as oleic acid; also polyunsaturated fatty acid, primarily as linoleic acid. Saturated fatty 

acids, largely palmitic and stearic acids, are relatively minor making up approximately 18-29% 

of the lipid fraction [42]. Proteins contain a large amount of branched-chain amino acids 

including: leucine, isoleucine and valine. However, phenylalanine and lysine are also present in 

relatively high amounts and four other essential amino acids including histidine, methionine, 

threonine, and tryptophan are present in measurable amounts. More than half (54%) of the 
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carbohydrate fraction is composed of dietary and crude fiber, 1% sugars, and the remaining 

portion starches [41]. Total dietary fiber makes up 20% of SRB with only 2-3% as soluble fiber 

[43]. Compared to other grains (such as wheat, corn, or oat), more total SRB fiber is insoluble 

[16].  

 In addition to macronutrients, SRB is a source of important micronutrients and bioactive 

compounds. In addition to the B and E vitamins previously mentioned, these include: phenolic 

and cinnamic acids, anthocyanins and flavonoids, and phytosterols (plant-derived steroidal 

compounds). Phytosterols include γ-oryzanol, β-sitosterol ferulate, tocopherols and tocotrienols. 

Antioxidant properties can be attributed to anthocyanins, phenolic acid, and γ-oryzanol contents. 

Both phytosterols and fiber components of SRB contribute to improved blood lipid profiles [42]. 

Chemopreventive activity is attributed to over fifteen SRB components [6]. These include 

cellulose, hemicellulose, arabinoxylan and β-glucans found in dietary fiber in addition to saponin, 

squalene, tocotrienol, tocopherol and β-sitosterol found in the lipid fraction. Caffeic acid, ferulic 

acid and ferulic acid esters, all phenolics and from the lipid fraction of SRB, are also 

chemopreventive. Tricin, a flavonoid, is both cancer-preventive and free-radical scavenging. 

Phytic acid is also chemopreventive, but has the disadvantage of binding to iron and zinc in the 

digestive tract and preventing their absorption. In vivo studies with SRB, fermented SRB and 

rice bran extracts have shown chemopreventive activity for multiple cancer types including: 

colon, breast, lung, liver, and melanoma/skin cancers. A variety of mechanisms are proposed 

including cell anti-proliferation, tumor anti-proliferation, tumor-suppression and anti-

inflammatory activity [6]. 

One issue of particular health concern related to rice consumption, in general, is arsenic 

content. Arsenic is a toxic metal that bio-accumulates in human and animal tissue and in some 
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plants, specifically rice. Arsenic content of rice varies according to region of growth and is 

dependent on the arsenic concentration of the growing soil and irrigation water with known areas 

of high arsenic in the US south and in Bangladesh [44,45]. Arsenic accumulates to the highest 

concentration in the hull and bran making arsenic levels of particular concern for SRB 

consumption [45,46]. However, rice grown in areas where soil and water do not contain arsenic, 

does not concentrate arsenic into tissue and should be safer to consume. 

 

Heat stabilization of rice bran 

While white rice is the culturally preferred form for rice consumption, substantial 

nutrition is lost in its production from brown rice. To produce white rice, harvested rice kernels 

are broken into these component parts: hull (non-nutritional), polished white rice, and rice bran 

[40]. The primary goal in rice milling is to maximize both yield and quality while producing 

polished white rice from brown rice. Quality is improved by removing the least amount of hull 

and bran possible, while also minimizing broken kernels and foreign matter [47]. Yield and value 

from the rice crop increases with increasing sophistication of the milling technology. In many 

remote and poorer areas, pestles and mortars or small single pass rice mills are still the most 

commonly used tools. In other countries, all of the rice is milled in larger sophisticated 

commercial mills. 

Rice bran is a by-product of this milling process, more than 90% of which is currently 

sold cheaply as animal feed due to concerns about rancidity [42]. Rancidity results from bacterial 

lipases activated during milling that hydrolyze the lipid portion of rice bran into glycerol and 

fatty acid components. Once hydrolyzed, the fatty rice bran becomes rancid resulting in a highly 
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unpalatable smell and bitter taste [40]. This process is quite rapid, happening within six hours of 

milling [41].  

Rice bran holds huge potential as a nutritive human food and is worthy of investment in 

stabilizing technologies. Many methods exist for stabilizing rice bran against rancidity, which 

provide potential for utilizing rice bran as a value-added health food product [41]. One option is 

heat stabilization, which can be accomplished via dry toasting, sun-drying, or steaming. The 

disadvantage to this approach is that it may destroy antioxidants found in bran. Cold storage can 

also prevent or delay rancidity and protects antioxidant activity. Ohmic heating is a newer 

technology, which courses electric current through the finished bran product, deactivating 

bacterial lipases, but also preserving most antioxidant activity [41]. Access to these stabilizing 

technologies is a barrier to using SRB for food in developing countries. Based on current 

estimates of rice production, there are roughly 66 to 74 million tons of bran that can be made 

available for human consumption. However, an important aspect of utilizing SRB as a human 

food source will be either making them more accessible, or developing more accessible 

alternatives for stabilization.  

 

Nutrient and phytochemical composition of cooked navy bean powder (NBP) 

The NBP utilized for this research was supplied by ADM (Archer Daniels Midland) 

Edible Bean Specialties, Inc. (Decatur, IL). The powder form was created by washing, soaking, 

and cooking whole navy beans and then grinding and dehydrating them to create a powder form 

[48]. NBP contains folate, Vitamins A and C and minerals including potassium, calcium, iron, 

magnesium, zinc, copper, and magnesium. Macronutrient breakdown is approximately 3% lipid, 

24% protein, and 64% carbohydrate [48]. The lipid fraction is predominately polyunsaturated 
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fatty acids, but also contains monounsaturated and saturated fatty acids. Predominant amino 

acids include: leucine, lysine and phenylalanine. However, isoleucine, valine and threonine are 

also present in relatively high amounts. About one quarter of the carbohydrate fraction is 

composed of dietary fiber, 8.5% sugars, and the remaining portion starches [48]. Total dietary 

fiber makes up 26% of NBP with nearly 9% in the form of soluble fiber [48]. Compared to SRB, 

more total NBP fiber is soluble.  

NBP is also a source of several bioactive compounds from similar chemical classes as 

those found in SRB including fiber, polyphenols, and phytic acid. Polyphenols found in P. 

vulgaris include tannins, lignans, and phytoestrogens (plant-derived estrogen receptor agonists). 

Phytoestrogens include the isoflavones, genistein and daidzein, which occur at much higher 

concentrations in soybeans relative to common beans, such as navy beans. Phytoestrogens are 

similar in chemical structure to estrogen and may prevent a number of hormone-influenced 

conditions including cancer, menopausal symptoms, CVD, and osteoporosis [49]. Lignans are 

components of plant cell walls and are similar in structure and potential activities to 

phytoestrogens [49]. Navy beans have a high antioxidant activity [50] possibly due to containing 

tannins, but do not contain detectable amounts of anti-oxidant flavonoids such as anthocyanins, 

quercetin glycosides and protoanthocyanidins found in other beans [51,52]. Phenolic compounds 

in common bean are attributed with anti-mutagenic effects [53,54] and consumption of navy 

beans was associated with reduced azoxymethane-induced CRC in rats [55]. As mentioned with 

SRB, phytic acid is also chemopreventive, but binds iron and zinc and prevents absorption. 

Furthermore, reduced mortality from CRC may be achieved by increasing consumption of beans 

[56,57]. Fermentation of dry bean insoluble fibers to SCFA has also been proposed to contribute 

to anti-inflammatory and anti-tumorigenic properties of dry beans [58].  
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Gut microbiota, diet and disease 

Some research suggests that changes in diet alter gut microbiota and their metabolism as 

quickly as 24 hours [59]. Therefore, the potential of high-fiber foods like SRB and NBP to alter 

the gut microbial community via a prebiotic effect provides an important research opportunity. A 

growing body of research evidence connects gut microbial composition to multiple disease 

pathologies including cancer, obesity, type 2 diabetes, Celiac disease and inflammatory bowel 

disease [60]. CRC represents a unique opportunity for prevention studies because CRC survivors 

suffer from a high rate of recurrence that has been correlated to dietary habits, such as low fiber 

and antioxidant intake and high fat intake [61,62]. Furthermore, multiple studies report different 

gut microbiota composition in individuals diagnosed with colorectal cancer (CRC) versus 

healthy individuals [63-66]. Given that altered gut microbiota are associated with the CRC 

disease condition [67], beneficially altering this community and its associated metabolites shows 

promising potential for preventing CRC.  

Specific gut microbiota can play a role in either promotion or prevention of CRC by 

modulation of the inflammatory process through close contact with host colonic mucosa [68]. 

When the gut microbial community exists in a state of balance where a diverse set of species is 

evenly represented, it helps to sustain intestinal health. However, if this balance is disrupted it 

can shift to a disease-promoting state of dysbiosis. Inflammatory processes can induce changes 

in the gut environment that favor the survival of specific microbial groups. In some cases these 

organisms further remodel the intestinal environment in a way that creates vulnerability to 

invasion by pathogenic organisms. Pathogens can amplify the inflammatory state by producing 

toxins or by feeding on and degrading the protective mucosal lining. The interaction between the 
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gut microbial community and host mucosa and its role in development of cancers, such as CRC, 

is explored in more detail in Chapter 2 of this work. 

  It’s unclear to what extent dietary change may be able to rebalance a dysbiotic gut 

community or its metabolic processes, but these microorganisms and their metabolites have a 

significant influence on human health [22, 23]. Health benefits provided by diets rich in high-

fiber whole grains and legumes may be partly due to beneficial changes to gut microbiota and 

their metabolites. Therefore, the current research seeks to clarify whether it may also be possible 

to use these foods as a preventive method to reverse the process of microbial dysbiosis and 

reinforce a healthy intestinal environment. 

 

Research Objectives 

 Due to a lack of clarity regarding the chemopreventive mechanism of high fiber foods, 

the relative importance of whole grains, legumes, fruits and vegetables in high fiber diets 

remains unclear. By elucidating the mechanisms via which these foods provide CRC 

chemopreventive effects, better recommendations for dietary prevention and control of CRC can 

be provided. The hypothesis for this research was that gut commensal fermentation of two high 

fiber foods (SRB and NBP) plays an important role in CRC chemoprevention through the 

generation of beneficial metabolites. Three studies are included as part of this work: Study 1 

(Chapter 3) compares stool microbiota and metabolites of healthy adults versus those diagnosed 

with CRC, Studies 2 and 3 (Chapters 4 and 5) investigate potential for dietary interventions with 

SRB or NBP to modulate stool microbiota and metabolites. Study 2 was conducted in adults with 

no history of CRC, while Study 3 participants are CRC survivors. 
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 The research aim of Study 1 (Chapter 3) was to identify differences in stool metabolites 

and their associations with specific gut microbiota in healthy individuals compared to those with 

CRC. Stool metabolites were quantified and identified using non-targeted gas chromatography 

mass spectrometry (GC-MS) and stool bacteria were quantified and identified using 454 

pyrosequencing along with appropriate bioinformatics workflows. Stool bacteria that differed 

with CRC were integrated with metabolite data in order to identify potential relationships 

between metabolites and the producing gut commensal. Stool metabolites provide an important 

measurable endpoint of gut microbial metabolism and assessing them was important for 

determining which gut microbial activities may be enriched or reduced with CRC. These data 

provided a foundation by which to compare outcomes of two pilot dietary interventions and 

hypothesize potential for prevention of CRC due to alterations in gut microbiota and their 

metabolites.  

 Study 2, the first pilot dietary intervention, was conducted in healthy individuals 

supplemented with SRB, NBP or macronutrient matched control diets for 28 days. First, this 

study aimed to confirm that SRB and NBP, at the administered dosage, are well tolerated and did 

not unduly disrupt gut eubiosis in a healthy population. Second, specific changes in gut 

microbiota and their metabolites with SRB and NBP supplementation were measured after 2 and 

4 weeks. Non-targeted GC-MS was utilized for broad-spectrum stool metabolite analysis. This 

platform is most effective for detecting small, polar molecules such as amino acids and organic 

acids. GC-MS was also utilized to specifically quantify SCFA, due to their known importance to 

gut health. No significant changes to gut microbiota or metabolites were identified with NBP 

supplementation; therefore the results of that investigation are not included in Chapter 3. The 
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SRB data were compared to the existing literature base to postulate potential effects of these 

observed changes on intestinal health.  

 Study 3 is a similar pilot dietary intervention, except study participants were individuals 

previously diagnosed with CRC and more than 4 months post cancer treatment (e.g. 

chemotherapy or radiation).  As in Study 2, participants were supplemented with SRB, NBP or 

macronutrient matched control meals for 28 days. Again, tolerance of SRB and NBP were 

confirmed and specific changes in gut microbiota and their metabolites were measured after 2 

and 4 weeks. However, rather than utilizing a non-targeted metabolomics approach, metabolites 

were targeted based upon results from study 2 including: SCFA, bile acids, and microbial 

metabolites of phenolic compounds such as benzoic acid, 3,4-dihydrophenylacetic acid, 

phenylacetic acid, 3-phenylpropionic acid, 3-hydroxyphenylacetic acid, and 4-hydroxy-3-

methoxycinnamic. In addition, predictive metagenomics was utilized to postulate potential 

functions of gut microbiota that were enriched with SRB supplementation. These combined data 

were compared to the existing literature base to postulate potential CRC chemopreventive effects 

in the intestinal environment.  

 These studies examine the influence of gut microbiota and their metabolism of dietary 

components in SRB and NBP on intestinal health, with an emphasis on potential mechanisms 

related to CRC prevention and control. Increasing plant foods, especially those high in fiber, is 

recommended for CRC prevention and to support intestinal health. However, much remains to be 

learned about the mechanism by which this health improvement occurs. By understanding gut 

fermentation of plant fibers, more effective dietary therapies can be developed for CRC 

prevention and overall intestinal health. In addition, investigations into mechanisms of gut 

microbial metabolism of dietary components will make it possible to provide more personalized 
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recommendations and therapies in the future based upon individual genetics and baseline gut 

microbial composition.  

 

Figures 

 

Figure 1.1. Structure of the rice grain 
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CHAPTER 2: SPECIFIC TOPIC REVIEW 

CANCER-PROMOTING EFFECTS OF MICROBIAL DYSBIOSIS
12

 

 

 

 

Summary 

Humans depend upon our commensal bacteria for nutritive, immune-modulating and 

metabolic contributions to maintenance of health. However, this commensal community exists in 

careful balance that, if disrupted, enters dysbiosis; which has been shown to contribute to the 

etiology of colon, gastric, esophageal, pancreatic, laryngeal, breast and gallbladder carcinomas. 

This etiology is closely tied to host inflammation, which causes and is aggravated by microbial 

dysbiosis while increasing vulnerability to pathogens. Advances in sequencing technology have 

increased our ability to catalog microbial species associated with various cancer types across the 

body. However, defining microbial biomarkers as cancer predictors presents multiple challenges 

and existing studies identifying cancer-associated bacteria have reported inconsistent outcomes. 

Combining metabolites and microbiome analyses can help elucidate interactions between gut 

                                                
1 A modified version of this chapter is published as Sheflin, A.M., Whitney, A.K. and Weir, T.L., 2014. 
Cancer-promoting effects of microbial dysbiosis. Current oncology reports, 16(10), pp.1-9. The final 

publication is available at Springer via http://dx.doi.org/ 10.1007/s11912-014-0406-0 

 
2 The aim of this work was to conduct a literature review on the role of gut microbial dysbiosis in the 
development of various forms of cancer. This discussion provides background for interpretation of 
potential chemopreventive effects that could occur as a consequence of changes to gut microbial 
communities and their metabolites observed in other aims. 

This chapter includes the complete published manuscript for this literature review titled Cancer-Promoting 

Effects of Microbial Dysbiosis (Amy M. Sheflin, Alyssa K. Whitney, Tiffany L.Weir, Journal of Oncology 
Reports, 2014). My contributions to this publication included writing the abstract and four sections: 
Introduction, Proposed mechanisms for microbiome involvement in colorectal cancer, Role of microbial 

metabolites in cancer development and progression, and Conclusion. I also conceptualized and created 
Figure 2.1, which is a visual summary of the important concepts in the paper. Finally, I edited and 
compiled all sections together into a cohesive manuscript prior to submitting.  

Table and figure numbers have been modified to reflect that they are specific to this chapter, e.g. Figure 1 
is now Figure 2.1. This article is reproduced with permission, and only minimal modifications were made 
to meet formatting requirements. No other modifications were made, as per the licensing agreement.  
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microbiota, metabolism and the host. Ultimately, understanding how gut dysbiosis impacts host 

response and inflammation will be critical to creating an accurate picture of the role of the 

microbiome in cancer. 

 

Introduction 

The relationship between specific pathogenic bacteria and human carcinogenesis has 

been the subject of extensive investigation. Historically, most of this research has focused on 

individual pathogens, such as Helicobacter pylori, and their potential to initiate and perpetuate 

disease. Previous research focus was on the disease process rather than beneficial gut-microbe 

interactions. More recently, extensive research supports commensal bacteria playing a role in 

protection of host health via nutritive, immune-modulating and metabolic processes [69,70]. In 

addition, the more holistic approach of characterizing entire communities of gut bacteria and 

their interactions is now possible through use of high-throughput DNA sequencing technology. 

Characterization of the gut microbiome as a whole has furthered our understanding of intestinal 

microbial ecology to include community-level functions and changes. In healthy individuals, the 

gut microbiome functions as a symbiont that can offer protection from invading pathogens and 

prevent tumorigenesis [71]. However, this commensal community exists in careful balance that, 

if disrupted, enters dysbiosis and contributes to host disease processes, including cancer [68,72-

74]. While recent findings still support individual microorganisms influencing carcinogenesis, 

greater emphasis is on microbial dysbiosis and its larger role in cancer initiation and progression. 

The focus of this review is on gut microbial community dynamics that shift state from symbiosis 

to dysbiosis and the subsequent host immune and pathogen response, which drastically alters 

initiation and progression of multiple types of cancer. 
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Proposed mechanisms for microbiome involvement in colorectal cancer  

Multiple studies report different gut microbiome composition in individuals diagnosed 

with colorectal cancer (CRC) versus healthy individuals [63-66]. In fact, gut microbiota can play 

a role in either promotion or prevention of CRC, often through modulation of the inflammatory 

process due to close contact with host colonic mucosa [68]. For example, chemically induced 

injury and proliferation induced by azoxymethane (AOM) and dextran sulfate sodium (DSS) was 

enhanced in germ free mice, which lack protective commensals. In addition, tumor development 

in the germ-free mice resulted in significantly more and larger tumors compared to specific 

pathogen free mice [75]. Balance of the gut microbial community, or eubiosis, can be disrupted 

by an inflammatory environment in the host. For example, host inflammation may influence 

microbiota composition through generation of specific metabolites such as nitric oxide synthase 

(NOS2). Nitrate provides a unique energy source for facultative anaerobic bacteria allowing 

them to outcompete bacteria that cannot utilize nitrates [76], disrupting balance of the gut 

microbiome and resulting in dysbiosis. Pro-inflammatory responses can also compromise barrier 

and immune function to allow bacterial translocation through intestinal tight junctions and 

intensify the inflammatory response [77]. 

How inflammation interacts with the gut microbiome to influence CRC has been recently 

synthesized in several hypotheses that summarize our understanding of the interactions to date 

(Figure 2.1). The ‘alpha-bug’ hypothesis suggests that a keystone pathogen species, such as 

Enterotoxigenic B. fragilis (ETBF), remodels the colonic microbiota to promote CRC, possibly 

via IL-17 and TH17 cell-mediated inflammation. This process could also be initiated by 

microbial-independent host-mediated inflammation and may be blocked by beneficial 

commensal microbiota [78]. Similarly, the bacterial driver-passenger model suggests that ‘driver’ 
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bacteria, such as ETBF, cause or aggravate inflammation and produce genotoxins that lead to 

cell proliferation and mutations. Subsequently, an adenoma forms and is colonized by ‘passenger’ 

bacteria such as Fusobacterium spp. that encourage tumor progression [79]. Following tumor 

formation, the intestinal barrier is damaged by the continual inflammation and allows bacteria 

access to tumor tissue.  These bacteria and their metabolites stimulate additional inflammatory 

signals, including IL-17 cytokines, promoting cancer progression [80]. Inflammatory signals 

may also stimulate macrophages, via induction to an M1 phenotype, to produce chromosome-

breaking factors through a bystander effect, damaging DNA and inducing chromosomal 

instability in neighboring cells [71]. Likely CRC initiation and progression is engendered by 

aspects of each of these models. 

 Once bacteria translocate beyond a damaged intestinal epithelium, the host immune 

system responds with activation of multiple pattern recognition receptors (PRRs) PRRs 

important to the CRC process include membrane-bound Toll-like receptors (TLRs) and 

cytoplasmic NOD-like receptors (NLRs) [73]. Specifically, TLR2 and TLR4 have been shown to 

be important to tumor formation in murine models and recent associations between human 

genetic polymorphisms in TLR2 and TLR4 and CRC risk support a role in humans [81]. 

Furthermore, activation of nuclear factor (NF)-κB plays a role in CRC tumor initiation by 

enhancing both cytokines [72,82] and Wnt-signaling, which can convert intestinal epithelial 

nonstem cells into tumor-initiating cells [83]. The role of NF-κB in CRC is complex and 

involves additional signaling pathways which have recently been extensively reviewed [84]. 

Alternatively, in colitis-associated CRC, TLR signaling in tumor-associated fibroblasts initiates 

an inflammatory cascade independent of NF-κB via epiregulin (EREG). EREG stimulates the 

extracellular signal-regulated kinase (ERK) pathway, which encourages tumor proliferation [85]. 
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Two NLRs are associated with CRC risk: NOD2, which is activated by the bacterial 

peptidoglycan, muramyl dipeptide; and NOD-, LRR-, and pyrin domain-containing 6 (NLRP6). 

With NOD2 deficiency, dysbiosis alone was sufficient for CRC development in mice [86]. 

However, recent research by Shanahan et al. reveals that NOD2-associated dysbiosis can be 

overcome by co-housing NOD2 mutants with wild type mice [87]. Future research is necessary 

to clarify the role of NOD2 and NLRP6 in gut microbial regulation. However, the role of 

bacterial translocation across intestinal epithelia in activation of TLR and NLR and in promoting 

inflammation is strongly supported [68,73,88,89].  

Also ‘driving’ the cancer initiative process are pathogens that have been shown to 

promote tumorigenesis via genotoxic effects including: Escherichia coli, Enterococcus faecalis, 

and Bacteroides fragilis. Pathogenic strains of E. coli generally belong to groups B2 and D and 

produce genotoxic virulence factors, called cyclomodulins. Cyclomodulins can modulate cellular 

differentiation, apoptosis and proliferation [90] and include colibactin, cytotoxic necrotizing 

factor (CNF) and cytolethal distending toxin (CDT). Group B2 E. coli that produce 

cyclomodulins are highly prevalent in colonic mucosa of CRC patients [91]. E. faecalis 

indirectly increases genotoxin production in the form of DNA damaging reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) by inducing an M1 phenotype in host macrophages 

[71]. ETBF releases fragilysin (also known as BST), a toxic virulence factor that induces DNA 

damage in vivo [92]. All of these organisms have also been shown to play a role in 

carcinogenesis via induction of inflammatory pathways [74]. In addition, Fusobacterium was 

recently associated with an upregulation of NF-κB–driven inflammatory genes and was 

identified as being enriched in colonic tumors [93]. While specific organisms exert these 

genotoxic effects, the effects are made possible and intensified through a prior state of dysbiosis. 
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Microorganisms associated with tumor occurrence and formation in CRC  

A major goal of the Human Microbiome Project has been to define a “core” microbiome 

that could be useful in identifying deviations from a normal, healthy state. While the 

identification of a healthy core intestinal microbiome has remained elusive, numerous 

comparative studies have begun to reveal the relationship of the microbial community to CRC. 

The importance of the microbiome in tumor initiation and development has been elegantly 

demonstrated in murine models. Transfer of the microbiota from tumor bearing mice induces 

tumor formation in healthy animals [66] and mice with a genetic predisposition to develop CRC 

are spared when treated with antibiotics [94]. Retrospective human cohort studies encompass a 

range of sample types and populations, addressing questions related to global differences in the 

microbiome of healthy individuals relative to those afflicted with CRC or adenomatous polyps, 

and differences in the intestinal microclimates between healthy tissue and tumor tissue of an 

affected individual. Taken together, these studies are beginning to define a CRC-associated 

microbiome. 

Although no bacteria have consistently been associated with CRC across all studies, the 

Gram-negative oral commensal Fusobacterium nucleatum has been most strongly linked to CRC. 

Several studies examining the colon tumor microenvironment by comparing tumor tissue to 

adjacent healthy tissue reported an overabundance of Fusobacterium associated with tumors 

[63,93,95].  A Chinese study reported a trend for increased Fusobacterium in tumor tissue 

relative to matched controls, but failed to achieve significance, which may be a result of the 

small study size (n=8), but could also indicate that Fusobacterium association with CRC is not 

consistent across different ethnicities [96].  Additional studies have confirmed that 

Fusobacterium spp. are enriched in pre-cancerous adenomas, particularly those displaying high 
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grade dysplasia [93,97]. Kostic et al. also reported higher stool levels of Fusobacterium in 

adenoma and CRC patients compared to healthy controls [93]. They also observed that 

ApcMin/+ mice infected with F. nucleatum had increased tumor multiplicity and selective 

recruitment of tumor-promoting myeloid cells. Activation of β-catenin signaling, which regulates 

inflammatory and oncogenic responses via binding of the FadA adhesin produced by F. 

nucleatum to E-cadherin in host membranes provides further evidence for the role of 

Fusobacterium as a driver of CRC initiation and progression [98].  

 Although it is known that mucosa adherent bacteria differ significantly from those found 

in the intestinal lumen, the identification of a CRC-associated stool microbiota is appealing for 

diagnostic and prognostic purposes. Unfortunately, there appears to be little consensus in the 

existing published literature of specific bacterial associations and even more general measures 

such as bacterial community diversity do not appear to consistently predict CRC. Sobhani et al. 

reported no differences in bacterial community diversity between case and control stool samples, 

but did note enrichment in Bacteroides/Prevotella in CRC stool samples, which was 

corroborated in mucosa samples from tissue biopsies [64]. They also reported depletion of 

Bifidobacterium longan, Clostridium clostridioforme, and Ruminococcus species. Another study 

reported higher levels of Akkermansia muciniphila and Citrobacter farmeri in CRC cases, and 

decreased butyrate-producing species such as Ruminococcus and Roseburia relative to controls 

[65]. Akkermansia is a common commensal in the intestines of humans and its depletion was 

previously associated with Crohn’s disease and IBD [99]; however, it was demonstrated to be 

important in CRC tumor development in a murine model [66]. In the largest study to date 

examining stool microbes, a decrease in the microbial diversity of CRC cases was observed, as 

well as decreased Clostridium species [100]. This study also reported higher Fusobacterium 
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present in stool samples from CRC cases, suggesting possible utility of stool in reflecting 

mucosa levels of this tumor-associated bacterium.  However, the composition of stool microbial 

communities appears to be a poor predictor of CRC presence based on current knowledge, and 

more large cohort studies are needed before effective diagnostic or prognostic tests can be 

developed using bacterial biomarkers in stool samples. 

 

Microbiome Involvement in Gastric and Esophageal Cancers 

Stomach and esophageal linings come in close contact with microbiota and recent 

evidence supports that the microbiome also influences these cancers. The longest-known and 

most extensively characterized association between these cancers and a gut microbe is with H. 

pylori infection. Mongolian gerbils, whose gastric system more closely resembles humans than 

the widely implemented mouse models, showed that 37% of H. pylori infected animals 

developed adenocarcinomas while no tumor development occurred in uninfected controls [101].  

More recent work with this animal model suggests that long-term H. pylori infection disrupts the 

gut microbial community. H. pylori negative gerbils were observed to have decreased abundance 

of Bifidobacterium spp. , C. coccoides group and C. leptum subgroup but a higher abundance of 

Atopobium cluster [102]. In addition, three lactobacillus species, L. reuteri, L. johnsonii, and L. 

murinus inhibit H. pylori growth in vitro, suggesting that some gut microbes may help prevent H. 

pylori infection [103].  

Human studies comparing stomach microbiota in cancer patients and healthy controls 

indicate that microbes other than H. pylori must be present to facilitate mucosal movement 

toward gastric cancer development [104,105]. In fact, many people infected with H. pylori do not 

develop gastric cancer [105].  Aviles-Jimenez et al. noted decreases in Porphyromonas, 



 
 

23 

Meisseria, and Streptococcus sinesis and increased Lactobacillus coleohominis, Pseudomonas 

and Lachnospiraceae among gastric cancer patients [104].  The noted increase in L. coleohominis, 

a species previously thought to be beneficial, is supported by Dicksved et al., who measured an 

increase in terminal restriction fragments (TRFs) corresponding to Lactobacilli in gastric cancer 

patients’ samples [105].  Further investigation of this phenomenon and of H. pylori interactions 

with the gut microbiome is required to better understand its role in the disease process.  

Eradication of H. pylori has been shown to correlate with a decrease in incidence of 

gastric cancer [105].  Shin et al. showed a decrease in the methylation of the LOX tumor 

suppressor gene with eradication of Helicobacter felis, the murine equivalent of H. pylori [106].  

A study by Cai et al. indicates that eradication therapy is most effective in restoring parietal cells 

and reducing dysplasia when H. felis infection duration is less than 6 months. Infections lasting 

longer than this time period, when dysplasia and metaplasia are more severe, resulted in only 

partial reversion of these lesions [107]. Results from human studies of H. pylori eradication for 

prevention of gastric cancers are conflicting and need to be conducted on larger cohorts with 

longer follow-ups in order to assess the effectiveness of this strategy for chemoprevention. 

  Several mechanisms have been proposed by which H. pylori induces development of 

gastric cancer. Helicobacter pylori infection increases cell proliferation, leading to the increased 

turnover of the gastric mucosa which could lead to a higher incidence of mutation and less time 

for DNA repair [101].  Mice lacking secretory phospholipase A2 (sPLA2), such as C57BL/6 the 

showed increased levels of apoptosis after oral infection with H. felis and expansion of aberrant 

gastric mucosa cell lineages; indicating that sPLA2 influences the response of gastric mucosa to 

H. felis infection [108].  Raf-kinase inhibitor protein (RKIP) regulates the cell cycle and 

apoptosis in the gastric mucosa.  In infected mucosa, H. pylori phosphorylates RKIP, removing 
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apoptotic control and inducing proliferation by removing control of the cell cycle [109].  Another 

tumor suppressor gene, LOX, was shown by Shin et al. to be methylated in transgenic mice 

infected by H. felis [106].  The down-regulation of these tumor-suppressing proteins allows 

gastric adenocarcinoma to develop in the presence of H. pylori infection.  

Helicobacter pylori infection has also been implicated in the development of esophageal 

cancer, but its role is unclear [110].  Anderson et al. showed an increase in seropositivity for H. 

pylori in junctional tumors, those involving the esophagus and gastric cardia.  However, in 

tumors that do not involve the gastric cardia, H. pylori is associated with a lowered risk of tumor 

development [111]. More is known about the microbiome of reflux esophagitis and Barrett 

metaplasia, which are precursor states to esophageal cancer. In these conditions, dominance 

shifts from Gram-positive bacteria to mostly Gram-negative, suggesting that dysbiosis plays a 

role in the disease process [112]. It’s likely that other microbes are also involved in tumor 

development in the esophagus.  Cancerous esophageal tissue shows a higher prevalence of 

Treponema denticola, Streptococcus mitis, and Streptococcus anginosus, as compared to normal 

tissue.  These pathogens induce inflammation by cytokines, possibly supporting tumor 

development [113].  

 

Microbiome Involvement in Other Forms of Cancer 

The microbiome has also been implicated in the etiology of pancreatic [114], laryngeal 

[115], and gallbladder [116] carcinoma.  Farrell et al. noted significant shifts in oral microbial 

composition between healthy and pancreatic cancer groups.  Among cancer groups, significant 

decreases were noted in Neisseria elongata and Streptococcus mitis (a pathogen also implicated 

in esophageal cancer [113]).  These significant changes in oral microbiota with the development 
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of pancreatic cancer indicate potential for oral N. elongate and S. mitis to serve as biomarkers for 

pancreatic cancer occurrence [114].  

In gallbladder cancer, Salmonella infection is shown to be of particular importance [116] .  

The gallbladder is a known reservoir of Salmonella, leading to increases in secondary bile acid 

concentrations, which linked to tumor promotion [117].  Sharma et al. showed an association 

between the typhoid carrier state and gallbladder cancer.  In addition, bile culture-positivity is 

associated with increase in gallbladder carcinogenesis, especially positivity for the Vi antigen (a 

capsular antigen associated with Salmonella) [116].  These associations indicate the relevance of 

the microbiome in the etiology of multiple cancer types.  

Viruses are also a component of the gut microbiome and can influence cancer risk. For 

example, DNA from Human Papillomavirus (HPV) is detected in almost all cervical cancers 

[118].  Extensive study indicates that viral antigens E6 and E7 contribute to the malignancy of 

HPV-induced cervical cancer [119].  However, estrogen is required for the development of 

cervical cancer from HPV infection.  In mice and rats, 83% of HPV infected animals develop 

cervical cancer after estrogen treatment [120].  Estrogen treatment leads to increased 

transcription of viral antigens E6 and E7, contributing to cervical carcinogenesis [119].  In 

addition, the presence of estrogen receptor α (ERα) is necessary in the development of cervical 

cancer from HPV infection [121,122], as ERα knockout mice do not develop cervical cancer 

when infected with HPV [121].  As intestinal microbes affect circulating estrogen levels [123], 

these commensal organisms may be involved in the development of cervical cancer from HPV 

infection;  however, further study is needed to support this link. 

HPV, in conjunction with H. pylori, has also been implicated in laryngeal cancer 

[115,124].  Gong et al. associated a total of 15 additional genera with laryngeal carcinoma tissue, 
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with noted increases in Fusobacterium, Prevotella, and Gemella.  Fusobacterium and Prevotella 

in particular are thought to be associated with the development of biofilms that stimulate an 

inflammatory response [115], leading to laryngeal cancer development [125]. While HPV and H. 

pylori are both involved in laryngeal cancer development, not much is currently known about 

how viral and bacterial members of the microbiome interact, an intriguing topic for future 

research. 

 

Role of microbial metabolites in cancer development and progression 

Changes in bacterial metabolism can modulate cancer risk and often accompany 

dysbiosis of the gut microbiome. Specific bacterial metabolites associated with increased CRC 

risk include: prostaglandin E2 [126] and multiple secondary bile acids (SBAs) [65]. Conversely, 

decreased CRC risk is associated with indole [127], anti-oxidants [126] and the anti-proliferative 

metabolites butyrate [65] and ursodeoxycholic acid [65]. Indole, a bacterial quorum-sensing 

molecule produced by catabolism of tryptophan, enhances barrier function of colonic epithelial 

cells in vitro. In vivo experiments suggest indole is a byproduct of gut microbial metabolism as 

indole is significantly lower in germ free mice compared to specific pathogen free mice. In vivo 

experiments also suggest that indole enhances function of both tight-junctions and adherens 

junctions in both germ-free and specific pathogen free mice [127]. Butyrate has known anti-

tumorigenic and anti-proliferative effects due to its regulation of genes that inhibit cell 

proliferation and induce apoptosis via histone deacetylase (HDAC) inhibition [128]. 

Ursodeoxycholic acid (UDCA), a microbial metabolite of a primary bile acid, has been shown to 

prevent colorectal tumor development in animal and preclinical models [129]. UDCA has been 

administered in clinical trials as a chemopreventive agent and a systemic review of UDCA’s 



 
 

27 

effect on the incidence or recurrence of CRC is currently underway [130]. However, some 

evidence also exists to suggest that UDCA may be pro-carcinogenic at higher doses [131].  

Secondary bile acids (SBAs) such as deoxycholic (DCA) and lithocholic acid (LCA) are 

produced as products of microbial metabolism of primary bile acids produced by the host. The 

promotion of CRC by DCA and LCA and other SBAs has recently been extensively reviewed 

[132]. Recent evidence points to bacteria in Clostridium cluster IX as a possible source of 

increased DCA and cancer risk in obese mice [133]. DCA in particular was found to increase 

rapidly, with 24 hours, on an animal based diet and was linked to overgrowth of inflammation 

causing microorganisms associated with inflammatory bowel disease [59]. However, DCA also 

acts as a ligand of the FXR receptor [134], which has been shown to reduce liver and intestinal 

tumor growth and metastasis [135]. Similarly, LCA may prevent DNA damage, and therefore 

tumorigenesis, through stimulation of xenobiotic metabolism and excretion [136]. While LCA 

and DCA are predominantly characterized as promoting CRC, future research in this area may 

reveal a more complex role for these metabolites in the CRC process. 

 Extensive study indicates a role of intestinal microbes in the metabolism of dietary 

estrogens.  In patients treated with ampicillin, fecal excretion of estrogen metabolites increases, 

indicating that re-absorption into the bloodstream is reduced with diminished intestinal 

microflora [137].  Adding further support to the involvement of intestinal microflora in estrogen 

metabolism, fecal microbes are shown to carry out oxidation and reduction reactions on 

estrogens and can shift intestinal concentrations of estrone and estradiol [123].  Although no 

definite link has been observed between intestinal microflora estrogen metabolism and cancer 

development, it is reasonable to anticipate the existence of such a mechanism.  
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 Definitive linkage between estrogen levels and breast cancer development has been 

shown [138].  In rat models, implanted estrogen leads to cyst formation in mammary tissue [139].  

In addition, the presence of anti-estrogen antibodies- decreasing estrogen concentrations- delays 

the onset and growth of mammary tumors in rats and mice [140].  Specifically, 16α 

hydroxylation of estrogen, a reaction shown to be carried out by the intestinal microflora [123] is 

associated with an increase in risk for the development of breast cancer [141].  Considering these 

results and the similarity between the etiology of colorectal cancer and breast cancer, Hill et al. 

hypothesized a link between breast cancer development and metabolism of estrogen by intestinal 

microflora [140].  

Recent techniques combine analyses of changing metabolites and microorganisms in an 

effort to understand interactions between gut microbiota, metabolism and the host  

[65,142,143]. Further research in this area will deepen the mechanistic understanding of 

microbial metabolism in the cancer disease process. 

 

Conclusion 

The role of microorganisms in cancer initiation and progression can no longer be simply 

described as a pathogen-disease relationship. Evidence that our microbiome also functions to 

promote health and prevent disease by encouraging apoptosis and limiting proliferation and 

inflammation is growing. A microbiome in a state of balance helps to sustain human health, but 

as this balance is disrupted via inflammatory processes the community changes and becomes 

vulnerable to invasion by pathogenic organisms. If these pathogens successfully establish, then a 

disrupted state of dysbiosis occurs allowing for further inflammation and production of 

genotoxins and other carcinogenic microbial metabolites. In addition, dysbiosis was recently 
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hypothesized to contribute to the evolution of pathogens, which could potentially raise cancer 

risk [144]. 

However, as we begin to better understand the gradient of eubiosis to dysbiosis (Fig 1), 

we can develop methods to manipulate the gut microbiome to promote health. As an example, 

we already know that diet plays a large role in bacterial species of the microbiome, their 

metabolites and cancer risk. A recent study looked at rural Africans who exhibit significantly 

lower risk of CRC compared to African Americans. Rural Africans were shown to have 

increased Prevotella spp. and butyrate as compared to African Americans who had higher 

Bacteroides spp. and SBAs [142]. These differences may be a consequence of Rural Africans 

having higher resistant starch intake and African Americans having higher meat and fat intakes 

[12]. Dietary choices can affect cancer risk [142,143,145] and changing diet to potentially reduce 

risk is the exciting topic of much current study [146,147]. Diet represents just one example of 

how to apply our growing knowledge of gut microbiome dynamics toward health promotion and 

disease prevention. Other potential therapies to modulate the gut microbiome include fecal 

transplants [148], probiotics [149,150], exercise [151] and likely many more that we may have 

failed to mention. Future studies should focus on these therapies and their mechanisms to 

improve applications in a clinical setting. 
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Figures 

 

 

Figure 2.1. The progression of the gut microbial community from a state of balance (eubiosis) to 
imbalance (dysbiosis) is associated with physiologic, metabolic and cellular responses in the host that 
modulate cancer risk.  
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CHAPTER 3: STOOL MICROBIOME AND METABOLOME DIFFERENCES 

BETWEEN COLORECTAL CANCER PATIENTS AND HEALTHY ADULTS
34

 

 

 

 

Summary 

In this study we used stool profiling to identify intestinal bacteria and metabolites that are 

differentially represented in humans with colorectal cancer (CRC) compared to healthy controls 

to identify how microbial functions may influence CRC development. Stool samples were 

collected from healthy adults (n=10) and colorectal cancer patients (n=11) prior to colon 

resection surgery at the University of Colorado Health-Poudre Valley Hospital in Fort Collins, 

CO.  The V4 region of the 16s rRNA gene was pyrosequenced and both short chain fatty acids 

and global stool metabolites were extracted and analyzed utilizing Gas Chromatography-Mass 

Spectrometry (GC-MS). There were no significant differences in the overall microbial 

                                                
3 A modified version of this chapter is published as Weir, T.L., Manter, D.K., Sheflin, A.M., Barnett, B.A., 
Heuberger, A.L. and Ryan, E.P., 2013. Stool microbiome and metabolome differences between colorectal 
cancer patients and healthy adults. PloS one, 8(8), p.e70803. The final publication and supporting material 

is available from PLOS at http://dx.doi.org/10.1371/journal.pone.0070803 
 

4 The aim of this work was to compare stool microbiota and metabolites from individuals diagnosed with 
CRC to healthy individuals. These results give context for interpretation of microbiota and metabolites that 
are altered with dietary intervention with heat-stabilized rice bran and beans.  

This chapter includes the complete published manuscript for this research titled Stool microbiome and 

metabolome differences between colorectal cancer patients and healthy adults (Weir, T.L., Manter, D.K., 
Sheflin, A.M., Barnett, B.A., Heuberger, A.L. and Ryan, E.P., PloS one, 2013). My contributions to this 
publication included the global metabolomics annotation, analysis, and interpretation and visual 
representations of this work are represented in Table 3.7, Figure 3.4 and Figure 3.5.  

Table and figure numbers have been modified to reflect that they are specific to this chapter, e.g. Figure 1 
is now Figure 3.1. In addition, figures were renumbered to incorporate supplemental material into the flow 
of the chapter. This article was published under open access and is reproduced under the creative commons 
license. Only minimal modifications were made to meet formatting requirements. No other modifications 
were made.  

This work is licensed under a Creative Commons Attribution 4.0 International License. This is an 
open-access article distributed under the terms of the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/ 
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community structure associated with the disease state, but several bacterial genera, particularly 

butyrate-producing species, were under-represented in the CRC samples, while a mucin-

degrading species, Akkermansia muciniphila, was about 4-fold higher in CRC (p<0.01). 

Proportionately higher amounts of butyrate were seen in stool of healthy individuals while 

relative concentrations of acetate were higher in stools of CRC patients. GC-MS profiling 

revealed higher concentrations of amino acids in stool samples from CRC patients and higher 

poly and monounsaturated fatty acids and ursodeoxycholic acid, a conjugated bile acid in stool 

samples from healthy adults (p<0.01). Correlative analysis between the combined datasets 

revealed some potential relationships between stool metabolites and certain bacterial species. 

These associations could provide insight into microbial functions occurring in a cancer 

environment and will help direct future mechanistic studies. Using integrated “omics” 

approaches may prove a useful tool in identifying functional groups of gastrointestinal bacteria 

and their associated metabolites as novel therapeutic and chemopreventive targets. 

 

Introduction 

A healthy gastrointestinal system relies on a balanced commensal biota to regulate 

processes such as dietary energy harvest [152], metabolism of microbial and host derived 

chemicals [153], and immune modulation [154]. Accumulating evidence suggests that the 

presence of microbial pathogens or an imbalance in the native bacterial community contributes 

to the development of certain gastrointestinal cancers. A causal relationship between gastric 

cancer and Helicobacter pylori has been established [155], leading to the hypothesis that other 

host-associated organisms are involved in cancer etiology. 
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 An association between colorectal cancer (CRC) and commensal bacteria has been 

suspected for decades. For example, Streptococcus infantarius (formerly S. bovis) became 

diagnostically important after it was recognized that bacteremia due to this organism was often 

associated with colorectal neoplastic disease [156,157] . However, early studies associating 

genera of bacteria with colon cancer risk were limited to culture-based methods that did not 

reflect the complexity of the gastrointestinal microbiota [158-160]. Development of high-

throughput sequencing has facilitated detailed surveys of the gut microbiota, and a more 

thorough and complex colorectal cancer (CRC)-associated microbiome is emerging. Sobhani et 

al. [64] found that the Bacteroides/Prevotella group was over-represented in both stool and 

mucosa samples from individuals with colon cancer compared to their cancer-free counterparts. 

They also found that Bifidobacterium longum, Clostridium clostridioforme, and Ruminococcus 

bromii were underrepresented in samples from these individuals and concluded that a lack of 

correlation between tumor stage/size with the over-represented populations suggested a 

contributory role of the bacteria in tumor development. Two additional studies, published 

concurrently, examined the microbiota present in the tumor mucosa and adjacent healthy tissue 

of individuals with colon cancer and both studies revealed an overrepresentation of 

Fusobacterium spp [161,162], while others have revealed an abundance of Coriobacteria and 

other probiotic species [163,164].  

The question remains whether over-representation of particular microbial species in stool 

and mucosal samples is indicative of a contributory role in the development of CRC or a 

consequence of the tumor environment. Although a causal role of intestinal biota in CRC 

development has not been demonstrated, there is evidence to suggest that induction of pro-

inflammatory responses by commensals contribute to tumor initiation and development [64,164].  
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Production of genotoxins and DNA damaging superoxide radicals are also mechanisms by which 

commensals can contribute to CRC development [165]. Alternatively, it has been hypothesized 

that certain probiotic bacteria act as tumor foragers, taking advantage of an ecological niche 

created by the physiological and metabolic changes in the tumor microenvironment [164].  

To clarify the role of intestinal biota in the development of CRC, it will be necessary to 

move beyond taxonomic over-representation and examine changes in the CRC associated 

microbiome in a more functional context. One important functional parameter is how commensal 

organisms contribute to the flux of metabolites and the breakdown of dietary components. Thus, 

metabonomics, the study of global changes in metabolites in response to biological stimuli [166], 

is being applied to identify and characterize the functional microbiome that drives  metabolic 

changes associated with different diets, genotypes, and disease states [167-169]. Stool metabolite 

profiles have been validated as a means of assessing gut microbial activity [170] and the current 

study contributes to the growing list of gut microbes in the CRC microbiome, but also utilizes a 

metabonomics approach to identify potential microbiome-metabolome interactions.  

 

Materials and Methods 

Ethics statement.  

All individuals provided written informed consent prior to participating in the study. All 

study protocols were approved by Colorado State University (Protocol numbers 10-1670H and 9-

1520H) and Poudre Valley Hospital-University of Colorado Health System’s Institutional 

Review Boards (Protocol numbers 10-1038 and 10-1006). 
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Sample collection and DNA extraction.  

Stool samples were collected from healthy individuals (n=11) and recently diagnosed 

colon cancer patients (n=10) prior to surgery for colonic resection (Table 3.1-note: not all 

samples were subjected to all analyses. See Table 3.1 footnote). Exclusion criteria for all 

participants included use of antibiotics within two months of study participation, and regular use 

of NSAIDS, statins, or probiotics. Individuals that reported chronic bowel disorders or food 

allergies/dietary restrictions were also excluded from the study. Additional exclusion for CRC 

patients included chemotherapy or radiation treatments prior to surgery. Stool samples were 

provided for analyses prior to administration of any pre-operative antibiotics or bowel 

preparation. Samples were transported to the laboratory within 24 hours after collection by study 

participants. Stool samples were homogenized, and three subsamples were collected with sterile 

cotton swabs. DNA was extracted from all samples using MoBio Powersoil DNA extraction kits 

(MoBio, Carlsbad, CA) according to the manufacturer’s instructions and stored at -20⁰C prior to 

amplification steps.  

 

Pyrosequencing analysis.   

Amplification of the V4 region of the bacterial 16S rRNA gene was performed in 

triplicate using primers 515F and 806R labeled with 12-bp error correcting Golay barcodes [171].  

Twenty reactions containing 5 Prime Hot Master Mix (5 Prime, Inc., Gaithersburg, MD) were 

amplified at 94⁰C for 5 minutes followed by 35 cycles of 94⁰C for 1 min, 63⁰C for 1 min, and 

72⁰C for 1 min followed by a final extension at 72⁰C for 10 minutes. Replicate PCR reactions 

from each sample were combined and gel purified using the GenElute Gel Extraction kit (Sigma-
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Aldrich, St. Louis, MO), followed by an additional purification with AMpure beads (Beckman 

Coulter, Indianapolis, IN) and quantified with the PicoGreen DNA Assay (Invitrogen, Carlsbad, 

CA, USA) prior to library pooling. Pyrosequencing was performed under contract by the 

University of South Carolina’s Engencore Sequencing Facility using a 454 Life Sciences GS 

FLX System with standard chemistry. 

All sequence read editing and processing was performed with Mothur Ver. 1.25 [172] 

using the default settings unless otherwise noted.  Briefly, sequence reads were (i) trimmed 

(bdiff=0, pdiff=0, qaverage=25, minlength=100, maxambig=0, maxhomop=10); (ii) aligned to 

the bacterial-subset SILVA alignment available at the Mothur website (http://www.mothur.org); 

(iii) filtered to remove vertical gaps; (iv) screened for potential chimeras using the uchime 

method; (v) classified using the Green Genes database (http://www.mothur.org) and the naïve 

Baysian classifier [173] embedded in Mothur. All sequences identified as chloroplast were 

removed; (vi) sequences were screened (optimize=minlength-end, criteria=95) and filtered 

(vertical=T, trump=.) so that all sequences covered the same genetic space; and (vii) all 

sequences were pre-clustered (diff =2) to remove potential pyrosequencing noise and clustered 

(calc=onegap, coutends=F, method=nearest) into OTUs [174].  To remove the effect of sample 

size on community composition metrics, sub-samples of 1250 reads were randomly selected 

from each stool sample.  After clustering sequence reads into OTUs (i.e., nearest-neighbors at 

3% genetic distance) or phylotypes (i.e., sequences matching a common genus in the Green 

Genes Database), the replicate sub-samples were averaged to yield a single community profile 

for each sample.  Sample size independent values for alpha diversity community descriptors such 

as observed species richness (Sobs), Chao1 estimates of total species richness (SChao), Shannon’s 

diversity (H’) and evenness (EH),  and Simpson’s diversity (1-D) and evenness (ED) were 
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determined by fitting a 3-parameter exponential curve [y = y0 + a(1-e-bx)] to rarified parameters 

over a range of 100 to 1250 sequence reads, where the asymptotic maxima is equal to the sum of 

y0 and a. Effective number of species were calculated as SH=exp (H’) for the Shannon’s index 

and SD=1/D for Simpson’s. All sequence data is publicly available through the Sequence Read 

Archive (SRA) under study accession number ERP002217, which is available at the following 

link: http://www.ebi.ac.uk/ena/data/view/ERP002217.  

 

Nontargeted Metabolite Profiling and Data Processing Methods.  

One hundred milligrams of lyophilized stool sample were extracted two times with 1 ml 

of 3:2:2 isopropanol:acetonitrile:water spun at 14,000 rpm for 5 minutes and the supernatants 

were combined. The extract was dried using a speedvac, resuspended in 50 µL of pyridine 

containing 15 mg/mL of methoxyamine hydrochloride, incubated at 60ºC for 45 min, sonicated 

for 10 min, and incubated for an additional 45 min at 60ºC. Next, 50 µL of N-methyl-N-

trimethylsilyltrifluoroacetamide with 1% trimethylchlorosilane (MSTFA + 1% TMCS, Thermo 

Scientific) was added and samples were incubated at 60 ºC for 30 min, centrifuged at 3000xg for 

5 min, cooled to room temperature, and 80 µL of the supernatant was transferred to a 150 µL 

glass insert in a GC-MS autosampler vial. Metabolites were detected using a Trace GC Ultra 

coupled to a Thermo DSQ II (Thermo Scientific). Samples were injected in a 1:10 split ratio 

twice in discrete randomized blocks. Separation occurred using a 30 m TG-5MS column 

(Thermo Scientific, 0.25 mm i.d., 0.25 µm film thickness) with a 1.2 mL/min helium gas flow 

rate, and the program consisted of 80 ºC for 30 sec, a ramp of 15 ºC per min to 330 ºC, and an 8 

min hold. Masses between 50-650 m/z were scanned at 5 scans/sec after electron impact 

ionization. For each sample, a matrix of molecular features as defined by retention time and mass 



 
 

38 

(m/z) was generated using XCMS software [175]. Features were normalized to total ion current, 

and the relative quantity of each molecular feature was determined by the mean area of the 

chromatographic peak among replicate injections (n=2). Molecular features were formed into 

peak groups using AMDIS software [176], and spectra were screened in the National Institute for 

Technology Standards (www.nist.gov) and Golm (http://gmd.mpimp-golm.mpg.de/) metabolite 

databases for identifications.  

 

SCFA determination.  

Stool samples were extracted for short chain fatty acids by mixing 1g of frozen feces with 

acidified water (pH 2.5) and sonicated for 10 min. Samples were centrifuged and filtered through 

0.45uM nylon filters and stored at -80ºC prior to analysis. The samples were analyzed using a 

Trace GC Ultra coupled to a Thermo DSQ II scanning from m/z 50–300 at a rate of 5 

scans/second in electron impact mode.  Samples were injected at a 10:1 split ratio, and the inlet 

was held at 22°C and transfer line was held at 230°C. Separation was achieved on a 30m TG-

WAX-A column (Thermo Scientific, 0.25 mm ID, 0.25 µm film thickness) using a temperature 

program of 100°C for 1 min, ramped at 8°C per minute to 180°C, held at 180°C for one minute, 

ramped to 200°C at 20°C/minute, and held at 200°C for 5 minutes.  Helium carrier flow was held 

at 1.2 mL per minute.  Peak areas were integrated by Thermo Quan software using selected ions 

for each of the short chain fatty acids, and areas were normalized to total signal. 

 

Statistical Analysis.  

Differences in bacterial phylotypes and global metabolites between samples from healthy 

individuals and colon cancer patients were determined using AMOVA and student’s t-tests with 
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a significance cutoff of <0.01. Phylotypes and metabolites that were significantly different 

between groups were further refined by removing markers that had fewer than 25 total reads 

(bacteria) or borderline background signals (metabolites) or that were present in fewer than 3 

individual samples. Short chain fatty acid concentrations were determined in two separate 

chromatographic runs, so a weighted mean was calculated for each quantified compound and 

statistical differences between stool samples from healthy individuals and colon cancer patients 

were determined using a mixed model ANOVA with experiment representing a random effect 

and disease status as a fixed effect (XLSTAT 2011.1, Addinsoft Corp, Paris, France). 

Correlations between metabolites and bacteria were determined using Pearson’s r with a 

moderate correlation denoted by an r > 0.50 and a strong correlation denoted by an r > 0.70. 

 

Results and Discussion 

Alpha and beta diversity in stool biota. 

 Typical community descriptors of alpha diversity for molecular microbial data include 

actual and estimated OTU richness, and indices of population diversity and evenness. In systems 

where pathogens are introduced (e.g. Helicobacter pylori), there are marked decreases in 

estimates of diversity and evenness [177] suggesting that these indices may be useful predictors 

of infection. We examined these parameters in stool samples from healthy individuals and those 

with CRC to see if they could be used as predictors of disease state. We observed no significant 

differences at the 3% genetic distance in the average diversity or evenness of stool microbial 

communities from healthy individuals compared to those with CRC (Table 3.2). The average 

coverage obtained from 1250 reads per sample was 84% and 86% in healthy and colon cancer 

samples respectively.  The average effective diversity of each group suggested a trend toward 
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higher bacterial diversity in stool samples of healthy individuals (SH = 63, SD= 20) compared to 

those from CRC patients (SH = 46, SD= 15); however, the inter-individual variation was too great 

to achieve statistical significance. Based on these data, we suggest that alpha diversity 

descriptors of stool microbiota are not indicative of disease state in CRC; although a limitation of 

this study is that only stool samples and not tissue mucosa were analyzed. However, despite 

inherent differences in stool and mucosal microbial communities our  findings are consistent 

with other published reports of total bacterial diversity and evenness estimates between CRC and 

healthy stool and tissue/mucosasamples [64].  

This inter-individual variation was also apparent in estimates of beta diversity, where a 

low degree of similarity in overall microbial community composition between individuals was 

observed as determined using the unweighted Jaccard distance (Jclass) to compare community 

membership (Figure 3.1A) and Yue and Clayton’s [178] index (QYC) to compare community 

structures (Figure 3.1B). Because of this variation, no patterns in the overall community 

composition were noted between stool samples from CRC patients and healthy individuals.  

 

Taxonomic differences between CRC and healthy stool samples.  

The disease status of study participants did not drive overall community structure of the 

stool microbiota, and the composition and relative abundance of the major phyla were similar, 

although there was a non-significant trend towards higher Verrucomicrobia in samples from 

colon cancer patients (Figure 3.2).  There were also higher levels of Synergetes in the cancer 

group, but this was driven by a single individual with an extremely high proportion of this phyla 

and was not representative of the entire sequenced cancer population. However, at the 

genus/species level there were a number of OTU’s that were significantly under-represented in 
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the stool of colon cancer patients compared to healthy individuals (Table 3.3). These include 

several Gram-negative Bacteroides and Prevotella spp. that have previously been isolated from 

human stool, but are not well characterized with regards to their role in intestinal function or 

general health. Two of the Prevotella species identified were not only under-represented, but 

were completely absent from the colon cancer samples analyzed. Prevotella was a dominant 

genera reported in stool from children in a rural community in Burkina Faso but absent from a 

cohort of Italian children, and the study authors hypothesized that Prevotella helped maximize 

energy harvest from a plant-based diet [179]. Therefore, it is possible that the higher levels of 

Prevotella in the healthy cohort may reflect differences in the intake of fiber and other plant 

compounds compared to the individuals with colon cancer.  At the genus level, Shen et al [180] 

found the Bacteroides spp. to be enriched in colonic tissue from healthy individuals when 

compared to adenoma tissue. Lachnospiracae and members of the genera Dorea and 

Ruminococcus were also previosly reported as dominant phylotypes driving differences between 

healthy and cancerous tissue samples [163]. The other OTUs that we identified such as the 

Dialister spp. and Megamonas spp. have not previously been reported in association with colon 

cancer; however, decreased populations of Dialister invisus have been reported in Crohn’s 

disease [181]. 

There were fewer identifiable bacteria that were over-represented in the colon cancer 

population (Table 3.4). Most notably, we observed that the mucin-degrading bacteria, 

Akkermansia muciniphila, which represented a relatively large percentage of the total sequences, 

was present in a significantly greater proportion in the feces of colon cancer patients. This 

bacterium is a common member of the colonic microbiota and was recently shown to be reduced 

in irritable bowel syndrome and Crohn’s Disease [182]; however a more recent report showed 
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increased A. muciniphila in ulcerative colitis-associated pouchitis [183]. Two types of mucins, 

MUC1and MUC5AC, are reportedely overexpressed in colon cancers [184], suggesting that our 

observed CRC-related increases in A. muciniphila populations may be due to increased substrate 

availability. Citrobacter farmeri, which can utilize citrate as a sole carbon source was also higher 

in samples from colon cancer patients, but represented a much smaller proportion of the total 

bacterial sequences. Citrobacter farmeri is among a group of gut bacteria that includes multiple 

pathogenic species like Salmonella and Shigella,  and which has arylamine N-acetyltransferase 

activity that may be involved in activation of carcinogens and xenobiotic metabolism [185].  

Age and BMI represent other factors that play a role in shaping the intestinal microbial 

communities. Several reports have demonstrated a correlation between the ratio of Bacteroidetes 

to Firmicutes and obesity [1]. We conducted linear regressions between the relative abundance of 

each of the taxa that significantly differed between CRC and healthy stools (see Tables 3.3 and 

3.4) and BMI and saw no significant correlations (Table 3.5). In addition, aging has been 

associated with a decrease in protective commensal anaerobes, such as Feacalibacterium 

prausnitzii, and an increase in E. coli [186]. We did find a negative correlation between the age 

of participants and Dorea formicagens (R2=0.354; p=0.041) and Ruminococcus obeum 

(R2=0.434; p=0.020), both members of the Clostridium XIVa group, suggesting that differences 

between cohorts with regard to these two species may be a result of differences in the mean age 

of participants in each group rather than CRC disease status. To our knowledge, a decline in the 

population of Clostridium XIVa group members has not been previously associated with aging, 

but has been associated with dysbiosis related to intestinal inflammatory conditions such as 

Crohn’s disease [187]. None of the other bacterial taxa identified were correlated with age (Table 

3.6). Therefore, we conclude that the majority of taxa that significantly differed in stool samples 
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between healthy and CRC cohorts was a result of disease status and not of differences in age or 

BMI.  

 

Short Chain Fatty Acid Analysis.  

Short chain fatty acids (SCFA), particularly butyrate, are widely studied microbial 

metabolites reported to have anti-tumorigenic effects [188]. SCFA’s are readily absorbed and 

utilized in host tissues so detection in stool is typically considered an indication of production in 

excess of that which can be utilized by the host [179]. We and others [64,163] have observed that 

species of butyrate producing bacteria, such as Ruminococcus spp. and Pseudobutyrivibrio 

ruminis, were lower in stool samples from CRC patients compared to healthy controls. Therefore, 

we quantified several short chain fatty acids from frozen stool samples. The three major SCFAs 

produced as microbial metabolites, acetate, propionate, and butyrate, were all detected as were 

valeric, isobutyric, isovaleric, caproic, and heptanoic acids. Among these, acetic and valeric 

acids were significantly higher in stool samples from CRC patients (p<0.0001 and p=0.024 

respectively) while butyric acid was significantly higher in the feces of healthy individuals 

(p<0.0001; Figure 3.3). No differences in propionic acid were detected between the two groups. 

Butyrate is regarded as one of the most important nutrients for normal colonocytes, and alone or 

in combination with propionate it has been shown to reduce proliferation and induce apotosis in 

human colon carcinomas [189]. Although acetate is an important SCFA for maintaining colonic 

health and as a precurser molecule for endogenous cholesterol production, elevated levels of this 

metabolite have previously been associated with CRC in humans [190]. Acetate can be used to 

produce butyrate and proportional differences in these metabolites between CRC and healthy 

samples may reflect a depletion of colonic microbes that can carry out this reaction in CRC 
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samples or it may be a result of degradation of butyrate to acetate under low colonic pH 

associated with CRC. We also observed significantly higher relative concentrations of isobutyric 

(p<0.0001) and isovaleric acid (p=0.002) in samples from individuals with CRC (Figure 3.3). 

These two SCFA’s result from bacterial metabolism of branched chain amino acids valine and 

leucine, which were also higher in CRC stool samples (Table 3.7), and may account for the 

significant increases observed in these two SCFAs in the CRC population. 

 

Global stool metabolites.  

Stool samples allow for evaluation of bacteria residing in the intestinal lumen, and 

therefore, stool small molecules are considered to result from  co-metabolism or metabolic 

exchange between microbes and host cells [163]. Global metabolite profiling performed herein 

on lyophilized stool samples provided insights into the relationship between microbial 

populations and metabolites, and lend to the identification of novel CRC metabolic biomarkers. 

The supervised multivariate analysis technique, Orthogonal Projection to Latent Structures-

Discriminant Analysis (OPLS-DA), which facilitates interpretation by separately modeling 

predictive and orthogonal (non-predictive) variables, was used to determine if non-targeted GC-

MS profiles were predictive of disease state of the donor. The OPLS-DA demonstrated 

satisfactory modeling and predictive capabilities for this dataset (R2Y=0.986; QY2=0.927), 

revealing a distinct separation between stool metabolic features of the two groups (Figure 3.4), 

suggesting that presence or absence of CRC is an important factor driving the variability in stool 

metabolites. 

Compared to healthy controls, stool metabolome analysis revealed 11 amino acids that 

showed a 41-80% increase in stool samples of individuals with CRC (Table 3.7). Reasons that 
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could account for this CRC-associated increase in amino acid concentrations may include, but 

not be limited to differences in protein consumption patterns, inflammation-induced reduction in 

nutrient absorption, and increased autophagy associated with  tumor cells resulting in 

accumulation of free amino acid pools [191]. Microbial degradation of dietary proteins in the 

distal colon is a putreficative process that results in the production of toxic amines, and may 

account for the increased free amino acids we observed in CRC stool samples.  An increased 

concentration of all amino acids except glutamine was previously reported in stomach and colon 

tumor tissues compared to healthy tissue [192]. The authors hypothesized that tumor cells may 

exhibit increased glutaminase activity resulting in glutamine conversion to glutamate. Consistent 

with these findings, we also saw a large increase, approximately 76%, in glutamate without a 

corresponding increase in glutamine in stool samples from colon cancer patients. Another recent 

study using NMR to identify and detect metabolites from stool water extracts from healthy and 

CRC samples showed that the CRC samples had approximately 1.5-fold higher levels of cysteine, 

proline, and leucine [193]. The increased concentrations of proline, serine, and threonine that 

were observed in CRC samples could also be the result from degradation of intestinal mucins, 

which are primarily comprised of glycoproteins rich in these amino acids [194]. This is 

consistent with the enrichment of Akkermansia muciniphila, a mucin-degrading bacteria, 

observed in CRC stool samples; although we saw no strong correlations between the relative 

proportion of these bacteria and specific amino acid concentrations.  

There were higher levels of glycerol as well as several unsaturated fatty acids detected in 

the stool samples of healthy individuals. Human cancer cells have a known transport system for 

the uptake of glycerol, suggesting stool glycerol may be lower in CRC because it is being taken 

up by the tumor cells. Alternatively, bacterial lipases present in healthy individuals may facilitate 
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the metabolism of dietary and endogenously produced triacylglycerols, resulting in the final 

degradation products of glycerol and free fatty acids. In addition to glycerol, fatty acids most 

closely matching metabolomic signatures for  linoleic acid, and stereoisomers of oleic acid were 

also higher in controls (Table 3.7). Finally, ursodeoxycholic acid (UDCA), a secondary bile acid 

produced by intestinal bacteria was approximately 63% higher in healthy individuals compared 

to CRC. While several bile acids such as lithicolic acid and deoxycholic acid have been 

associated with tumorigenesis, UDCA has shown chemopreventive effects in preclinical and 

animal models of CRC [195].  

Correlation analysis of the microbiome and metabolome data revealed strong associations 

between some members of the stool microbiota and candidate metabolites. Bacteroides finegoldii, 

two Dialister spp., and P. ruminis were strongly correlated, and Bacteroides intestinalis and 

Ruminococcus obeum were moderately correlated with increased stool free fatty acids and 

glycerol (Figure 3.5). These same bacteria were inversely associated with a cholesterol derivative 

and one or more of the amino acids that were overrepresented in stool samples from CRC 

patients. The two Ruminococcus spp. also showed a strong positive correlation with the presence 

of UDCA, in concurrence with previous reports that Ruminoccoccus species exhibit 7a- and 7b-

hydroxysteroid dehydrogenase activities to produce this metabolite [196]. Two of the bacterial 

genera overrepresented in CRC, Phascolarctobacterium and Acidiminobacter showed a strong 

positive association with the amino acids phenylalanine and glutamate, and were moderately 

correlated with increased serine and threonine (Figure 3.5). Glutamate can be utilized by these 

bacteria as a substrate, but their association with serine and threonine could also be indicative of 

involvement in mucin degradation or putrificative processes in the colon and warrant further 

study.  
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Extensive attempts to characterize CRC microbiota have led to new hypotheses as to how 

the gut microbiota influences CRC development. One hypothesis suggests that there are “driver 

bacteria” with pro-carcinogenic features that contribute to tumor development and “passenger 

bacteria” that may outcompete drivers to flourish in the tumor environment as the cancer 

progresses [197]. Available metabolites, those produced by bacteria and those that they utillize 

as substrates will largely drive these host-microbiome interactions. Integrating metabolome and 

microbiome datasets is a novel approach towards finding new directions to functionally 

characterize the microbiota in terms of their metabolic activity relative to cancer will greatly 

assist in our understanding of this complex host-microbe interaction. 
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Figures

 

Figure 3.1. Using the 3% genetic distance, we observed no clustering of samples according to total stool 
microbial communities based on disease status of the sample donor using either the unweighted measure 
Jaccard similarity (A) or the weighted ThetaYC distance (B).  
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Figure 3.2. Phyla-level microbial classification of bacteria from individual stool samples. H sample 
numbers indicate samples from healthy adults while the C designation signifies samples from colon 
cancer patients. 
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Figure 3.3. The relative proportion of  bacterially-produced short chain fatty acids (SCFA) differed 
significantly between stool of healthy adults and individuals with CRC. Acetic acid, valeric acid, 
isobutyric acid, and isovaleric acid concentrations were proportionately higher while the anti-proliferative 
SCFA, butyric acid was significantly lower.  
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Figure 3.4. OPLS-DA scores plot generated from global GC-MS profiles differentiate stool metabolites 
from CRC patients and healthy adults.  
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Figure 3.5. A heat map showing Pearson’s correlations between groups of metabolites and bacterial 
genera/species that significantly differed between CRC patients and healthy adults. Green boxes indicate 
positive associations and red boxes indicate negative associations.  
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Tables 

Table 3.1. Study participant characteristics. 

Participant ID Health Status Sex Age BMI 

 

Tumor 

Stage 

Size 

(cm) 

Tumor 

Location 

CRC1
s Cancer M 84 43.3 

 
T2 5 Rectum 

CRC2
s,t,g Cancer M 67 39.1 

 
T2 1 Ascending 

CRC3
s,t,g Cancer M 47 36.2 

 
T1 0.01 Sigmoid 

CRC4
s,t,g Cancer M 68 28.8 

 
T2 2.8 Rectum 

CRC5
s,t,g Cancer M 85 26.2 

 
T3 5.5 Ascending 

CRC6
t,g Cancer F 51 34 

 
T1 0.5 Sigmoid 

CRC7
s,t,g Cancer M 74 28.6 

 
T3 4.5 Sigmoid 

CRC8
t,g

 Cancer F 55 21.6 
 

Tis 4.5 Sigmoid 

CRC9
s,t,g Cancer M 30 24.3 

 
T3 1.7 Rectum 

CRC10
s,t,g Cancer M 76 26.2 

 
T3 2.5 Ascending 

H1
s,t Healthy M 39 24.7 

    H2
s,t,g Healthy F 36 22.8 

    H3
t,g

 Healthy F 54 23.8 
    H4

t,g
 Healthy F 57 23 

    H5
s,t,g Healthy F 26 35.7 

    H6
s,t,g Healthy F 24 24.9 

    H7
t,g

 Healthy F 34 25.2 
    H8

s,t,g Healthy M 67 30.1 
    H9

s,t,g Healthy M 34 21.9 
    H10

s,t,g Healthy F 25 20 
    H11

t,g
 Healthy F 52 26.4 

    Sample included in s454 pyrosequencing analysis; t targeted analysis of bacterial SCFA’s, and gglobal metabolite 
profiling by GC-MS. Tis: Carcinoma in situ: intraepithelial or invasion of lamina propria; T1: Tumor invades 
submucosa; T2: Tumor invades muscularis propria; T3:Tumor invades through muscularis propria into the subserosa 
or into nonperitonealized pericolic or perirectal tissue.  
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Table 3.2. Bacterial species that were significantly more abundant in the stool of healthy 

individuals compared to CRC patients. 

Bacterial Species  Avg. Healthy (%)  Avg. CRC (%)  Fold Change  p value 

Bacteroides finegoldii  0.74  0.29  2.5  0.0032 

Bacteroides intestinalis  0.53  0.19  2.9  0.0063 

Prevotella copri  4.09  0  40  0.0000 

Prevotella oris  1.64  0  16  0.0001 

Ruminococcus obeum  0.62  0.34  1.8  0.0009 

Dorea formicigenerans  0.24  0.08  2.9  0.0001 

Lachnobacterium bovis  1.20  0.62  1.9  0.0002 

Lachnospira pectinoschiza  0.54  0.21  2.6  0.0005 

Pseudobutyrivibrio ruminis  0.39  0.12  3.2  0.0000 

Bacteroides capillosus  0.23  0.10  2.2  0.0057 

Ruminococcus albus  0.36  0.03  10.3  0.0008 

Dialister invisus  3.45  0.07  48.7  0.0000 

Dialister pneumosintes  0.48  0.01  52.6  0.0000 

Megamonas hypermegale  0.24  <0.01  44.5  0.0001 

 

Table 3.3. Comparison of observed and estimated OTU richness and diversity and evenness 

indices between microbial communities from stool of CRC patients and healthy adults. 

     
Shannon 

 
Simpson 

Group nseqs coverage Sobs Schao H’ EH SH 
 

1-D ED SD 

Healthy 1250 0.839 309 838 4.484 0.782 89 
 

0.970 0.109 34 

Healthy 1250 0.854 250 805 3.669 0.664 39 
 

0.915 0.047 12 

Healthy 1250 0.892 206 541 3.316 0.622 28 
 

0.871 0.038 8 

Healthy 1250 0.839 290 864 3.961 0.699 53 
 

0.913 0.040 11 

Healthy 1250 0.858 257 729 3.660 0.660 39 
 

0.905 0.041 10 

Healthy 1250 0.793 364 1243 4.663 0.791 106 
 

0.973 0.103 38 

Healthy 1250 0.817 325 1012 4.456 0.770 86 
 

0.963 0.084 27 

Cancer 1250 0.842 287 960 4.209 0.744 67 
 

0.955 0.077 22 

Cancer 1250 0.906 184 460 3.353 0.643 29 
 

0.900 0.054 10 

Cancer 1250 0.834 285 867 4.015 0.710 55 
 

0.943 0.061 18 

Cancer 1250 0.857 255 786 3.787 0.683 44 
 

0.926 0.053 14 

Cancer 1250 0.842 290 919 4.303 0.759 74 
 

0.961 0.089 26 

Cancer 1250 0.864 229 1127 3.582 0.659 36 
 

0.925 0.058 13 

Cancer 1250 0.861 263 670 3.822 0.686 46 
 

0.919 0.047 12 

Cancer 1250 0.867 232 803 3.674 0.675 39 
 

0.926 0.058 14 

TTEST(H:C) 
 

0.24 0.18 0.73 0.41 0.54 0.27 
 

0.90 0.78 0.44 
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Table 3.4. Bacterial species significantly over-represented in CRC stool samples. 

Bacterial Species  Avg. Healthy (%)  Avg. CRC (%)  Fold Change  p value 

Acidaminobacter unclassified  0.05  0.39  7.7  0.0045 

Phascolarctobacterium unclassified  3.31  11.0  3.2  0.0000 

Citrobacter farmeri  0.08  0.37  4.6  0.0050 

Akkermansia muciniphila  3.54  12.8  3.6  0.0032 

 

Table 3.5. Candidate stool metabolites identified from GC-MS 

chromatograms that differ between CRC and healthy individuals. 

 

Candidate Chemical Class 

% change in 

CRC p value   

Alanine Amino Acid 74.0 <0.001   

Glutamate Amino Acid 76.1 <0.0001 
 Glycine Amino Acid 72.3 <0.01   

Aspartic acid Amino Acid 82.2 <0.0001   

Leucine Amino Acid 61.0 <0.005   

Lysine Amino Acid 59.2 <0.05   

Proline Amino Acid 85.0 <0.001 

Serine Amino Acid 41.6 <0.005 

Threonine Amino Acid 79.7 <0.001 

Valine Amino Acid 73.0 <0.001 

Phenylalanine Amino Acid  77.3 <0.001 

Benzeneacetic Acid  Carboxylic Acid 42.5 <0.005 

Propionic acid Short Chain Fatty Acid 74.2 <0.001 

Myristic Acid Saturated Fatty Acid 61.3 <0.001 

Pantothenic acid  Vitamin B5 46.5 <0.01 

Cholesterol derivative Steroid 45.2 <0.005 

Oleic acid* unsaturated fatty acid  -74.6 <0.05 

Linoleic acid*  unsaturated fatty acid  -67.3 <0.005 

Elaidic acid* unsaturated fatty acid  -45.5 <0.005 

Glycerol Polyol -53.3 <0.005 

Monooleoylglycerol  Polyol derivative -55.4 <0.01 

Ursodeoxycholic acid Bile acid -63.1% <0.005 
*Fatty acid identifications were conducted at a level that does not distinguish bond placement. 
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Table 3.6. Linear regressions of selected bacterial taxa with participant BMI. 

Bacterial taxa 

R
2
 

value P value 

Bacteroides finegoldii 0.129 0.251 
Bacteroides intestinalis 0.105 0.303 
Ruminococcus obeum 0.038 0.543 
Dorea formicigenerans 0.003 0.868 
Lachnobacterium bovis 0.071 0.403 
Lachnospira pectinoschiza 0.113 0.285 
Pseudobutyrivibrio ruminis 0.013 0.724 
Bacteroides capillosus 0.165 0.190 
Ruminococcus albus 0.161 0.196 
Dialister invisus 0.065 0.424 
Dialister pneumosintes 0.001 0.905 

Megamonas hypermegale 0.197 0.149 
Acidaminobacter unclassified 0.016 0.699 
Phascolarctobacterium unclassified 0.056 0.457 
Citrobacter farmeri 0.218 0.126 

Akkermansia muciniphila 0.064 0.428 
 

Table 3.7. Linear regressions of selected bacterial taxa with participant age. 

Bacterial taxa 

R
2
 

value P value 

Bacteroides finegoldii 0.181 0.167 
Bacteroides intestinalis 0.001 0.935 
Ruminococcus obeum 0.434 0.02 
Dorea formicigenerans 0.354 0.041 
Lachnobacterium bovis 0.07 0.407 
Lachnospira pectinoschiza 0.202 0.143 
Pseudobutyrivibrio ruminis 0.209 0.135 
Bacteroides capillosus 0.065 0.423 
Ruminococcus albus 0.307 0.061 
Dialister invisus 0.113 0.286 
Dialister pneumosintes 0.136 0.238 

Megamonas hypermegale 0.052 0.457 
Acidaminobacter unclassified 0.115 0.218 
Phascolarctobacterium unclassified 0.181 0.168 
Citrobacter farmeri 0.188 0.16 

Akkermansia muciniphila 0.018 0.678 
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CHAPTER 4: PILOT DIETARY INTERVENTION WITH HEAT-STABILIZED RICE 

BRAN MODULATES STOOL MICROBIOTA AND METABOLITES IN HEALTHY 

ADULTS
56

 

 

 

 

Summary  

Heat-stabilized rice bran (SRB) has been shown to regulate blood lipids and glucose, 

modulate gut mucosal immunity and inhibit colorectal cancer in animal and human studies. 

However, SRB’s effects on gut microbial composition and metabolism and the resulting 

implications for health remain largely unknown. A pilot, randomized-controlled trial was 

developed to investigate the effects of eating 30 g/day SRB on the stool microbiome and 

metabolome. Seven healthy participants consumed a study meal and snack daily for 28 days. The 

microbiome and metabolome were characterized using 454 pyrosequencing and gas 
                                                
5 A modified version of this chapter is published as Sheflin, A.M., Borresen, E.C., Wdowik, M.J., Rao, S., 
Brown, R.J., Heuberger, A.L., Broeckling, C.D., Weir, T.L. and Ryan, E.P., 2015. Pilot dietary intervention 
with heat-stabilized rice bran modulates stool microbiota and metabolites in healthy adults. Nutrients, 7(2), 
pp.1282-1300. The final publication and supporting material is available from MDPI at 
http://dx.doi.org/10.3390/nu7021282 

 
6
 The second aim of this work was to describe changes in stool metabolites and microbiota in healthy adults 

after 2 and 4 weeks of supplementation with SRB. These results were interpreted for potential effects on 
intestinal health based upon the existing literature and results from Chapter 2. 
 
This chapter includes the complete published manuscript for this research titled Pilot dietary intervention 

with heat-stabilized rice bran modulates stool microbiota and metabolites in healthy adults (Sheflin, A.M., 
Borresen, E.C., Wdowik, M.J., Rao, S., Brown, R.J., Heuberger, A.L., Broeckling, C.D., Weir, T.L. and 
Ryan, E.P., Nutrients, 2015). My contributions to this publication included the bulk of the analysis, 
statistics, and interpretation for all stool microbiota data and all metabolite data, except for SCFA. I wrote 
the bulk of the manuscript and created all the figures and tables except for Figure 1 and Tables 1 and 2.  
 
Table and figure numbers have been modified to reflect that they are specific to this chapter, e.g. Figure 1 
is now Figure 4.1. In addition, figures were renumbered to incorporate supplemental material into the flow 
of the chapter. This article was published under open access and is reproduced under the creative commons 
license. Only minimal modifications were made to meet formatting requirements. No other modifications 
were made.  
 
This work is licensed under a Creative Commons Attribution 4.0 International License. This is an 
open-access article distributed under the terms of the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/ 
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chromatography-mass spectrometry (GC-MS) at baseline, two and four weeks post-intervention. 

Increases in eight operational taxonomic units (OTUs), including three from Bifidobacterium and 

Ruminococcus genera, were observed after two and four weeks of SRB consumption (p < 0.01). 

Branched chain fatty acids, secondary bile acids and eleven other putative microbial metabolites 

were significantly elevated in the SRB group after four weeks. The largest metabolite change 

was a rice bran component, indole-2-carboxylic acid, which showed a mean 12% increase with 

SRB consumption. These data support the feasibility of dietary SRB intervention in adults and 

support that SRB consumption can affect gut microbial metabolism. These findings warrant 

future investigations of larger cohorts evaluating SRB’s effects on intestinal health. 

 

Introduction 

Heat-stabilized rice bran (SRB) is a nutrient-dense and phytochemical-rich food 

ingredient that is not widely consumed, but is gaining attention for its potential to help prevent 

multiple chronic diseases, including cardiovascular disease [198], type 2 diabetes [199,200], 

metabolic syndrome [198,201,202] and cancer [6,203,204]. Heat stabilization increases the shelf 

life of rice bran through inactivation of rancidity-inducing lipases and lipoxygenases, while 

retaining bioactivity [41,42]. The bioactive components of rice bran include, but are not limited 

to, γ-oryzanol, tocopherols, tocotrienols, phenolics (e.g., ferulic acid, caffeic acid), phytosterols 

(e.g., beta-sitosterol, cycloartenol) and specific free amino acids [6]. Whole grain brown rice 

reportedly changes the composition of gut bacterial phyla [26], increases anti-inflammatory 

SCFA levels in an in vitro canine microbiome model [36] and is a source of prebiotics [205]. 

Unidentified non-starch components of whole grains, including brown rice, were found to elicit 

changes in bacterial diversity, the Firmicutes/Bacteroides ratio and the bacterial abundance of 
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the Blautia genus in the human gut microbiome [26]. In contrast to whole grain brown rice, SRB 

delivers a greater concentration of nutrients and phytochemicals to the gut and, as such, may 

differentially modulate stool microbiota and metabolites. 

The structure and composition of the stool microbiome has shown profound associations 

with both human health and disease [69]. Emerging evidence supports the role of diet in 

modulating the structure of the gut microbiota [26,206,207]. Host diet, in turn, shapes not only 

the gut microbial composition, but also its metabolism [207]. Diet modifications have 

demonstrated effects on energy harvest, macronutrient metabolism and cancer risk, largely due to 

changes in microbially-produced metabolites that may promote or inhibit gastrointestinal health 

outcomes [67,208]. In particular, microbial metabolites have been found to exert pro- or anti-

inflammatory activity on intestinal tissues and influence barrier function [209], host immune 

response [210,211], tumorigenesis [133,212] and tumor proliferation [213]. These metabolic 

perturbations result from changes in substrate availability, as well as diversity amongst 

microorganisms to ferment and biotransform specific dietary components. Dietary modulation of 

the microbiome and associated metabolism may prove a viable strategy for disease prevention 

and optimization of health. 

The objective of this pilot dietary SRB intervention was to confirm the acceptability and 

feasibility of SRB supplementation in people and to assess the potential effects of the diet on the 

composition of the stool microbiome and metabolome. We hypothesized that SRB consumption 

would promote microbial changes and alter stool metabolite profiles. These alterations in stool 

microorganisms and metabolites may explain the benefits of SRB for intestinal health and 

account for the reported SRB bioactivities in preventing chronic disease. Findings from this pilot 
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study provide compelling support and the rationale for larger cohort investigations of dietary 

SRB supplementation. 

 

Materials and Methods 

Pilot Trial Design and Participation 

A four-week, pilot, randomized-controlled, single-blinded dietary SRB intervention study 

was completed in seven healthy adults with no history of cancer at Colorado State University 

(CSU) and is part of a community-based collaboration with the University of Colorado Health-

North (UCH) in Fort Collins, CO, USA. Inclusion criteria for participants included no history of 

food allergies or major dietary restrictions, not currently taking cholesterol-lowering medications 

or non-steroidal anti-inflammatory drugs (NSAIDs), not currently pregnant or lactating, not a 

current smoker, no antibiotic use or probiotic use within the last month and no history of 

gallstones. The CSU Research Integrity and Compliance Review Office and the UCH-North 

Institutional Review Board approved this study protocol (CSU protocol #: 09-1520H, 

02/18/2010, and UCH-North IRB #: 10-1038, 07/28/2010). Written informed consent was 

obtained from all participants prior to enrollment. 

Participants received study meals and snacks that either included SRB (30 g/day) or that 

did not include SRB (control). Participants were instructed to consume one study-provided meal 

and snack each day and were not required to alter the remainder of their other daily food intake. 

To remain blinded to the intervention, the study-provided meals and snacks were labeled “Group 

A” or “Group C”. Participants self-recorded the amount of each study meal and snack consumed 

daily for compliance assessment. Participants also completed a 3-day food log (2 weekdays, one 

weekend day) each week to more accurately measure total dietary intakes. Food logs were 
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entered and analyzed using Nutritionist Pro™ diet analysis software (Axxya Systems, Redmond, 

WA, USA), and each diet log analysis included average daily caloric intake, macronutrient, amino 

acid, vitamin and mineral profiles. Participants self-collected stool samples in coded specimen 

containers within 24 h of their scheduled study visit and provided the sample to the study 

coordinator at three required time points: baseline, 2 weeks and 4 weeks. Stool specimens were 

refrigerated by participants prior to arrival; DNA and SCFA aliquots were extracted within 24 h; 

and the remainder of the stool sample was stored at −20 °C until lyophilization and global 

metabolite extraction. All participants completed the trial without any reported adverse effects. 

 

Heat Stabilization of Rice Bran 

Rice bran was provided by the US Department of Agriculture-Agricultural Research 

Service (USDA-ARS) Dale Bumpers Rice Research Unit (Anna McClung) and was derived from 

a single source (Oryza sativa L. ssp. japonica var. Neptune). The rice bran was heat-stabilized by 

heating at 100 °C for three min to inactivate the lipase/lipoxygenase enzymes and prevent the 

bran from becoming rancid. 

 

Composition of SRB and Control Intervention Meals and Snacks 

Seven meals (e.g., casseroles, soups) and six snacks (e.g., smoothies, granola, crackers) 

were developed by a registered dietitian and certified chef for both the absence and inclusion of 

SRB and covered a wide range of taste preferences. The placebo-control meals and snacks were 

similarly matched in their macronutrient content to the intervention and did not contain any SRB 

or brown rice. Similar palatability and appearance of both control and SRB meals and snacks 

were confirmed with a community taste test, including people with and without a history of 
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cancer. These recipe and taste test trials were conducted in accordance with IRB-approved 

protocols (data not shown). Recipes for the dietary intervention meals and snacks were analyzed 

using NutritionistPro™ diet analysis software (Axxya Systems, Stafford, TX, USA). Each 

intervention meal and snack contained 15 g of SRB to achieve a total daily intake of 30 g. 

 

DNA Extraction, Amplification and Sequencing 

Stool samples were subsampled three times with sterile cotton swabs. MoBio Powersoil 

DNA extraction kits (MoBio, Carlsbad, CA, USA) were utilized according to the manufacturer’s 

instructions to extract DNA. Sample DNA was stored at −20 °C prior to amplification steps. 

Sequencing libraries were prepared as described in [65]. Sequencing was conducted under 

contract by the University of South Carolina’s Engencore Sequencing Facility using a 454 Life 

Sciences GS FLX System with titanium chemistry. 

 

Analysis of Microbiota 

All bacterial sequence read editing and processing was performed with mothur Ver. 1.28 

[214] using the default settings, unless otherwise noted. The mothur software package is an open 

source bioinformatics tool used to analyze 16S rRNA gene sequences. Briefly, sequence reads 

were: (i) trimmed (options used with the trim command in mothur were as follows: bdiff = 1, 

pdiff = 2, qaverage = 30, minlength = 200, maxambig = 0, maxhomop = 8, flip = T); (ii) aligned 

to the bacterial-subset SILVA alignment [215]; (iii) filtered to remove vertical gaps; (iv) 

screened for potential chimeras using the uchime method; (v) classified using the Ribosomal 

Database Project’s naïve Bayesian classifier (RDP-NBC) training set for mothur [216]; all 

sequences identified as chloroplast were removed; (vi) sequences were screened (optimize = 



 
 

63 

minlength-end, criteria = 95) and filtered (vertical = T, trump = . ), so that all sequences covered 

the same genetic space; and (vii) all sequences were pre-clustered (with up to two base-pair 

mismatches using the option diff = 2) to remove potential pyrosequencing noise and clustered 

into OTUs based on a 3% distance cutoff using the average-neighbor algorithm [217]. To remove 

the effect of sample size on community composition metrics, sub-samples of 450 reads were 

randomly selected from each stool sample. Sub-sampled community metrics were used to 

calculate alpha diversity community descriptors, including observed species richness (Sobs), 

Shannon’s diversity (H’) and evenness (EH) and Simpson’s diversity (SD) using the mothur 

implementation of these calculators. All sequence data are publicly available through the 

Sequence Read Archive (SRA) under study Accession Number PRJEB8075, which is available 

at the following link: http://www.ebi.ac.uk/ena/data/view/ERP002217. 

 

Metabolite Extraction and Detection by Gas Chromatography-Mass Spectrometry 

Lyophilized stool metabolites were extracted using 80:20 MeOH:H2O and detected using 

GC-MS, as described previously [65]. For each sample, a matrix of molecular features defined 

by retention time and mass (m/z) was generated using XCMS software [218]. Features were 

normalized to total ion current, and the relative quantity of each molecular feature was 

determined by the mean area of the chromatographic peak among replicate injections (n = 2). 

Metabolites were identified by matching mass spectra to the National Institute for Technology 

Standards (www.nist.gov) and Golm (http://gmd.mpimp-golm.mpg.de/) metabolite databases 

[33] after deconvolution using AMDIS software [219]. 
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Short Chain Fatty Acid Determination 

Frozen stool samples were extracted for short chain and branched chain fatty acids 

(SCFA and BCFA, respectively) using acidified water (pH 2.5), as described previously [65]. 

Peak areas were normalized to the total signal and represented as a percentage of total SCFA. 

Commercial standards of acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric 

acid, valeric acid, caproic acid and heptanoic acid (Sigma, St. Louis, MO, USA) were used to 

confirm compound identities. 

 

Statistical Analysis and Data Visualization 

The data on caloric intake, macronutrients and SCFA were checked for assumptions of 

normality. Due to the small sample size and non-normality, the SCFAs data were converted into 

ranks prior to performing a linear regression analysis. The “diet” groups and “time points” along 

with their interaction terms were used as factors to evaluate their impact on SCFA outcomes. 

Medians were used to describe the data. The analysis took into account the repeated measures on 

the same individual over time. A p-value of 0.05 was considered for determining statistical 

significance. 

 

Microbiota Analyses 

The mothur implementation of the analysis of molecular variance (AMOVA) test, using a 

p-value threshold of 0.01, was applied to determine variation in community samples. AMOVA is 

a non-parametric version of the traditional analysis of variance (ANOVA) test that is widely used 

when testing genetic diversity. PCoA loadings were generated in mothur and visualized using R 

software (v3.0.1) [220]. The METASTATS [221] function within mothur was used to detect 
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differentially abundant bacterial taxa in stool from SRB-consuming participants versus controls 

at a corrected p-value (expressed as the q-value and calculated based on a published algorithm 

[222]) threshold of 0.05. 

 

Metabolome Analyses 

Stool metabolite features were identified via GC-MS. Differences in metabolite features 

between samples from baseline to 4 weeks in the SRB and control groups were determined using 

the Student’s t-test with a significance cutoff of <0.01. To minimize baseline inter-individual 

differences, metabolite data were first converted to the percent change from baseline that was 

calculated using the normalized area under the curve (AUC) as follows: 

(4 week AUC − Baseline AUC)/(Baseline AUC) × 100 = % total  

Negative values represent a decrease from baseline in a particular metabolite. In order to focus 

on metabolite changes due primarily to SRB intake rather than other food components that were 

common to the intervention meals and snacks, the mean change for each metabolite in the 

control group was subtracted from the mean change in the SRB group. 

Individual SCFA concentrations were normalized as a percent of total measured SCFAs, and a 

weighted mean was calculated for each quantified compound. Statistical differences (p < 0.05) 

between stool samples from SRB-consuming participants and control participants were 

determined using a mixed model ANOVA representing a random effect and SRB intervention as 

a fixed effect (XLSTAT 2011.1, Addingsoft Corp, Paris, France). 
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Results 

Completion of this pilot study demonstrated the feasibility of the placebo control, single-

blinded dietary SRB intervention in healthy adults and established a standardized collection of 

stool samples for microbiome and metabolome assessment. All seven participants completed this 

pilot study between August 2010 and March 2011. Three participants were allocated to the 

control diet, and four participants were allocated to the SRB diet. Participant baseline 

characteristics are shown in Table 4.1. 

 

Increased SRB Effects on Caloric and Macronutrient Intakes 

Participants randomized to the SRB group consumed 30 g of SRB daily for the 28-day 

duration of the study, which compositionally included 6.26 g fat, 4.01 g protein, 14.91 g 

carbohydrate and a variety of vitamins and minerals (Figure 4.1) [223]. Even though all 

participants were free to consume brown rice or SRB outside of the intervention, the three-day 

food logs revealed that none of the participants from the control or SRB group were consuming 

whole grain brown rice during the study. The three-day food log analysis collected from 

participants each week revealed no significant change in caloric intake from Week 2 to Week 4 

for either the control (p = 0.455) or SRB groups (p = 0.620). There was no significance between 

groups at the two-week or four-week time points (p = 0.966 and p = 0.394, respectively). Table 

4.2 shows the caloric intakes for both groups. The median caloric intake for the SRB group was 

1941 kcal at Week 2 and 1791 at Week 4. The control group had a median caloric intake of 2186 

kcal at Week 2 and 2099 at Week 4. The control group had a significant decrease in protein 

intake at Week 4 compared to Week 2 (p = 0.001), and the SRB group had a significant decrease in 
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protein intake at Week 4 compared to Week 2 (p < 0.0001). Carbohydrate intakes were not 

significantly different in the control group compared to the SRB group at Week 4 (p = 0.7).  

A similar pattern was shown for total fat intake at Week 4 (p = 0.99). The control group had a 

significant increase (p = 0.021) of fat intake at Week 4 compared to Week 2. The SRB group had 

significantly higher fiber intakes at Week 2 (p < 0.0001) when compared to the Week 2 control 

group, as well as at Week 4 compared to the control (p = 0.04). 

 

Microbiome Changes with Consumption of SRB 

On average, the coverage of the stool microbial community was 89% (Table 4.5), and 

after subsampling, 2160 operational taxonomic units (OTUs) were detected in total. Stool 

bacterial richness, evenness and diversity remained constant during the SRB intervention with 

these healthy participants (Table 4.3). The composition of the stool microbial communities at the 

phylum levels showed a high level of individual variation at both baseline and during the dietary 

intervention (Figure 4.2). Comparing bacterial composition at two and four weeks to the baseline 

at the phyla level revealed no significant changes in either SRB or control participants. After two 

weeks, eight OTUs belonging to the genera Methanobrevibacter, Paraprevotella, Ruminococcus, 

Dialister, Anaerostipes and Barnesiella showed significantly increased abundance (Table 4.4), 

and no OTUs showed reduced abundance with SRB. Additionally, increases in OTUs from the 

genera Bifidobacterium and Clostridium were noted at four weeks compared to the baseline. No 

significant changes at any taxonomic level were detected in stool bacterial composition for 

control participants. 
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Metabolome Changes with Increased SRB 

SCFAs, particularly acetate, propionate and butyrate, are primary products of 

carbohydrate fermentation [224]. Given that SRB’s macronutrient composition is 50% 

carbohydrate [41], SCFAs were quantified to assess changes driven by the SRB intervention. No 

significant increases in acetic, propionic, valeric, caproic and heptanoic acids were observed at 

two weeks or four weeks with the SRB intervention when compared to the baseline (Figure 4.3); 

however, butyric acid significantly decreased at Week 4 compared to the baseline and Week 2 (p = 

0.025 and p = 0.0007, respectively). Furthermore, significant increases (p < 0.05) in isovaleric 

and isobutyric acid, both BCFAs, were observed at the two- and four-week rice bran intervention 

time points (Figure 4.3 and Table 4.5). 

Non-targeted metabolic profiling using GC-MS has been previously shown to identify 

stool metabolites that vary due to dietary modifications and demonstrated co-metabolic 

interactions between host and gut microbiota [225]. In order to focus on metabolite changes due 

primarily to SRB intake and not other foods included in intervention meals and snacks, the 

average change for each metabolite in the control group was subtracted from the changes in the 

SRB group. Despite this conservative approach, significant increases in abundance (as the mean 

peak area) for 28 stool metabolites (in addition to the increases in BCFA detailed above) were 

revealed at four weeks in the SRB group compared to the baseline. Furthermore, significant 

decreases were observed for eight additional stool metabolites. These metabolites function in 

pathways concerning synthesis, digestion and/or degradation of: amino acids, cholesterol and bile 

acids, phytochemicals and phenolics, lipids, vitamins and minerals and carbohydrates (Table 

4.6). The metabolite with the largest increase was indole-2-carboxylic acid, a known phenolic 
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component of whole grain rice [226], and this was increased approximately 12% at four weeks 

compared to the baseline (Table 4.6). 

Significantly changed metabolites related to amine metabolic pathways were generally 

associated with purine and pyrimidine metabolism (Table 4.6). Decreases in stool leucine and 

glycine levels were observed in SRB participants, while BCFA metabolites of leucine, isoleucine 

and valine (Branched Chain Amino Acids) increased, as previously noted. Cholesterol and bile 

acid metabolites also increased with SRB (Table 4.6). Several beneficial phytochemicals 

increased with SRB, including two phytosterols known to be present in rice bran (Table 4.6) and 

the phenolics hydrocinnamic acid, benzoic acid and phenylacetic acid. Additionally, inositol 

phosphate was increased with SRB and is a potential product of phytic acid degradation, a 

known component of SRB. Metabolites in the lipid digestion and synthesis pathways also 

changed with SRB, including significant increases from the baseline for five saturated fatty acids 

(SFA) ranging from 1.0%–7.0 % (Table 4.6). Palmitic acid is a prominent component of SRB 

[227] and was found to be increased in stool following SRB consumption in this study (Table 

4.6). Minor, but significant, increases were also observed for oleic acid and glycerol. Three fatty 

acids were seen to significantly decrease in stool after SRB intake: sebacic acid, 2-hexendioic 

acid and pentadecanoic acid. 

 

Discussion 

The primary goal of this pilot dietary intervention was to confirm the feasibility of SRB 

consumption at 30 g/day in healthy adults and to determine if this amount was sufficient to 

induce detectable differences in stool microbiota and metabolites. Significant increases in eight 

OTUs were identified from human stool microbiota analysis at four weeks. There were nine stool 
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metabolites increased and confirmed as SRB components and an additional eleven metabolite 

products of microbial metabolism that were elevated in stool at four weeks. The lack of adverse 

events and large-scale microbial community disruptions following the SRB intervention provide 

evidence for the feasibility of SRB consumption at 30 g/day for adults. Another goal of this pilot 

study was to set the stage with targeted microbial and metabolite endpoints that may influence 

intestinal health and colorectal cancer prevention outcomes. Results from this pilot study 

provided valuable insight into potentially important health-related changes that can be confirmed 

in future studies with larger sample sizes. 

While there were no prior studies reporting the effect of SRB consumption on human 

microbiota, a human feeding study of 21 g/day of Aspergillus-fermented rice bran consumed for 

two weeks revealed no changes to the stool microbiota or SCFA profiles [228]. A dietary 

intervention using whole grain brown rice (60 g/day) for four weeks in human participants also 

produced no significant changes at the species level in participants’ gut microbiota or SCFA 

profiles [26]. In contrast, the present intervention detected changes in 6–8 OTUs at both two 

weeks and four weeks and significantly decreased butyric acid at four weeks. The differing 

outcomes may be explained by the amount (30 g/day) and rice fraction type (i.e., SRB vs. whole 

grain), as compared to previous approaches. Confirming changes to bacterial species abundance 

and levels of branched and short chain fatty acids with SRB in a larger dietary intervention will 

be valuable. 

BCFA levels increased in SRB participants’ stools and corroborate the 25% higher BCFA 

produced from rice compared to wheat, rye, corn and oats when subjected to in vitro digestion 

and fermentation using human stool samples [229]. The higher content of branched chain amino 

acids, valine and leucine, relative to other amino acids in SRB (Figure 4.1) may account for the 
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significantly increased BCFA production (Figure 4.3 and Table 4.5) by gut commensals. In 

general, increased BCFAs are associated with diets high in animal fat and are consistent with 

protein degradation in the colon [230]. However, there is no direct evidence that BCFAs are 

causal of negative health outcomes. In fact, they may play a role in preventing human intestinal 

disease processes, as BCFAs were found in lower amounts in patients with irritable bowel 

syndrome (IBS) when compared to healthy controls [231]. Barrier function was investigated with 

human Caco-2 cells on a polycarbonate membrane, and transepithelial electrical resistance 

(TEER) was improved with BCFA-enriched culture media [232]. BCFAs may promote the 

establishment of beneficial gut bacteria, as short BCFAs are incorporated into longer BCFAs 

present in bacterial membranes. This process of BCFA-enrichment of bacterial membranes has 

been demonstrated in vitro for Ruminococcus [232]. Although Bifidobacterium spp. [233] also 

incorporate long BCFA in their membranes, similar studies on the incorporation of short BCFA 

have not been performed. BCFA production from SRB provides a novel mechanism by which 

SRB may improve intestinal health. 

A recent in vitro study showed that hemicelluloses of SRB bind both cholesterol and bile 

acids [234]. Increased fecal extraction of bile acids was shown in rats fed SRB [235], and to our 

knowledge, this is the first evidence for elevated bile acid and cholesterol excretion in human 

stool following increased SRB consumption. Sequestration of bile acids and cholesterol is 

generally considered beneficial and a primary clinical and dietary means for lowering blood lipid 

profiles [236]. However, we did not expect to see any significant changes in the plasma lipid 

parameters of participants in this study, because we investigated a healthy population with serum 

lipids in normal ranges. 
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Several beneficial phytochemicals were significantly increased in the stools of SRB 

participants compared with the baseline (Table 4.6). These included two rice bran phytosterols: 

cycloartenol and beta-sitosterol. Cycloartenol has been shown in animal studies to significantly 

reduce blood cholesterol and triglycerides [237]  and also reduced 12-O-tetradecanoylphorbol-13-

acetate (TPA)-induced inflammation [238]. Additionally, in its trans-ferulate form, cycloartenol has 

anti-carcinogenic activity [239]. Beta-sitosterol scavenges free radicals and has shown potential 

as an anti-cancer drug through changed expression of beta-catenin and proliferating cell nuclear 

antigen (PCNA) [240]. Other increased phytochemicals include phenolics, namely hydrocinnamic 

acid, benzoic acid and phenylacetic acid. These compounds are all part of the phenylalanine 

metabolism pathway in KEGG [241]. Combinations of various derivatives of all three of these 

compounds in the form of fecal water extracts have previously been found to be anti-

inflammatory by decreasing COX-2 activity [242]. While increased stool metabolites are not 

indicative of elevated systemic or host tissue levels of these compounds, they do have the 

potential to exert effects locally for the modulation of intestinal inflammation. The ability of this 

pilot intervention to detect significant increases in nine potentially SRB-derived metabolites 

(Table 4.6) underscores the potential for SRB intervention to modify the stool metabolome. 

Of those metabolites significantly changed from the baseline, eleven are possibly of 

microbial origin (Table 4.6). The associated pathways for these metabolites suggest the 

following primary substrates, including: phenylalanine, primary bile acids and inositol 

phosphate. In addition, microorganisms produce beta-sitosterol and cycloartenol from a primary 

phytosterol gamma-oryzanol, which is known to be present in SRB [243]. Inositol phosphate can 

be produced by intestinal microbiota from diet-derived phytates, and previous research suggests 

this potential for phytate degradation [244]. The largest metabolite change noted in the current 
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study was indole-2-carboxylic acid, which showed a mean 12% increase with SRB consumption. 

This indole derivative is a known component of brown rice, but indole derivatives are also 

microbial metabolites resulting from protein degradation, particularly the amino acid tryptophan 

[245]. In addition, diverse phenolic compounds associated with or bound to dietary fiber, such as 

ferulic and other hydroxycinnamic acids, are converted by gut microbiota to a few of the same 

metabolites [246,247]. These phenolic metabolites include phenylacetic and benzoic acids, 

which were significantly increased with SRB supplementation in the current study. Taken 

together, these findings suggest that microbial fermentation of SRB in the gut may shape the 

resulting metabolites and their metabolic activity. 

 

Conclusions 

Previous research efforts characterizing SRB have largely focused on nutrient contents, 

phytochemicals (e.g., antioxidants) and the effects of consumption for the prevention and 

management of major chronic diseases. However, SRB modulation of the ~100 trillion 

microorganisms in the human gastrointestinal tract and alteration of their metabolic activities 

may result in the production of chemicals that confer its reported bioactivity. Despite the 

expected high level of inter-individual variation in the microbiota and metabolome, this pilot 

study demonstrated that SRB intake of 30 g/day changes stool bacterial populations after two and 

four weeks and results in the significant alteration of multiple plant- and microbe-derived stool 

metabolites. Additionally, several target outcome measures for larger clinical trials with SRB were 

identified. For example, SRB-associated increases in BCFA production that may reduce gut 

permeability and encourage the growth of Bifidobacterium should be confirmed. Other metabolites 

targeted for quantification in future studies include colonocyte-feeding SCFA, microbiota-
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modulating secondary bile acids, anti-inflammatory SRB phytochemicals and indole-2-

carboxylic acid as a candidate SRB intake biomarker in stool. This research emphasizes the 

value of pilot trials in confirming the feasibility and acceptability of the SRB intervention and 

targeting appropriate outcome measures prior to conducting research in a larger cohort. 

Understanding which organisms create bioactive SRB metabolites will be critical to achieving 

gastrointestinal disease prevention outcomes in people. Considering the microbial metabolism of 

SRB in humans will also improve our ability to advance its utility for improved intestinal health 

and the prevention of major chronic diseases. 

 

Figures 

 

 
Figure 4.1. Nutrient composition of 30 g of heat-stabilized rice bran (SRB) [38]. The carbohydrate portion 
also includes unlisted starch. 
  

Saturated (g) 1.25 

Monounsaturated (g) 2.27 

Polyunsaturated (g) 2.24 

Essential Amino Acids 

(mg) 

Non-Essential Amino Acids 

(mg) 

Histidine 107 

Isoleucine 170 

Leucine 307 

Lysine 195 

Methionine 92 

Cystine 95 

Phenylalanine 190 

Tyrosine 123 

Threonine 166 

Tryptophan 32 

Valine 264 

Alanine 291 

Aspartic Acid 392 

Glutamic Acid 556 

Glycine 262 

Proline 200 

Serine 199 

Arginine 317 

Total Dietary Fiber (g) 6.3 

Total Sugar 0.27 

Total Fat 

(6.26 g) 

Protein 

(4.00 g) 

Ash 

(2.99 g) 

Vitamins 

Rice Bran 

(30 g) 

Carbohydrate 

(14.91 g) 

Sodium (mg) 2 

Potassium (mg) 446 

Phosphorus (mg) 503 

Magnesium (mg) 234 

Selenium (µ  g) 4.7 

Calcium (mg) 17 

Iron (mg) 5.56 

Zinc (mg) 1.81 

Alpha-Tocopherol (mg) 2 

Thiamin (mg) 0.826 

Niacin (mg) 10.198 

Pyridoxine (vitamin B6) (mg) 1.221 

Folate (total) (  µ  g) 19 

Pantothenic Acid (mg) 2.217 
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Figure 4.2. Phyla-level bacterial composition of stool samples for individual participants at baseline, two 
weeks and four weeks (a) with SRB and (b) without SRB. 
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Figure 4.3. Proportional levels of SCFA and branched chain fatty acids (BCFA) in stool of SRB 
participants.  
 

 

Tables 

Table 4.1. Baseline characteristics of study participants. 

Characteristic Control (n = 3) Rice Bran (n = 4) 

Age (years) a 42.3 ± 21.7 42.8 ± 15.6 

Sex   

Males (%) 2 (67%) 0 (0%) 

Females (%) 1 (33%) 4 (100%) 

BMI (kg/m2) a 28.9 ± 6.9 22 ± 1.7 

Total cholesterol a (mg/dL) 187 ± 57.2 197 ± 54.6 

LDL a (mg/dL) 118 ± 50.3 127 ± 40.9 

HDL a (mg/dL) 44 ± 12.6 54.3 ± 17.6 

Triglycerides a (mg/dL) 125.7 ± 80.0 80 ± 35.0 

Fruit intake (X servings/day) 
b
   

0 ≤ X ≤ 2 2 3 

X > 2 1 1 

Vegetable intake (X servings/day) 
b
   

0 ≤ X ≤ 2 1 1 

X > 2 2 3 

Grain intake (X servings/day) 
b   

0 ≤ X ≤ 4 2 4 

X > 4 1 0 
a Values are presented as the mean ± the standard deviation; b from the first three-day dietary food log. 
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Table 4.2. Total calories and macronutrient intake at the two-week and four-week time 

points for each study group *. 

Dietary Intake 
Control Rice Bran 

Week 2 Week 4 Week 2 Week 4 

Calories (kcal) 2015.3 ± 325.0 (2186.4) 2047.8 ± 265.6 (2099.1) 2052.9 ± 410.3 (1940.6) 1925.3 ± 335.5 (1791.4) 

Protein (g) 81.7 ± 13.7 (80.1) 77.6 ± 17.9 (77.6) b 86.3 ± 14.0 (85.3) 68.9 ± 9.9 (71.1) b 

Carbohydrates (g) 264.6 ± 54.0 (290.8) 267.6 ± 53.0 (277.3) a 253.0 ± 46.4 (243.9) 255.6 ± 58.3 (241.4) a 

Fat (g) 67.1 ± 13.9 (72.4) 74.6 ± 12.3 (81.0) b 79.8 ± 16.6 (74.2) 75.4 ± 13.3 (74.3) a 

Fiber (g) 24.2 ± 3.0 (22.8) a 23.5 ± 8.0 (19.4) b 36.0 ± 7.5 (35.7) a 32.4 ± 5.6 (31.9) b 
* Values are presented as the mean ± SD (median). Medians are included, since ranks were compared in the analysis; 
a Significance (p ≤ 0.05) between the control and rice bran groups at time point; b Significance (p ≤ 0.05) at Week 4 
compared to Week 2 for the specific diet. 

 

Table 4.3. Stool bacterial diversity at baseline (time = 1) and 4 weeks (time = 3) during 

intervention for both SRB and control participants. 

 

Group time nseqs coverage Sobs SD H’ EH 

SRB1 1 450 0.89 73 7.70 2.74 0.64 

SRB2 1 450 0.85 114 15.37 3.46 0.73 

SRB3 1 450 0.90 125 8.41 3.05 0.63 

SRB1 3 450 0.90 113 7.66 3.11 0.66 

SRB2 3 450 0.90 212 23.71 3.93 0.73 

SRB3 3 450 0.88 133 20.68 3.82 0.78 

pvalue   0.90 0.72 0.45 0.57 0.48 

        

Control1 1 450 0.83 212 34.91 4.24 0.79 

Control2 1 450 0.89 128 15.22 3.49 0.72 

Control3 1 450 0.86 171 26.70 4.06 0.79 

Control1 3 450 0.93 116 8.06 2.93 0.62 

Control2 3 450 0.93 205 13.23 3.51 0.66 

Control3 3 450 0.89 129 17.76 3.52 0.73 

pvalue   0.16 0.02 0.31 0.04 0.09 

        
Sobs = Total number of OTUs detected in a sample, SD = Inverse Simpson Index 
H’ = Shannon Index, EH = Shannon Evenness Index 
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Table 4.4. Percent change from baseline for bacterial operational taxonomic units (OTUs) 

that were significantly more abundant in the stool of individuals consuming SRB at two or 

four weeks. 

Closest Hit in Database 2 weeks q-Value 4 weeks q-Value 

Methanobrevibacter smithii 1201.00% <0.001 210.73% <0.001 

Paraprevotella clara 352.87% <0.001 156.71% <0.001 

Ruminococcus flavefaciens 128.49% <0.001 79.02% <0.001 

Dialister succinatiphilus 86.59% <0.001 57.47% <0.001 

Bifidobacterium sp. 2.79% 1.000 50.29% 0.003 

Clostridium glycolicum (Clostridium 

cluster XI) 
0.00% 1.000 40.71% 0.042 

Barnesiella intestinihominis 277.35% <0.001 66.31% 0.050 

Anaerostipes caccae 90.09% <0.001 69.63% 0.483 

Ruminococcus bromii 66.77% <0.001 29.47% 1.000 

 

Table 4.5. Short chain and branched chain fatty acids identified from targeted GC-MS 

analysis at baseline, 2 weeks and 4 weeks in SRB participants. 

 Control  

(n=3) 

Rice Bran 

(n=4) 

SCFA Baseline
 

Week 2 Week 4
 

Baseline
 

Week 2 Week 4
 

Acetic Acid 18.48 ± 1.82 
(18.74)a,b,d 

24.98 ± 5.15 
(26.58)a 

24.37 ± 2.55 
(23.60)b 

24.46 ± 6.26 
(24.74)d 

26.83 ± 2.28 
(27.09) 

29.11 ± 5.34 
(29.31) 

Propionic 

Acid 

16.39 ± 2.42 
(15.47)d 

15.63 ± 3.13 
(14.54)d 

16.39 ± 3.75 
(17.37)d 

23.83 ± 7.55 
(23.32)d 

21.37 ± 1.30 
(21.36)d 

21.54 ± 3.10 
(20.28)d 

Isobutyric 

Acid 

2.08 ± 0.57 
(2.42)d 

1.98 ± 1.04 
(1.99) 

1.42 ± 0.59 
(1.06)d 

1.38 ± 0.41 
(1.53)b,d 

1.71 ± 0.14 
(1.72)c 

2.38 ± 0.41 
(2.44)b,c,d 

Butyric 

Acid 

44.98 ± 2.25 
(44.29) 

43.25 ± 5.97 
(41.68) 

45.36 ± 6.24 
(43.83)d 

40.93 ± 12.17 
(38.72)b 

37.57 ± 4.18 
(39.03)c 

31.24 ± 4.60 
(32.49)b,c,d 

Isovaleric 

Acid 

5.51 ± 1.70 
(6.10)d 

5.27 ± 3.64 
(4.31) 

3.50 ± 1.97 
(2.44) 

2.79 ± 1.08 
(2.86)b,d 

3.44 ± 0.62 
(3.33)c 

4.98 ± 1.78 
(4.68)b,c 

Valeric 

Acid 

6.25 ± 2.14 
(7.00)d 

5.51 ± 2.80 
(6.10) 

4.61 ± 2.11 
(4.56) 

3.37± 1.59 
(3.46)d 

4.15 ± 1.81 
(3.33)a 

5.47 ± 2.60 
(4.68) 

Caproic 

Acid 

5.78 ± 3.77 
(7.64) 

2.92 ± 1.93 
(3.48) 

4.06 ± 2.89 
(4.53) 

2.32 ± 2.27 
(2.12) 

2.99 ± 1.97 
(3.60) 

3.41 ± 2.23 
(4.34) 

Heptanoic 

Acid 

0.54 ± 0.30 
(0.43)d 

0.45 ± 0.42 
(0.25) 

0.29 ± 0.24 
(0.23) 

0.27 ± 0.23 
(0.21)d 

0.50 ± 0.34 
(0.31) 

0.55 ± 0.32 
(0.55) 

* Values are presented as mean percentage of total SCFAs ± SD (median).  Medians are included since ranks were 
compared in the analysis. Footnote key on following page. 
a Significance (p≤0.05) between Baseline and Week 2 of diet group 
b Significance (p≤0.05) between Baseline and Week 4 of diet group 
c Significance (p≤0.05) between Week 2 and Week 4 of diet group 
d Significance (p≤0.05) between Control and Rice Bran at timepoint 
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Table 4.6. Candidate stool metabolites that differ between the baseline and four weeks in 

SRB participants (p ≤ 0.01). Known phytochemical and nutritional components of rice bran 

are marked with an asterisk (*). 

 

Stool Metabolites 
% change at 

4 weeks 
KEGG pathway 

Amino acids and nucleosides 

Inosine 3.72% Purine metabolism 

Uridine 3.22% Pyrimidine metabolism 

Glutamic acid * 1.82% 
Purine and pyrimidine 

metabolism 

Glutaric acid 1.73% Lysine degradation 

Glycine * −1.56% Purine metabolism 

Leucine * −3.75% Amino acid metabolism 

Cholesterol and bile acids 

Cholest-8(14)-en-3-one 6.78% N/A 

Deoxycholic acid 2.69% 
Secondary bile acid 

biosynthesis 

Cholest5-en-3-ol-

propionate 
2.12% N/A 

Lithocholic acid 1.07% 
Secondary bile acid 

biosynthesis 

Cholesterol 0.51% Steroid biosynthesis 

Phytochemicals and phenolics 

Indole-2-carboxylic acid * 11.65% N/A 

Hydrocinnamic acid 4.31% Phenylalanine metabolism 

Alpha-tocopherol * 2.46% 
Vitamin digestion and 

absorption 

Benzoic acid 2.39% Phenylalanine metabolism 

Cycloartenol * 1.90% Steroid biosynthesis 

Pantothenic acid * 1.90% 
Vitamin digestion and 

absorption 

Phenylacetic acid 1.49% Phenylalanine metabolism 

Beta-sitosterol * 0.11% Steroid biosynthesis 
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Table 4. Cont. 

Stool Metabolites 
% change at 

4 weeks 
KEGG pathway 

Lipids 

Myristic acid * 7.32% Fatty acid biosynthesis 

Caprylic acid 3.84% Fatty acid biosynthesis 

Lauric acid 3.03% Fatty acid biosynthesis 

Palmitic acid * 2.20% Fatty acid biosynthesis 

Stearic acid * 1.12% Fatty acid biosynthesis 

Azelaic acid 0.56% N/A 

Glycerol 0.55% Galactose metabolism 

Oleic acid * 0.15% Fatty acid biosynthesis 

Sebacic acid −0.33% N/A 

2-Hexenedioic acid −0.32% N/A 

Pentadecanoic acid −1.90% N/A 

Putative microbial metabolites 

Indole-2-carboxylic acid * 11.65% N/A 

Hydrocinnamic acid a 4.31% Phenylalanine metabolism 

Inositol monophosphate a 3.90% Inositol phosphate metabolism 

Phosphoric acid a 3.61% Peptidoglycan synthesis 

Deoxycholic acid 2.69% 
Secondary bile acid 

biosynthesis 

Putative microbial metabolites 

Benzoic acid a 2.39% Phenylalanine metabolism 

Cycloartenol a 1.90% Steroid biosynthesis 

Phenylacetic acid a 1.49% Phenylalanine metabolism 

Stearic acid a 1.12% Fatty acid biosynthesis 

Lithocholic acid 1.07% 
Secondary bile acid 

biosynthesis 

Beta-sitosterol a 0.11% Steroid biosynthesis 

Sugars 
b
 

Maltose −0.10% Carbohydrate digestion 

Ribose −3.56% Carbohydrate digestion 

Glucose −3.63% Carbohydrate digestion 
a These metabolites may possibly be of plant origin, but can also be derived from microbial metabolism or 
modification of larger plant compounds, such as dietary fiber phenolics; b Sugar metabolites result from a wide 
range of metabolic pathways and could be of host, plant or microbial origin. 
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CHAPTER 5: DIETARY SUPPLEMENTATION WITH RICE BRAN OR NAVY BEAN 

ALTERS GUT BACTERIAL METABOLISM IN COLORECTAL CANCER 

SURVIVORS
78

 

 

 

 

Summary 

Heat-stabilized rice bran and cooked navy bean powder contain a variety of 

phytochemicals that are fermented by colonic microbiota and may influence intestinal health. 

Dietary interventions with these foods are being explored for modulating colorectal cancer risk. 

A randomized-controlled pilot clinical trial investigated the effects of eating heat-stabilized rice 

bran (30g/day) or cooked navy bean powder (35g/day) on gut microbiota and metabolites 

(NCT01929122). Twenty-nine volunteers with a prior history of colorectal cancer consumed a 

study-provided meal and snack daily for 28 days and stool samples were collected at 0, 14, and 

28 days. Volunteers receiving rice bran or bean powder showed increased gut bacterial diversity 

and altered gut microbial composition at 28 days compared to baseline. Supplementation with 

rice bran or bean powder increased total dietary fiber intake similarly, yet only rice bran intake 

led to a decreased Firmicutes:Bacteroidetes ratio and increased short chain fatty acids 

                                                
7 A version of this chapter is in press at Molecular Nutrition and Food Research: Sheflin, A.M., Borresen, 
E.C., Kirkwood, J.S., Boot, C.M., Whitney, A.K., Lu, S., Brown, R.J., Broeckling, C.D., Ryan, E.P., Weir, 
T.L. (2016) with title Dietary Supplementation with Rice Bran or Navy Bean Alters Gut Bacterial 

Metabolism in Colorectal Cancer Survivors. Supporting material will be available online.  

 
8 The third aim of this work was to describe changes that occur with SRB and NBP supplementation in 
CRC survivors and infer possible implications for intestinal health and is described in this chapter. A 
version of this manuscript is currently in press at Molecular Nutrition and Food Research Journal. My 
contributions to this publication included choosing key analyses and target metabolites, sample extractions, 
and metabolite quantitation. In addition, I was lead contributor on 454 data analysis, results interpretation, 
statistical analyses, and writing the paper. Supporting information submitted for consideration as part of the 
manuscript under review has been incorporated into the main flow of this chapter. 
 

This work is licensed under a Creative Commons Attribution 4.0 International License. This is an 
open-access article distributed under the terms of the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/ 
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(propionate and acetate) in stool after 14 days but not at 28 days. These findings support 

modulation of gut microbiota and fermentation by-products by rice bran and suggest that foods 

with similar ability to increase dietary fiber intake may not have equal effects on gut microbiota 

and microbial metabolism. 

 

Introduction 

Diet is a well-established risk determinant in the development of sporadic (non-

hereditary) colorectal cancer (CRC), which is thought to make up as much as 95% of all cases of 

the disease [248]. Since CRC has the second highest mortality rate of all cancers and is the third 

most common cancer in the US, nutritional intervention for prevention of CRC has particular 

value to reduce disease recurrence and mortality [249,250]. A large body of research associates 

diets low in whole grains and fiber with increased risk of CRC [248] and diets enriched with 

legumes and whole grains with reduced risk [8,55,251-255]. The underlying protective 

mechanisms mediated by these foods are thought to involve both fiber and polyphenols. Fiber is 

composed of polysaccharides and provides structure to the plant while polyphenols defend 

against UV radiation, herbivores, and infection [256,257]. Upon consumption, fiber provides the 

major energy source for microbial fermentation in the colon, which in turn stimulates the 

catabolism of plant polyphenols. An increase in polyphenol bioavailability results from bacterial 

enzymes that depolymerize, deglycosylate, and hydrolyze complex polyphenols into smaller 

phenolic acids capable of crossing the intestinal barrier [258]. Given the importance of these 

microbial functions it is likely that modulation of the gut microbiota and their metabolic 

processes is an important mechanism by which whole grains and legumes contribute to CRC 

prevention.   
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A growing body of recent research focuses on the role of the gut microbiota in the CRC 

disease process [67]. Multiple studies report different gut microbial communities in individuals 

diagnosed with colorectal cancer (CRC) versus healthy individuals [63-66]. In fact, gut 

microbiota can play a role in either promotion or prevention of CRC through modulation of the 

inflammatory process due to close contact with host colonic mucosa [68]. Furthermore, 

microbial-produced metabolites, such as short chain fatty acids (SCFA), modulate host intestinal 

barrier function [209,259], immune response [210,211], and inflammatory state. Tumor 

formation [133,212] and proliferation [213] are also directly affected by microbial metabolites of 

host dietary compounds. Changes in gut commensal microbiota associated with consumption of 

whole grains and legumes are not well defined, yet are crucial for understanding the contribution 

to CRC prevention. 

Martínez et al. noted altered gut bacterial diversity, and changes in the 

Bacteroidetes:Firmicutes ratio and abundance of Blautia spp. due to consumption of unidentified 

non-starch components of whole grain brown rice flakes by healthy adults [26]. We previously 

demonstrated that dietary supplementation of 30g/day of heat-stabilized rice bran (SRB) 

selectively stimulated some bacterial groups including Bifidobacterium spp. and Ruminococcus 

spp. in a pilot human cohort with no history of CRC. In addition, increased stool branched chain 

fatty acids (BCFA) and polyphenol metabolites were associated with SRB supplementation [260]. 

Research featuring rice bran fermentation in an in vitro canine microbiome model has also 

revealed increases in anti-inflammatory short chain fatty acids (SCFA) [36]. Studies 

investigating effects of dry bean consumption on gut microbiota are limited to animal models 

and have identified limited effects [28,29] on gut microbial composition, but functional changes 

have not previously been investigated to our knowledge. Our pilot study in healthy adults with 
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no history of CRC [48] also failed to identify any changes to gut microbial composition with 

(35g/day) cooked navy bean powder (NBP) consumption for 28 days (data not published). Taken 

together, this previous research suggests while SRB and NBP are both high fiber foods, they do 

not induce similar effects on gut microbiota. Therefore, studying these two foods in conjunction 

offers a unique opportunity to explore the influence of dietary fiber on gut microbiota and their 

activities. 

The influence of SRB or NBP supplementation on human gut microbial dynamics 

relevant to risk for CRC remain poorly understood. The present study is an exploratory pilot 

dietary intervention to investigate the potential for supplementation with SRB or NBP to alter gut 

microbiota and associated metabolites in CRC survivors. Our previous pilot study in a healthy 

cohort with no history of CRC [260] suggested that these dietary interventions are well tolerated 

in healthy adults with no history of CRC. So, the main objectives in the current study were to 

investigate changes in gut microbial composition, potential genetic functions, and resulting 

microbial metabolites following a one-month dietary supplementation in a cohort of healthy 

CRC survivors. Other research has demonstrated an association of CRC with gut microbial 

dysbiosis [67], suggesting that modulation of gut microbiota could be important in CRC 

prevention. Therefore, the goal of the current exploratory pilot study is to evaluate gut microbial 

response to SRB and NBP in CRC survivors. These data will be used to form hypotheses for 

future work regarding the long-term potential for SRB and NBP supplementation to prevent 

CRC recurrence. 
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Material and methods 

Participants, study design and sample collection 

A total of 37 CRC survivors, more than four months post cancer treatment (e.g. 

chemotherapy or radiation), were recruited and 29 completed the dietary invention study (Table 

5.1). The pilot study was a four-week, randomized-controlled, single-blinded design with three 

treatment arms. All participants were randomly assigned to receive 30g of SRB, 35g of NBP or a 

macronutrient-matched control and consumed one study-provided meal and snack daily that 

included these additional ingredients. The study protocol was approved by the Colorado State 

University (CSU) Research Integrity and Compliance Review Office and the University of 

Colorado Health-North (UCH-North) Institutional Review Board (CSU protocol #: 09-1530H, 

and UCH-North IRB #: 10-1038). All participants provided written informed consent prior to 

enrollment. Participant recruitment, exclusion criteria, study design, and sample collection is 

described in detail in Borresen et al. [261]. 

This study analysis includes analysis of stool samples collected at time points 0 (baseline), 

14 and 28 days for a total of three samples collected during the intervention. Stool samples were 

self-collected by participants and transported to the lab within 24 hours of each study visit and 

immediately stored at -20°C until further processing. Stool samples were homogenized, and 

three subsamples were collected with sterile cotton swabs. DNA was extracted from all samples 

using MoBio Powersoil DNA extraction kits (MoBio, Carlsbad, CA) according to the 

manufacturer’s instructions and stored at -20°C prior to amplification steps. Samples with 

remaining material were aliquoted and stored at -80°C for metabolite analysis.  
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Pyrosequencing of the Bacterial Community 

Sampling of human intestinal tissue is invasive and not without risk, therefore we 

followed the convention of using stool samples from study participants to classify and quantify 

gut bacteria at day 0 (baseline), day 14 and day 28. Library preparation and pyrosequencing of 

the V3-V5 region of the bacterial 16S rRNA gene was performed under contract at RTL 

(Lubbock, Texas).  All 16S rRNA gene sequences were filtered for quality and processed with 

the open source bioinformatics tool mothur, Ver. 1.33 [214].  

In order to normalize for differences in sample coverage, stool bacterial communities 

were randomly subsampled to equal the lowest number in a sample, or 1157 in this case. One 

sample had less than 800 reads and was excluded from the analysis for this reason. Sub-sampled 

data was used to calculate stool community diversity, including observed species richness (Sobs), 

estimated species richness (Chao) and Simpson’s diversity (SD) using the mothur 

implementation of these calculators. All sequence data are publicly available through the 

Sequence Read Archive (SRA) under study Accession Number PRJEB14459, which is available 

at http://www.ebi.ac.uk/ena/data/view/ PRJEB14459. 

 

Metagenome prediction with PICRUSt and STAMP 

 A synthetic metagenome was generated based on the observed 16S rRNA sequences for 

each diet intervention group [262]. The 16S rRNA sequences for each diet intervention group 

were used to predict the sample metagenome as described previously [263]. First, several scripts 

distributed with PICRUSt v 1.0.0 were used to prepare the data. OTUs with 99% similarity were 

clustered together using pick_closed_reference_otus.py and the OTU table was normalized for 

copies of the 16S rRNA gene using the normalize_by_copy_number.py script. This normalized 

OTU table was processed with the predict_metagenomes.py script and the predicted metagenome 
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was exported as to .biom format for analysis with the software package STAMP [264]. STAMP 

includes statistical and visualization tools that were used to identify differences in functional 

potential for the stool bacterial communities across the three diet intervention groups.  

 

Stool Metabolite Quantification 

Short chain fatty acids (SCFA) 
One gram replicates of frozen stool samples were extracted for SCFA using 5mL 

acidified water (pH 2.5) as previously described [65] and spiked with 1mM of ethylbutyric acid 

which was used as an internal standard.  Samples were separated and analyzed using a TG-

WAXMS A column on an Agilent 6890 gas chromatograph equipped with an autosampler and 

FID detection. SCFAs were quantified by comparing peak areas to standard curves of 

commercial standards with acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric 

acid, and valeric acid (Sigma, St. Louis, MO, USA). Study participants had significantly 

different variation in acetic acid at baseline via Wilcoxon rank sum test. Therefore, in order to 

normalize this difference, stool SCFA levels were presented as fold change (using peak area) at 

day 14 or 28 relative to day 0.  

 

Bile acids and Phenolic acids 
 In order to assess changes in stool metabolites associated with the observed changes in 

microbiota with SRB at 14 and 28 days, quantification of bile acids and phenolic acids was 

performed on a subset of stool samples from SRB group participants (n=5). Stool samples were 

thawed to room temperature and 0.4-0.5 g each was mixed with sterile saline solution (0.9%) at a 

ratio of 1:10 (w/v). The mixture was vortexed to homogenize and centrifuged for 10 minutes at 

1,000 x g at 4°C. Stool solutions were then diluted 1:2 with acetonitrile:water (1:2 v/v) and 
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vacuum filtered using a 0.22 µm nylon filter (Millipore, Billerica, MA, USA). LC-MS grade 

water was used for dilution. Filtered extract was again centrifuged for 25 minutes at 20,000 x g 

at 4°C to ensure clarity of the final extract before injection for Ultra-performance liquid 

chromatography tandem mass-spectrometry (UPLC-MS) analysis. For bile acid analysis, internal 

standards taurocholic acid-d5, deoxycholic acid-d4, and glycodeoxycholic acid-d4 were added to 

the extract at a final concentration of 0.67 µg/mL. For phenolic analysis, the extract was 

concentrated to 1/10 the original volume by drying under nitrogen, then re-suspended in 1:2 

acetonitrile:water (v/v). LC-MS for the bile acid analysis was performed on a Waters Acquity 

UPLC coupled to a Waters Xevo TQ-S triple quadrupole mass spectrometer. Phenolic acid 

analysis was performed on an Agilent 6220 TOF MS using a dual-ESI source in negative ion 

polarity. Full details for these analyses have been detailed in the Supporting Information for this 

research.  

 

Statistical analyses and data visualization 

The student’s t-test was used to compare stool bacterial richness, diversity and phyla 

composition at each time point to baseline. The SCFA and bile acid data were non-normally 

distributed. Therefore, the Wilcoxon signed rank sum test, a non-parametric test appropriate for 

repeated measures, was used to compare stool metabolite concentrations at each time point to 

baseline. To determine shifts in stool community structure, the mothur implementation of the 

analysis of molecular variance (AMOVA) test was used. To detect stool bacterial taxa 

differentiating each 14 and 28 day community from baseline, the online METASTATS [221] 

tool was used. STAMP was used to assess and visualize predicted functional differences in stool 

bacterial communities at 14 or 28 days compared to baseline for each supplemented diet [264]. 
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In order to identify associations with potential biological relevance that could be used for 

hypothesis generation for future testing, a p-value less than 0.05 was considered for determining 

statistical significance in all analyses. 

 

Results 

Stool bacterial community diversity and composition 

To investigate effects of supplementation with SRB or NBP on stool bacterial 

communities, richness (total number of OTUs detected), diversity (relative abundance of OTUs 

present), and composition were measured. Stool bacterial richness and diversity were calculated 

using Sobs (number of species observed), Chao1, and Simpson diversity indices. The Chao1 

richness estimate is used to approximate the number of species potentially not detected due to 

incomplete sampling using bootstrapping. With SRB supplementation, richness and diversity in 

stool were not altered at day 14, but were significantly higher than baseline at day 28 (Fig. 5.1). 

Stool richness, as estimated by the Chao index, was also increased at day 28 but not day 14 with 

NBP supplementation (Fig. 5.1). No changes in richness or diversity were observed in samples 

from individuals consuming the control diet. 

To assess potential shifts in stool community structure, principal coordinate analysis 

(PCoA) including all treatment time points was conducted. Consequently, AMOVA tests were 

used to compare stool communities at 14 and 28 days to baseline and revealed no significant 

changes in overall stool community structure in any of the dietary intervention treatment groups 

(p < 0.05).  

Stool microbial composition on a phyla level showed significant changes with SRB. 

Overall, SRB supplementation increased abundance of Bacteroidetes and decreased the 
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abundance of Firmicutes resulting in a significantly lower Firmicutes:Bacteroidetes ratio (F:B 

ratio) at 14 days compared to baseline (Figure 5.2). Individuals varied in retention of the 

Firmicutes:Bacteroidetes ratio shift after 28 days of SRB consumption, resulting in no 

significant difference at 28 days relative to baseline. No changes in microbial composition at the 

phyla level were detected over time in the NBP or control diet groups.  

For each treatment group, differentially abundant OTUs at 14 and 28 days relative to 

baseline were detected using the software package metastats [265]. No OTUs differed from 

baseline at either timepoint in the control group. In the NBP group, two OTUs at day 14 and five 

OTUs at day 28 differentiated the microbial community from baseline (Table S2). At 14 days, 

Bacteroides fragilis decreased and an unclassified Lachnobacterium increased in mean 

abundance relative to the NBP baseline microbial community. The reduction in mean abundance 

of Bacteroides fragilis persisted at 28 days and an unclassified Clostridium and Anaerostipes 

also had lower mean abundance with NBP. In addition, two OTUs had increased mean 

abundance at 28 days with NBP including an unclassified Lachnospira and Coprococcus. In the 

NBP group, four OTUs at day 14 and two OTUs at day 28 differentiated the microbial 

community from baseline (Table S2).  

With SRB at 14 days, an unclassified Ruminococcus and unclassified Ethanoligenens 

were decreased in mean abundance relative to the baseline SRB microbial community. 

Conversely, an unclassified Coprococcus and Bacteroides ovatus were increased in mean 

abundance at 14 days. Bacteroides ovatus showed the second largest increase of any 

microorganism in this study with a 20-fold increase relative to baseline mean abundance. In 

addition, eight OTUs were newly detected and eleven OTUs were no longer detected as 

differential members at14 days compared to the baseline bacterial community (Table S2). The 
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number of OTUs discriminating the bacterial community at 28 days from baseline with SRB was 

larger than at 14 days (69 versus 23 OTUs). In addition, the largest increase in any single OTU 

occurred at 28 days with a 24-fold increase in Lachnobacterium relative to baseline mean 

abundance (Table S2). 

 

Estimating change in functional potential of stool bacteria 

 The software package PICRUSt was used as a predictive tool to infer the content of the 

genome of each bacterium in a community as identified by a 16S rRNA sequencing. This 

genome was then correlated with a specific functional category as assigned in the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) for understanding high-level functions of the gut 

microbial community. Differences in genetic function across treatments and time points in 

KEGG functional categories can be found using the software package STAMP [264]. Although 

not a perfect substitute for metagenomic sequencing, this approach allows for developing 

hypotheses related to the microbial community functions of the gut following dietary 

intervention. 

 Baseline differences between treatment groups were quite large and ultimately we were 

looking for responses to specific intervention foods. Therefore, we focused our analysis on a 

comparison of the 14 and 28-day time points from baseline for each food treatment group, and 

did not make comparisons between SRB and NBP groups. Several microbial metabolic functions 

were significantly enriched (p< 0.05) with SRB at 14 days compared to baseline (Figure 5.3). 

These functions included “Biosynthesis of unsaturated fatty acids”, “Phenylpropanoid 

biosynthesis”, “Other glycan degradation”, “Starch and sucrose metabolism”, “Streptomycin 

biosynthesis”, and “Sphingolipid metabolism”  (Figure 3). The largest significant decrease in a 
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KEGG functional category was in genes for “Biosynthesis of unsaturated fatty acids”, which 

represent a significant portion of SRB composition [42]. No significant differences in KEGG 

functional categories were found at 28 days with SRB, or after 14 or 28 days for the control or 

NBP interventions when compared to baseline.  

 

Targeted analysis of stool metabolites 

SRB and NBP both contain highly fermentable carbohydrates that can be metabolized by 

gut bacteria to secondary byproducts such as SCFAs, particularly acetate, propionate and 

butyrate [224]. Given that functional genes for “Starch and sucrose metabolism” were enriched 

at 14 days with SRB, SCFAs were quantified to assess potential changes in stool microbial 

metabolites that resulted with SRB and NBP supplementation. No significant changes in stool 

SCFAs were observed at 14 or 28 days with the NBP intervention when compared to baseline 

(Figure 5.4a); however a large amount of inter-individual variation was observed in this group 

that could possibly obscure treatment effects. With SRB, no significant changes in stool butyric 

acid were observed at 14 or 28 days. However, both acetic and propionic acids were significantly 

increased with SRB at 14 days (p < 0.05); a change that did not persist at 28 days relative to 

baseline (Figure 5.4b). Acetic and propionic acids are byproducts of sugar, starch, and glycan 

fermentation and correspond with the observed enrichment in related metabolic genes at 14 days 

relative to baseline with SRB. Stool isobutyric and isovaleric acids were also measured based 

upon increases seen at 4 weeks with SRB consumption in our pilot study [260]. However, these 

BCFA were below detection limits in all participants using the current study participants and 

protocols.  
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Based on differences previously reported for bile acids at 28 days following SRB intake 

[260], we quantified deoxycholic acid, lithocholic acid, ursodeoxycholic acid, cholic acid, and 

chenodeoxycholic acid with the current study participants receiving SRB. Stool bile acid 

concentrations were highly variable across time points with SRB (Figure S1), with primary bile 

acids cholic acid and chenodeoxycholic trending downward at day 14. Microbial metabolites of 

polyphenols, including benzoic acid, 3,4-dihydrophenylacetic acid, phenylacetic acid, 3-

phenylpropionic acid, 3-hydroxyphenylacetic acid, and 4-hydroxy-3-methoxycinnamic acid were 

also measured. None of the targeted polyphenol metabolites differed significantly in stool across 

time points or treatment groups (p < 0.05). 

 

Discussion 

Stool samples collected from this pilot human clinical dietary intervention trial of SRB or 

NBP supplementation in CRC survivors revealed changes in gut microbiota, associated 

metabolites, and predicted functions relative to baseline. None of these changes were observed in 

stool from participants in the control group. Since previous research has associated CRC with 

lower gut microbial richness and diversity [100], although somewhat inconsistently [67], we 

assessed changes to gut microbial richness and diversity with SRB and NBP intervention. In the 

present study, supplementation with NBP increased gut bacterial richness and SRB 

supplementation increased richness and diversity, both at 28 days. Our results with SRB do not 

concur with previous studies utilizing fermented rice bran or brown rice flakes, as these foods 

did not result in significant changes to participants’ gut microbiota richness or composition 

[26,228]. However, consuming brown rice flakes (60g/day) did increase stool bacterial diversity 

after 4 weeks [26]. Since SRB is neither fermented nor refined prior to supplementation, this 
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difference could explain the shift in composition and increased species richness. In addition, our 

previous research in individuals with no history of cancer did not show increased stool bacterial 

diversity with NBP intake. Further research is necessary to clarify the ability of SRB and NBP 

supplementation to increase gut bacterial diversity. 

Changes in gut microbial composition with SRB supplementation included a decrease in 

F:B ratio after 14 (2.7 down to 1.4), but not 28 days, relative to baseline. Average F:B ratio 

remained at 1.5 after 28 days, however the change at this time point was not significant due to 

large variation in individual response. Although an increased F:B ratio is commonly associated 

with a leaner phenotype in obesity studies , the role of F:B ratio in reference to CRC risk is not 

well characterized. However, previous studies have shown an increase in Firmicutes in tumor 

tissue relative to the intestinal lumen with CRC [63]. In addition, Firmicutes are also implicated 

in increased energy harvest [152], which may promote obesity and influence CRC risk. 

Therefore, reduction of Firmicutes may provide some protection against CRC. Both NBP and 

SRB increased total fiber in the participants’ diets [261]; and while NBP increased gut bacterial 

richness, it did not change the F:B ratio. Furthermore, NBP had 2-5 differentiating bacterial taxa 

at 14 and 28 days compared to 20+ for SRB (Table S2). Since NBP participants had significantly 

lower Firmicutes at baseline than other groups (p < 0.05, ANOVA) it’s possible that this initial 

lower abundance is the reason for less change in gut bacterial composition. It remains unclear 

whether F:B ratio, or gut bacterial richness or species have more relative importance for CRC 

risk. So, the relative importance for these findings for CRC chemoprevention cannot be 

confirmed. 

The effect discrepancies between SRB and NBP suggests that the type of fiber-rich food 

introduced into the diet may be just as important as total fiber in the diet. Differences in the 
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dominant fiber components of SRB and NBP (i.e. arabinoxylan or xyloglucan) may explain 

differential effects detected herein on gut microbiota. The other phytochemicals such as 

polyphenols also influence gut microbial composition [266]. We did not see evidence of changes 

to phenolic acids or other polyphenol metabolite targets in stool with this research, but many 

forms of these phytochemicals exist beyond what we targeted to measure. Finally, while dry 

beans and other legumes are typical components of the diet, humans rarely consume SRB or 

large quantities of brown rice. Therefore, the shift in bacterial community composition may 

represent a classical ecological response to an environmental disturbance [267]. This is 

consistent with what appears to be a recovery of some of the baseline-level metabolic activities 

after 28 days. Mechanistic research identifying which specific components of high-fiber foods 

alter gut microbial dynamics and metabolic activities will be important for development of 

dietary therapies targeting the microbiome, including CRC chemoprevention strategies.  

In addition to differences in composition of gut microbiota, the study comparing Native 

Africans (lower CRC risk) to African Americans (higher CRC risk) showed that Native Africans 

have higher stool SCFAs: acetate, butyrate, and propionate [142]. SCFAs play an important role 

in gut health by providing a primary energy source, reducing intestinal inflammation and 

regulating appetite and fat metabolism [268]. Supplementation with SRB increased both acetate 

and propionate at 14 days relative to baseline, a change that did not persist at 28 days. Acetate 

and propionate play complex roles in the gut metabolic environment. Propionate is implicated in 

glucose production and inhibition of cholesterol production from acetate in the liver [269]. While 

the increase in SCFAs at 14 days is promising for SRB ability to improve overall gut health, 

more research is necessary to determine what factors influence persistence of increased SCFAs. 
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We did not find changes in SCFA, bile acids or phenolic acids in this study with NBP at 14 or 28 

days, which is consistent with findings of other research [10].  

Multiple changes in gut microbiota were associated with the increased acetate and 

propionate with SRB at 14 days. An increase of greater than 20-fold in Bacteroides ovatus in 

addition to an increase in Lachnospira spp. occurred at 14 days with SRB supplementation. 

While little is known about Lachnospira spp. function in gut ecology, recent research has 

revealed that B. ovatus has a specific enzymatic toolkit that makes it uniquely suited to 

degradation of glycans [270]. The glycan, arabinoxylan, is a dominant constituent of the 

hemicellulose fraction of rice bran fiber [271]. Primary polysaccharide degraders, like B.ovatus, 

can release monosaccharides from cellulose and hemicellulose for further metabolism by a wide 

variety of gut commensals via glycolytic pathways. For example, Lachnobacterium spp., which 

increased after 28 days, are unable to break down these primary polysaccharides but instead 

primarily utilize the monosaccharide byproducts of polysaccharide degradation. Pyruvate and 

oxaloacetate are primary intermediaries of gut fermentation of plant fiber to SCFA metabolites 

via glycolysis. Blautia spp. utilize the Wood-Ljungdahl pathway to produce acetic acid from 

pyruvate and were significantly more abundant (13-fold) in stools of the SRB group after 28 

days relative to baseline. Propionate is a major fermentation product of Bacteroides spp. and 

Coprococcus spp. via the succinate and acrylate pathways respectively [272]. Independently of 

changes in stool SCFA concentrations, genes for “Streptomycin Biosynthesis” were enriched at 

day 14, which could also play a role in shaping the community at this time point since bacterial 

species vary in their ability to tolerate this bacteriocide. 
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Concluding remarks 

Previous research has suggested that microbial metabolism of food components during 

digestion plays a role in potential promotion or chemoprevention of CRC [59,133,212,213]. 

Consumption of high-fiber foods, such as SRB and NBP, has been associated with decreased 

CRC risk [8,55,251-254], which may be a result of changes in gut microbiota and their activities. 

In this study, both SRB and NBP increased stool bacterial richness or diversity, important stool 

community characteristics that are reduced in CRC relative to healthy populations. This research 

with CRC survivors supports the findings of our previous study in a healthy cohort without a 

history of cancer, namely by showing SRB intake of 30 g/day changes stool bacterial populations 

after 14 days. The current CRC survivor cohort also showed beneficial increases in acetic acid 

and propionic acid at 14 days that did not persist to 28 days. Further research is needed to 

determine whether more lasting changes with SRB intervention are possible, perhaps with an 

increased dose or utilizing other rice cultivars. 

Due to the difficulty in recruiting large numbers of CRC survivors to participate in 

research studies, the number of participants limits interpretation of this study. The outcomes of 

this research should be used to guide future larger studies designed to control for inter-individual 

variation. Furthermore, the need for CRC survivor participants did not allow for exclusion and 

randomization based upon weight status. As such, the number of overweight and obese 

participants (21 out of 29 total) prevents understanding potential outcomes of SRB and NBP 

supplementation in a non-overweight CRC survivor cohort.  Despite these limitations, these 

findings support the merit of further investigations of NBP and SRB supplementation as dietary 

interventions for CRC control and prevention. In addition, these results underscore the 
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importance of tracking microbiota in conjunction with long-term host physiologic responses such 

as inflammation, tumor recurrence, and intestinal barrier function in future research. 

 

Figures 

 
Figure 5.1. Stool bacterial diversity at days 0, 14, and 28 for SRB, NBP and control participants. All 
samples were normalized to 1157 sequences for each participant. Sobs = actual number OTUs detected 
(richness);Chao = estimated number OTUs (richness); SD = Simpson Diversity Index (lower values 
reflect higher diversity with this index). The table below the graphs lists data for each participant. The 
asterisk (*) indicates p < 0.05 with student’s t-test comparing time point to day 0.  
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 Sobs   Chao     SD   

  Day 0 
Day 
14 

Day 
28 

Day 0 
Day 
14 

Day 28 Day 0 
Day 
14 

Day 
28 

Rice1 65 68 116 78.6 91.0 98.3 0.062 0.07 0.06 

Rice2 104 82 99 157.1 102.0 80.1 0.098 0.07 0.08 

Rice3 63 59 67 75.8 89.0 58.7 0.114 0.22 0.11 

Rice4 84 NA 132 119.1 NA 117.9 0.061 NA 0.05 

Rice5 89 114 158 112.2 195.7 129.9 0.049 0.06 0.04 

Rice6 132 123 214 195.1 182.1 181.2 0.044 0.03 0.04 

Rice7 137 74 177 224.1 122.3 122.3 0.081 0.08 0.05 

Bean1 78 91 78 95.3 111.0 95.3 0.08 0.07 0.08 

Bean2 104 109 104 117.1 146.0 117.1 0.06 0.05 0.06 

Bean3 81 74 81 102.2 114.6 102.2 0.07 0.14 0.07 

Bean4 63 63 63 67.0 97.2 67.0 0.08 0.08 0.08 

Bean5 68 56 68 91.1 69.3 91.1 0.07 0.12 0.07 

Ctrl1 133 148 145 174.1 233.6 230.6 0.03 0.02 0.03 

Ctrl2 106 119 103 129.6 153.7 164.8 0.11 0.08 0.09 

Ctrl3 96 106 85 114.5 147.6 95.5 0.06 0.04 0.04 

Ctrl4 81 NA 111 127.5 NA 165.1 0.07 NA 0.04 

Ctrl5 99 115 44 168.5 181.0 66.7 0.07 0.05 0.17 

Ctrl6 116 68 88 206.6 130.0 242.4 0.07 0.11 0.07 

Ctrl7 85 69 151 140.7 96.1 235.9 0.12 0.11 0.04 

Ctrl8 140 133 77 228.7 200.5 128.7 0.04 0.03 0.08 

Ctrl9 126 121 NA 167.1 177.4 NA 0.05 0.04 NA 

 

a) Richness (observed) b) Richness (estimated) c) Diversity (Simpson Index)
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Figure 5.2. SRB is associated with decreased Firmicutes:Bacteroidetes ratio at 14 days relative to 
baseline, but not 28 days. The asterisk (*) indicates p < 0.05 with student’s t-test comparing time point to 
day 0.  
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Figure 5.3. Predicted differences in stool bacterial functional categories (PICRUSt). Only KEGG 
categories found significant using STAMP analysis are shown, p<0.05.  
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Figure 5.4. Changes in stool short chain fatty acids (SCFAs) shown in a) Day 14 and b) Day 28. The 
asterisk (*) indicates p < 0.05 with Wilcoxon rank sum test comparing fold change relative to baseline to 
control. 
 

 



 
 

102 

Tables 

Table 5.1 Study participant characteristics. 

ID Group Sex Age BMI 

SRB1 m SRB FEMALE 58 24.1 
SRB2 m,s SRB MALE 55 33.2 
SRB3 m,s SRB MALE 70 34.5 
SRB4 m,s SRB FEMALE 68 26.1 
SRB5 m,s,p,b SRB MALE 53 31.1 
SRB6 m,s,p,b SRB FEMALE 63 22.4 
SRB7 m,p,b SRB MALE 51 32.5 
SRB8 s,p,b SRB FEMALE 68 20.9 
SRB9 p,b SRB FEMALE 68 32.3 
C1 m,s CONTROL FEMALE 84 25 
C2 m,s CONTROL FEMALE 61 31.3 
C3 m,s CONTROL FEMALE 53 26.3 
C4 m,s,p CONTROL MALE 75 31.4 
C5 m,s,p CONTROL FEMALE 69 24.3 
C6 m,s,p CONTROL MALE 62 28.5 
C7 m,s,p CONTROL MALE 77 31.1 
C8 m,p CONTROL FEMALE 62 22.3 
C9 s CONTROL MALE 73 25.8 
C10 p CONTROL FEMALE 39 25.6 
NBP1m NBP MALE 57 24.7 
NBP2 m,s NBP FEMALE 57 20.9 
NBP3 m NBP FEMALE 53 35.3 
NBP4 m NBP FEMALE 48 18 
NBP5 m NBP FEMALE 60 25.7 
NBP6 s,p NBP MALE 67 27.5 
NBP7 s,p NBP FEMALE 70 32.8 
NBP8 s,p NBP MALE 37 28.4 
NBP9 s,p NBP FEMALE 59 46.4 
NBP10 p NBP MALE 80 25.4 

Sample included in m 454 pyrosequencing analysis of microbiota,  
s stool SCFA’s, p stool phenolic acids, and b stool bile acids analysis.  
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

 
 
 
The purpose of this research was to investigate the potential of supplementation with 

powdered, high-fiber staple foods; heat-stabilized rice bran (SRB) and navy bean powder (NBP), 

to favorably alter the intestinal environment for colorectal (CRC) prevention or control. Research 

methods utilized Next Generation Sequencing in combination with chromatography and mass 

spectrometry to profile changes in the gut microbial community, their metabolites and predicted 

metabolic functions. The results suggest that supplementation with SRB or NBP for 4 weeks 

alters gut microbiota and SRB also alters the stool metabolite profile making SRB a good 

candidate for further research on potential for CRC chemoprevention. 

Across all three studies a large amount of inter-individual variation in microbiota 

composition was observed, which may be attributed to differences in genetics, long-term dietary 

habits, environmental factors and other influences outside of the control of study parameters. 

Crossover design studies, where each participant completes a control and treatment arm, can help 

normalize for variation between individuals and would be a superior design for dietary 

interventions that evaluate changes to gut microbiota. With both SRB and NBP, response of gut 

microbiota in CRC survivors was not consistent with the non-cancer cohort. These differences 

could be a result of the small sample sizes of each study population. However, these data may 

also suggest that previous health status may affect response to dietary intervention. The gut 

microbial community of study participants differed significantly at baseline across treatment 

groups in both studies. In addition, with regard to at least one microorganism, Bacteroides ovatus, 

response to SRB intervention was dependent on bacterial abundance in the participants at 

baseline. B. ovatus significantly increased at 2 weeks in all participants in whom it was detected 
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at baseline, but no increases were observed in participants in which these organisms were not 

initially detected (Fig. 6.1). These data suggest that the starting composition of the gut 

microbiota may also be a determinant in individual response to dietary intervention.  

Study 1 compared stool samples from people with CRC diagnosis to healthy individuals 

in order to provide a basis of comparison for the pilot dietary interventions conducted in Study 2 

and Study 3. Several stool microbial measures were analyzed including richness (number of 

species in a population), diversity (the richness and distribution of species), composition, and 

secondary metabolites. The data from Study 1 did not support a relationship of stool bacterial 

evenness or diversity with CRC, but this relationship has proved inconsistent across various 

studies [63-65,67,100]. However, these indices are sensitive to differences in sampling depth and 

sequence coverage, as well as inherent biases in the various algorithms used to calculate these 

parameters. With larger cohorts and increased sequencing depth the relationship between gut 

microbial diversity and CRC may be clarified and so it is important to consider effects on gut 

microbial richness and diversity with dietary change. In the pilot dietary interventions presented 

herein, no changes in microbial richness or diversity was observed in the non-cancer cohort. In 

CRC survivors, both NBP and SRB induced changes to gut microbial richness or diversity. In 

fact, the most remarkable effect of supplementation with NBP was to increase estimated stool 

bacterial richness (using Chao index) after 4 weeks. No significant changes to stool microbial 

metabolites or predicted bacterial functions occurred with NBP supplementation. With SRB 

supplementation, both richness and diversity of the gut microbial community increased at 4 

weeks and this increase followed earlier changes at 2 weeks in Firmicutes:Bacteroidetes (F:B) 

ratio. There were also associated changes in predicted microbial functions and stool metabolites. 

Until the role of gut microbial diversity in the CRC disease process is better clarified and 
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described, it is difficult to interpret the importance of changes in gut bacterial diversity for 

potential CRC prevention with SRB or NBP supplementation. 

Human gut microbiota are primarily (>90%) classified into two bacterial phyla, 

Bacteroidetes and Firmicutes and a higher ratio of these two bacterial groups 

(Firmicutes:Bacteroides) has been associated both with a high-fat dietary pattern and with 

obesity [273]. The F:B ratio has not shown a consistent relationship with CRC [63-65,274] and 

so its relevance to CRC progression is not clear. However, the two different phyla appear to 

prefer different physical niches in the gut environment. In patients with CRC, Bacteroidetes are 

most often associated with intestinal mucosa, whereas Firmicutes are more likely to be found in 

the intestinal lumen [163]. Long-term dietary pattern seems to be a reliable indicator as to which 

genera within the Bacteroidetes phyla will predominate. Native Africans tend to be dominated by 

the Prevotella genus while African Americans are predominated by Bacteroides spp. in previous 

studies looking at gut microbial composition. The compositional balance of these two phyla is 

known to shift in favor of Firmicutes with an obese phenotype, possibly due to their enhanced 

ability to harvest energy from the diet [273]. Recent studies examining the prebiotic activity of 

arabinoxylans, a constituent of SRB, suggest that this fiber component may rebalance a high F:B 

ratio induced by high fat diet [275]. Given the increased risk for CRC with obesity [276], 

continued monitoring of this ratio with dietary intervention is advised to gain a clearer picture of 

the role of dietary fats and microbial composition in CRC development.   

Study 1 also defined some specific bacterial genera that were enriched in stool from 

healthy controls relative to CRC and included: Bacteroides, Lachnospira, and Lachnobacterium. 

Three species from the genus Bacteroides were enriched by 2-3 fold in stools of healthy 

individuals versus those with CRC. This finding corroborates other research showing higher 



 
 

106 

Bacteroides spp. in colon tissue from healthy people relative to CRC tumor tissue [180]. All 

three of these bacterial species were increased at either 2 or 4 weeks with either SRB or NBP 

supplementation in CRC survivors (Study 3). NBP supplementation increased an unidentified 

species from the genus Lachnospira by more than three-fold after 4 weeks of consumption. Since 

these bacteria rapidly ferment pectin and polygalacturonate, increases in Lachnospira sp. with 

NBP may be attributed to the arabinose-rich pectins and galacturonans present in cell walls of 

common bean (P. vulgaris) [277]. However, Lachnospira spp. cannot degrade other NBP 

components such as cellulose or xylans. Lachnospira’s main fermentation byproducts (from 

glucose) include lactate, formate, acetate, ethanol, carbon dioxide, and some hydrogen gas [278]. 

Of these potential known byproducts, only stool acetate was measured in this research, however 

no significant changes in stool acetate were observed with NBP supplementation. Additional 

research in larger cohorts is encouraged to verify the relationship between NBP supplementation 

and increases in gut Lachnospira spp.  

Also in the Lachnospiraceae family, Lachnobacterium were enriched in stool of healthy 

participants relative to those with CRC in Study 1 and increased in abundance with both NBP 

and SRB in the CRC survivor trial (Study 3). Supplementation with NBP increased an 

unidentified species of Lachnobacterium by nine fold after 2 weeks and another species 

increased by 24-fold with SRB after 4 weeks. Previous investigations targeting Lachnobacterium 

metabolism suggest that they do not metabolize complex polysaccharides present in SRB and 

NBP such as cellulose, xylans or pectins and that they produce only small amounts of acetate or 

butyrate [279]. Since Lachnobacterium primarily produce lactic acid from a diverse set of 

monosaccharides [279] and lactic acid was not measured in these studies, it is difficult to 

corroborate this metabolic pathway using data from this research. However, predicted functions 
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of gut bacteria were enriched for starch and sucrose metabolism after 2 weeks with SRB 

supporting that up-regulation of this metabolic pathway may have occurred. The role that 

Lachnobacterium and Lachnospira play in human gut ecology, health or disease is currently 

poorly understood, so it remains uncertain to what extent their increased abundance could 

prevent or influence proliferation of colorectal tumors. 

In contrast to CRC survivors in Study 3, the non-cancer cohort in Study 2 had remarkably 

different responses to the dietary interventions with respect to gut microbial community 

composition. No changes in the Bacteroides genus as a whole or in its specific species were 

observed in non-cancer individuals. One possible explanation for this disparity is that there were 

different baseline communities and greater microbial community stability in the non-cancer 

cohort. We did note a twelve-fold increase in Methanobrevibacter smithii, observed at 2 weeks, 

which is consistent with possible cooperative degradation of recalcitrant fibers such as resistant 

starch [280]. Degradation of plant material, such as resistant starch, glycans, lignin and their 

subsequent polysaccharide byproducts frequently occurs via microbial cross-feeding due to the 

necessity for a large number of enzymatic functions to completely degrade the material [281]. 

This change was not observed in all SRB participants and standard error was relatively high 

(equal to the mean), therefore further research will need to confirm M. smithii’s association with 

SRB supplementation. In addition, since sequencing primer choice imparts detection bias and 

different sequencing primers were used in Study 2 and Study 3, comparisons of bacterial 

compositions across these studies is limited. In particular, it was not possible to detect 

populations of M. smithii using the primer set from Study 3, so population increases observed in 

the non-cancer cohort could not be corroborated in CRC survivors. Bifidobacterium and 

Ruminococcus both increased in the non-cancer cohort with SRB at 2 and/or 4 weeks relative to 



 
 

108 

baseline and are known to play a role in resistant starch degradation. R. bromii is particularly key 

due to its role in releasing substrates that other gut bacterial species further process 

[272,280,282]. Taken as a whole, these data are consistent with potential cross-feeding 

relationships for SRB degradation in the gut microbial community. Further research could 

include more frequent sampling for a longer duration to clarify community dynamics that may 

occur with cooperative degradation of resistant starch, lignans, and glycans present in SRB. 

Despite NBP supplementation providing more overall dietary fiber than SRB, it had less 

of an effect on gut microbiota and metabolites overall in both pilot dietary interventions. These 

results imply that total fiber intake may not be the most important dietary component for altering 

gut microbiota and their metabolism. The current research also supports previous findings by 

other research teams that suggest supplementation with rice-derived food products, such as 

whole grain rice cereal, induce more consistent and greater changes to gut microbiota than beans 

[26,28,29,36,260]. Possibly, the specific chemical composition of the fiber has more influence on 

gut microbial metabolism and colonic health than total dietary fiber intake. In order to decipher 

which fiber components are most influential in driving changes in the gut microbial community, 

metabolic byproducts and up-regulated enzymatic genes must be used to infer changing gut 

bacterial functions.  

Study 3 (the CRC cohort) included a PICRUSt analysis providing predictions of 

functions that were enriched with SRB. After 2 weeks of SRB supplementation, the category of 

functional genes for ‘other glycan degradation’ was significantly enriched. Glycans are 

polysaccharides made up of sugar monomers (monosaccharides) bonded via β-1,4 linkages and 

include glucans which are composed of D-glucose monomers [283]. Glycans and glucans are 

common components of plant cell walls, including rice and beans [271,277,284], and component 
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monosaccharides are released during microbial fermentation in the gut. Genes for enzymes that 

degrade glycans and glucans to monosaccharides are included in the functional categories ‘other 

glycan degradation’ and ‘starch and sucrose metabolism’ were enriched at 2 weeks with SRB 

supplementation. Encoded enzymes included those important for mucin degradation (sialidases, 

fucosidases, and hexosaminidases) and those important for plant polysaccharide degradation 

(xylosidases, mannosidase, and beta-glucosidases) typically utilized in breaking down side-chain 

branches of glycans. Gut bacteria play a crucial role in digestion of plant-derived glycans, 

because human enzymes are not capable of cleaving the chemical bonds forming the component 

polysaccharides in these recalcitrant fibers [285]. 

Koropatkin et al. recently reviewed the mechanisms by which glycan metabolism shapes 

the human gut microbiota [286] where they suggest glycan availability is a major determinant of 

gut microbial composition and metabolism. They further propose dietary glycans as a potential 

means to manipulate the balance of species in the gut. This property is illustrated by the ability of 

human milk oligosaccharides, a diverse set of dietary glycans common in human milk but not 

other mammals [287]. Most of these oligosaccharides cannot be digested via human enzymes 

and have been proposed to selectively feed specific gut bacterial species and hence guide early 

infant gut colonization [288-290]. Glycans form branching structures that are shared not only by 

human milk oligosaccharides and hemicelluloses of plant cell walls, but also the protective layer 

of gut mucins. Mucins are made up of glycoproteins, which consist of glycan branches attached 

to a core protein backbone. Host and dietary glycans offer immense structural diversity and 

contain many different types of linkages requiring equally diverse bacterial enzymatic tools for 

degradation. As such, gut micobiota are highly variable in the types and numbers of glycans they 
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can degrade. In fact, the diversity present in mucin secretions may help protect the gut barrier 

from microbiota becoming too efficient at harvesting glycans from its surface [286].   

Microbiota with broad ability to shift their metabolism to degrade a variety of dietary or 

host glycans have a survival advantage when dietary sources of glycans are depleted or changed. 

These microorganisms can be thought of as glycan-degrading ‘generalists’ and are capable of 

shifting their metabolism in the absence of dietary glycans to forage for glycans on the surface of 

host mucous secretions [291]. If glycan ‘generalists’ are present in the gut commensal 

community, a consistent supply of dietary glycans could prevent glycan foraging behavior and 

preserve the integrity of the protective mucins lining the gut surface. Marcobal et al. propose that 

co-evolution with gut commensals that prefer dietary glycans, when available, and exclude 

organisms that prefer intestinal mucin glycans represents an adaptive symbiotic relationship 

[292]. In fact, one study in mice suggests that genes involved in degradation of host mucins are 

upregulated when consuming a low fiber or Western diet relative to a polysaccharide-rich diet 

[293]. 

Detailed analysis of the dietary glycans present as hemicelluloses in rice bran and 

common bean have previously been conducted by other research teams [271,277,284]. 

Components of hemicellulose include xylan, xyloglucan, galactomannan and glucomannan and 

will vary according to botanical origin of the plant [286]. Rice bran and common bean differ 

substantially with regard to both xylan and xyloglucan content. Dry beans and other 

dicotyledonous plants are predominated by xyloglucans [277,284] whereas rice and other grasses 

are predominately xylans [294]. Chemical composition analysis of rice cell walls reveals that 

they are primarily made up of cellulose and arabinoxylan [271]. Arabinoxylan, like other xylans, 

is a linear polysaccharide made up of xylose sugars with β-D-(1—4)-linkages. Bacteroides spp. 
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produce necessary xylanases for degradation of either xyloglucans or xylans [295]. Salyers et al. 

tested 10 Bacteroides species and three had the ability to use xylan as a substrate. Xylan 

degraders identified in the Salyers et al. study included Bacteroides fragilis supsp. a., and B. 

vulgatus as well as B. ovatus and B. eggerthii, which were increased with SRB supplementation 

in our CRC survivor cohort. Bacteroides ovatus has been shown to particularly target xylans 

with enzymes genetically encoded in two polysaccharide utilization loci (PULs) [286].One 

previous study in mice supplemented with wheat-bran suggests that arabinoxylans may be 

helpful in restoring high-fat-diet-induced shifts in F:B ratio [275]. Results from our pilot 

intervention with SRB in CRC survivors showed similar decreases in F:B ratio, although the 

persistence of this effect varied between individuals, resulting in a mean non-significant change 

at4 weeks. The F:B ratio does not play a clear role in the CRC disease development process, but 

it is implicated in increased energy harvest and obesity [296], which is a known CRC risk factor 

[276].  

The decreased F:B ratio in CRC survivors supplemented with SRB was partly driven by 

increases in two xylan-degrading Bacteroides spp.; B. ovatus increased 20-fold at 2 weeks and B. 

eggerthii was newly detected at 4 weeks. Bacteroides are Gram-negative rod-shaped bacteria and 

mainly starch degraders, but some species also ferment amino acids. Major fermentation 

products of Bacteroides are acetate and propionate [297], which were significantly enriched in 

stools of SRB consuming individuals after 2 weeks in the CRC survivor pilot study. Increased 

acetate and decreased butyrate with CRC versus without was also noted in Study 1. Decreases in 

all three SCFA: acetate, propionate, and butyrate were noted when comparing stool samples 

from African Americans to native Africans, who experience lower rates of CRC. Increased 

SCFA are generally deemed beneficial to colonic health, but increased acetate has previously 
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been associated with CRC [298]. Given acetate’s role in promoting proliferation in normal 

intestinal crypt cells [299], it’s possible that this mechanism could also play a role in CRC 

progression.  

Both acetate and propionate are proposed to play a physiological role in carbohydrate and 

lipid metabolism [300]. They also play important roles related to gastrointestinal blood flow 

[301], motility [302] and electrolyte balance [303]. Acetate may serve to exclude some enteric 

pathogens [304] and circulates to the liver where it may be utilized in adipogenesis [305]. 

Propioniate also circulates to the liver, but may help lower cholesterol by inhibiting its synthesis 

[305]. Sleeth et al. suggest that the decline in fermentable fiber intake post-Industrial Revolution 

could play a role in the obesity epidemic [268]. This argument is primarily justified via the role 

that SCFA, acetate and propionate in particular, play in energy homeostasis through acting on the 

G-protein coupled protein receptor free fatty acid receptor 2 (FFAR2; formerly GPR43). 

Experiments conducted in ffar2 knockout mice demonstrate that increases in acetate and 

propionate stimulate peptide YY (PYY) and glucagon-like peptide (GLP)-1 secretion and 

enhance FFAR2 signaling [306]. Increased GLP-1 secretion with acetate and propionate has also 

been noted in humans [307,308]. Ongoing research into therapeutics for enhanced GLP-1 

secretion is showing promise for potential benefits in subjects with diabetes and obesity [309]. 

Given the association of obesity, diabetes and increased CRC risk, enhanced GLP-1 secretion 

with acetate and propionate increases may play a protective role against CRC occurrence. 

Increases in acetate and propionate, and associated B. ovatus, observed in CRC survivors 

(Study 3), were transient and not sustained after 4 weeks with SRB supplementation. Further 

research is necessary to understand reasons for the transient nature of acetate and propionate 

increases, but one potential reason could be an unreported decrease in study compliance that led 
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to an overall decrease in SRB exposure. Another potential reason could be microbial community 

dynamics enabled new species to populate the gut that produce alternative SRB fermentation 

byproducts. The increase in stool bacterial diversity observed at 4 weeks also supports the idea of 

community succession where a founder bacterial species modifies the environment making it 

more favorable for multiple additional species to thrive (Fig 5.1).  

In addition to microbial metabolites of fiber, byproducts of protein degradation were 

significantly increased in two of the three research studies. Study 1 identified increased branched 

chain fatty acids (BCFA) with CRC, which is characteristic of protein putrefaction with high-

meat, low-fiber diets and may increase CRC risk [213,310]. Increases in BCFA were also 

observed with SRB supplementation in the non-cancer pilot intervention after 4 weeks, but not in 

the CRC pilot intervention. Given the implications of BCFA with increased CRC risk, these 

metabolites should continue to be monitored with SRB supplementation to clarify the association. 

Potential increases in colonic BCFA are not often considered when encouraging protein 

consumption for its ability to reduce appetite and sustain satiety after eating [311]. Furthermore, 

both men and women over the age of 20 in the US over-consume dietary protein [312]. 

Recommendations of increased fiber intake should be considered as an alternative dietary means 

for sustained satiety, because fermentation of fiber to SCFA can provide a similar reduction in 

appetite via FFAR2 signaling. In addition, more than 90% of children and adults in the US do 

not meet daily fiber recommendations [313]. 

Since SRB and NBP differ chemically in more ways than just fiber composition, it is also 

possible that another component of SRB, such as polyphenols, is driving changes in gut 

microbial dynamics. Stool samples were enriched with potential byproducts of polyphenols with 

SRB supplementation in Study 2 (non-cancer cohort) (Table 4.6), but not in Study 3 (CRC 
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survivors). A possible explanation for this disparity may be a reduced capacity to metabolize 

polyphenols in CRC survivors. The targeted metabolite analysis conducted in Study 3 may also 

have failed to capture changes in metabolites that were not specifically monitored.  Further 

research should continue to quantify metabolites of polyphenols to clarify the importance of 

these metabolites with SRB supplementation.  

Since bile acids are known to alter the gut microbial community [59] and CRC risk [314], 

we also quantified these metabolites. Changes in secondary bile acids with SRB were 

inconsistent and are therefore difficult to interpret. Secondary bile acids lithocholic acid and 

deoxycholic acid increased after 4 weeks with SRB in Study 2 (non-cancer cohort) but not Study 

3 (CRC survivor cohort). Ursodeoxycholic acid (UDCA), which was higher in healthy people 

relative to those with CRC in Study 1, showed substantial increases in some participants in Study 

3 (CRC survivor cohort) but was not significant overall. An increase in stool secondary bile acids 

is typically associated with a high fat diet, but SRB can also bind and excrete these pro-

carcinogenic byproducts [315]. So, while the importance of secondary bile acids with SRB 

supplementation remains unclear after this research, these microbial metabolites may prove to be 

important in future research. Continued measurement of these metabolites with SRB 

supplementation is encouraged, particularly if the cause of variation in individual response can 

be determined.  

Observations across these three studies include differences in overall gut microbial 

ecology and metabolism between CRC patients versus healthy adults and with supplementation 

of SRB or NBP. These differences can be examined in the context of the several recent 

hypotheses on how gut microbial dysbiosis may contribute to CRC initiation and progression 

reviewed in Chapter 2. The ‘alpha-bug’ and ‘passenger-driver’ hypotheses both theorize that the 
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CRC disease process is initiated with establishment of a keystone pathogen, such as ETBF. 

Highly diverse and evenly distributed gut microbial communities are in a state of eubiosis and 

are resistant to pathogen establishment due to commensal acidification and competitive 

exclusion. Our results showed an increase in SCFA production after 2 weeks with SRB 

supplementation that reflects gut microbial degradation of SRB fiber into acidic byproducts. 

Using SRB as a dietary tool to increase acidic byproducts in the colonic environment may play 

an important role in pathogen exclusion and deserves further research attention. Next the 

hypotheses theorize that an inflammatory event disrupts the ability of the gut microbial 

community to exclude pathogens. However, it remains unclear whether a keystone pathogen first 

establishes and initiates an inflammatory process or if host inflammation allows for pathogenic 

rearrangement of the microbial community. One could speculate based on these study results that 

host inflammation may result from a low fiber diet that forces some species of gut bacteria to 

utilize gut mucins for energy in the absence of an alternative substrate such as dietary glycans. 

Degradation of the gut mucin layer, would expose the colonic tissues to digestive byproducts, 

enterotoxins, and pathogen interactions. Once bacteria have access to intestinal tissues, DNA can 

be damaged via bacterial production of chromosome-breaking factors, also known as the 

bystander effect. This exposure would likely increase risk of CRC initiation and tumor formation 

and would further alter the colonic environment to favor ‘passenger’ bacteria such as 

Akkermansia muciniphila that take advantage of tumor mucous secretions. Our observation of 

increased Akkermansia muciniphila in CRC patients versus healthy adults supports this 

hypothetical fit of study data with the reviewed hypotheses. 

An important comment with regard to the pilot dietary intervention research herein 

acknowledges that both potential positive and potential negative outcomes were observed. In our 
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quest to improve diet for modulation of gut microbial metabolism and disease prevention, it is 

important to resist the urge to either vilify or sanctify specific foods. Nearly all foods, like the 

NBP and SRB used in this study, are composed of a wide variety of chemical components that 

induce an equally varied and complex microbial response that includes functions and metabolites 

that work in opposition for affect on total host health. The variety of microbial activities 

underscores their importance and the need to consider gut microbial functions in a whole diet 

context. The combined effects of diet and byproducts of microbial metabolism will influence 

inflammation, DNA stability, oxidative stress and cell cycle regulation that ultimately will either 

prevent or promote CRC formation or progression. However, it is unrealistic to expect that any 

food will exert only beneficial effects on host or microbial physiology.  

 

Summary and future directions 

Increasing dietary fiber intake, in the form of whole-grain cereals and legumes, is 

recommended for cancer prevention and to support intestinal health. However, much remains to 

be learned about the mechanisms by which this health improvement occurs. By understanding 

gut fermentation of plant fibers, more consistent results and more effective dietary therapies can 

be attained. Plant fiber is a complex substance with varied components and can be vastly 

different depending on the food’s botanical origin. The results of this research suggest that 

designing effective dietary therapies will require moving beyond the term ‘dietary fiber’ and 

recognizing the individual qualities of its chemical constituents. Particular attention must be paid 

to glycan-containing high-fiber foods since the organisms that degrade glycans typically also 

employ mucin-degrading metabolic pathways.  
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While much work has been done in vitro to investigate the ability of specific Bacteroides 

organisms to switch between metabolism of dietary glycans to host mucin glycan degradation, 

less is known about the in vivo effects of dietary glycan flux. Future research should include 

short and long-term studies that investigate changes to gut microbial glycan foraging behavior 

before, during and after provision of dietary glycans present in foods like SRB. Chronic 

underfeeding of specific biochemically versatile gut microorganisms may prove to play an 

important role in dysbiosis of the gut community and/or degradation of the protective mucus 

layer both of which have been implicated in the initiation and progression of CRC. 

However,these three studies collectively suggest potential for beneficial alteration of gut 

microbial composition with SRB and NBP supplementation. SRB, being rich in arabinoxylans, 

offers particular promise for preservation of protective gut mucins by sparing host glycans and 

also an improved stool metabolite profile consistent with CRC prevention.  
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Figures 

 

Figure 6.1 Bacteroides ovatus increases after 2 weeks with SRB supplementation. 
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