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ABSTRACT 

 

Alterations in gut microbiota and metabolome occur during colon carcinogenesis and 

metabolic syndrome, but these changes may be reduced by exposure to bioactive compounds in 

foods. We hypothesized that bioactive compound-rich diets improve colon microbiota and 

metabolism to mitigate: 1) azoxymethane- (AOM) induced colon carcinogenesis in rats, 2) HZE 

radiation-induced alterations in the microbiota in mice, and 3) risk factors that define metabolic 

syndrome in human subjects. 

A dried plum (DP) containing diet reduced preneoplastic lesions and led to lower Nos2, 

Tlr2 and Tlr4 expression than basal diet counterparts. DP increased Bacteroidetes and decreased 

Firmicutes in the distal colon, and increased Actinobacteria and decreased Lactobacillus 

throughout the colon. DP reduced fecal short chain fatty acid (SCFA) concentrations and 

increased luminal concentrations of compounds derived from microbial metabolism of plant 

derivatives. Microbial metagenome prediction revealed alterations in KEGG pathways related to 

metabolism and pathway analysis of distal metabolites suggests DP altered critical regulators of 

colon carcinogenesis and inflammation. 

Exposure to 1 Gy of Fe (RAD) did not affect luminal SCFA, however, DP+RAD mice 

had a lower percentage of propionate compared to DP+SHAM, control diet (CD)+SHAM and 

CD+RAD groups. RAD increased the abundance of Akkermansia; however, DP increased 

Akkermansia, Lachnospiraceae, Anaeroplasma, and Coriobacteriaceae and reduced 

Oscillospira, Ruminococcaceae, Lactobacillus, and Clostridiaceae. Evidence of an interaction 

between DP and radiation exposure in 40% of animals warrants further investigation. 
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Sumac sorghum (SS) increased the anti-inflammatory genus Faecalibacterium, but had 

no effect on serum markers of inflammation, blood lipids, fasting blood sugar, percentage body 

fat, or fecal SCFA. Metabolomics of plasma showed an increase in 3-hydroxyhippurate 

following SS consumption, and a reduction of three gamma-glutamyl AAs. Targeted fecal 

metabolite quantification revealed increased concentrations of 3-(3-hydroxyphenol)propionic, 3-

phenylpropionic, and benzoic acid, and reduced quinic acid following 100 g/day SS 

consumption. Correlation between plasma metabolites and fecal microbes revealed hippurate 

was positively correlated with Akkermansia, while Faecalibacterium was negatively associated 

with several gamma-glutamyl amino acids. 

Both DP and SS modified the colon metabolome and microbiome, increased putatively 

beneficial bacteria and microbially-derived compounds associated with positive health outcomes. 

Causal investigations and interactions between the DP and radiation are warranted. 
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NOMENCLATURE 
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αPD-L1 alpha programmed death-ligand 1 
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CRC  colorectal cancer 
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DIM  diindolylmethane 
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DNA  deoxyribonucleic acid 

DSB  double strand break 
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DSS  dextran sulfate sodium 

EGF  epidermal growth factor 

EPA  eicosapentaenoic acid 

FICZ  formylindolo-[3,2-b]-carbazole 

GO  gene ontology 

HAT  histone acetyltransferase 

HDAC  histone deacetylase 

HMACF high multiplicity aberrant crypt foci 

hMLH1 human MutL homolog 1 

IBD  inflammatory bowel disease 

IFN-γ  interferon gamma 

IgA/G  immunoglobulin A/G 

iNOS  inducible nitric oxide synthase 

I3C  indole-3-carbinol 

JNK  c-jun N-terminal kinase 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

KRAS  V-Ki-Ras2 Kirsten Rat Sarcoma 2 Viral Oncogene Homolog 

LAB  lactic acid bacteria 
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MAPK  mitogen-activated protein kinase 
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MSI  microsatellite instability 
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OTU  operational taxonomic unit 
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ROS  reactive oxygen species 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW* 

 

Introduction 

Colon cancer is associated with various risk factors including abdominal obesity, chronic 

inflammation, and mutagen exposure (2-6). The classically-defined hallmarks of cancer are: 1) 

self-sufficiency in growth signals, 2) insensitivity to growth-inhibitory signals, 3) evasion of 

apoptosis, 4) limitless replicative potential, 5) sustained angiogenesis, and 6) tissue invasion and 

metastasis (7, 8). More recently, two emerging hallmarks of cancer have been proposed: 1) 

deregulated cellular energetics, and 2) avoidance of immune destruction (9). Indeed, cancer cells 

are known to exhibit altered metabolism (i.e., the Warburg effect) (10-12). In addition, tumor-

promoting inflammation, and genome instability and mutation have been proposed as cancer 

enabling characteristics (9). Alterations in the epigenome, such as global hypomethylation and 

site-specific hypermethylation of tumor suppressor genes, regulate gene expression patterns and 

have been associated with colon carcinogenesis (13). 

The fundamental model of sporadic cancer development involves three steps: initiation, 

promotion, and progression (14). Initiation refers to an irreversible mutation event in the DNA 

sequence following exposure to mutagens, such as ionizing radiation, aromatic amines, 

polycyclic hydrocarbons, and oxygen free radicals (14, 15). Promotion is characterized by 

alterations in cell apoptosis and proliferation that occur intrinsically in response to initiation 

                                                 

* Part of this chapter is reprinted with permission from Shaping functional gut microbiota using dietary bioactives to reduce 

colon cancer risk by Seidel DV, Azcarate-Peril MA, Chapkin RS, and Turner ND, 2019. Semin Cancer Biol. 2017 Oct;46:191-

204 by Elsevier.  
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(e.g., overexpression of mutant p53) and/or to promoters that drive proliferation and/or inhibit 

apoptosis of initiated cells (14). Progression is characterized by structural changes in cell 

karyotype, further accumulation of genetic mutations, anaplasia, development of malignant 

neoplasms, as well as tumor invasion and metastatic growth (14, 16). Interestingly, cells within 

the primary tumor are known to harbor heterogeneous mutation profiles making targeted 

treatment strategies more difficult (16). Therefore, significant efforts are made to inhibit 

carcinogenesis at the initiation and promotion stages. 

Colon epithelial cells exist in a mutualistic relationship with bacteria residing in the 

lumen. The gut microbiota is estimated to contain over 1,000 different ‘species-level’ phylotypes 

(17). One recent metagenomics study reported a microbial gene catalog of 3.3 million genes, 

which is ~150 times larger than the human gene complement (17-19). The microbial 

metagenome permits a repertoire of metabolic functions that supplement host metabolism, and 

the gut microbiota has been implicated in a number of physiological processes, including 

modulation of intestinal motility, regulation of luminal pH, stimulation of immune function, and 

metabolism of undigested food (20). Dysbiosis refers to perturbations in microbial populations, 

and has been linked to obesity, cancer, and promotion of colonic inflammation (e.g., 

inflammatory bowel disease (IBD) and colitis) (3, 21-26). Inflammation can occur in response to 

a variety of biological insults, including infection by pathogens, immune sensitivity, 

autoimmunity, and exposure to ionizing radiation, and has been implicated in both sporadic 

colorectal cancer (CRC) and colitis-associated colon cancer (CAC) (3, 6, 27-30). 

Diet is a major contributor to mammalian health and metabolism, and research has 

demonstrated that diet also contributes to the composition and metabolism of the gut microbiota 

(31, 32). Epidemiological studies have revealed that consumption of fruits, vegetables, and 
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whole grains reduces CRC risk (33-35). The chemoprotective activity afforded by fruit, 

vegetable, and whole grain consumption is believed to be due to the fiber content, antioxidant 

compounds, and other bioactive compounds (i.e., extra-nutritional elements of food that can 

affect living tissue) (33, 34, 36). Diets containing bioactive compounds that directly inhibit 

proliferation and promote apoptosis of transformed cells are promising strategies for the 

prevention of colon cancer. Additionally, certain food constituents can undergo metabolism by 

the microbiota to produce secondary bioactive compounds that then affect host physiology, such 

as the fermentation of dietary fiber into short-chain fatty acids (SCFA) (37-41).  

Literature Review 

Host and microbe-associated alterations as contributors to colon carcinogenesis 

Epithelial perturbations and their outcomes 

Colonocytes serve several important functions including nutrient absorption, mucin 

secretion, and endocrine activity. The differentiated cell types performing these functions are 

derived from stem cell precursors that reside at the base of the intestinal crypt (42). To date, 

there has been extensive debate regarding the identity of stem cells within the colon crypt. 

However, the leucine-rich-repeat-containing G-protein-coupled receptor 5 positive (Lgr5+) crypt 

base columnar cells are a strong candidate, as these cells undergo cell division daily and their 

daughter cells constitute the transit-amplifying crypt compartment (42). Furthermore, lineage 

tracing studies using an inducible Cre knock-in allele and the Rosa26-lacZ reporter strain have 

demonstrated restricted expression of Lgr5+ cells to the base of the crypt that can generate all 

epithelial lineages over a 60-day period (42, 43). Daughter cells derived from the stem cell 

population will continue to divide and eventually differentiate into mature colonocytes as they 

migrate away from the base of the intestinal crypt toward the intestinal lumen. Mature, senescent 
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cells, which are lost at the luminal surface via sloughing or spontaneous apoptosis, are normally 

replaced at an equal rate by proliferating cells (44). Coordinated proliferation and migration of 

colonic epithelial cells are necessary for the maintenance of barrier function and epithelial 

restitution following an injury to the epithelial cells (44, 45). 

Adult colon stem cells sustain self-renewal and are target cells for cancer-initiating 

mutations (43, 46). Tissue-specific mutation accumulation in colon stem cells resulting in 

alterations in differentiation/plasticity, and stem cell location/proliferation are generally believed 

to represent the earliest step towards colon tumorigenesis (47, 48). The onset of colon 

tumorigenesis is often driven by mutations in the Wnt signaling pathway (49-51). Specifically, 

adenomatous polyposis coli (APC) loss-of-function or β-catenin gain-of-function mutations 

result in stabilization of free β-catenin, which leads to aberrant Wnt signaling that can drive 

tumorigenesis (49-51). Importantly, mutational activation of the Wnt pathway in Lgr5+ cells 

gives rise to intestinal tumors with greater efficiency than other intestinal cell types (43). 

According to the cancer stem cell hypothesis, the population of cells that propagate tumor 

formation is self-renewing and multipotent (52). Thus, intestinal stem cells are considered the 

cell-of-origin of cancer because these cells already exhibit self-renewing capacity and 

multipotency (42, 43, 53). In addition to the concept that cancer stem cells are the direct products 

of neoplastically transformed normal adult stem cells, there is also evidence that transit 

amplifying cells with mutant genomes can dedifferentiate and enter the stem cell state (54). 

Adding to the complexity, recent evidence indicates that multiple stem cell hierarchies exist in 

the intestine and that plasticity within stem cell hierarchies mediates cellular fate in response to 

extrinsic factors such as nutrition, inflammation, and physical stress signals (55-59). 

Interestingly, a role for diet in the regulation of intestinal stem cells has been reported (60-63).  
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Although the expansion of initiated cells is required for tumor formation, previous work 

has shown cell proliferation to be a poorer predictor of tumor development than markers of 

differentiation and apoptosis (64). Furthermore, tissues with relatively higher rates of 

proliferation do not appear to exhibit a higher incidence of spontaneous tumor development (65). 

Apoptosis is a key regulator of physiological development and tissue homeostasis (66). To date, 

two major mechanisms of apoptosis induction in mammalian cells have been elucidated in detail. 

The extrinsic (i.e., death receptor) and intrinsic (i.e., mitochondrial) apoptosis pathways involve 

caspase activation cascades leading to controlled cell death (66). The extrinsic apoptosis pathway 

requires activation of membrane receptors of the tumor necrosis factor (TNF) receptor 

superfamily such as CD95 (APO-1/Fas) or TNF-related apoptosis-inducing ligand (TRAIL) 

receptors (66, 67). Activation of the intrinsic pathway, which is often dysregulated in colon 

cancer, involves mitochondrial outer membrane permeabilization (MOMP) and subsequent 

release of cytochrome c and other proteins from the mitochondria, triggering caspase-3 

activation through the formation of an apoptosome complex (68, 69). B-cell lymphoma-2 (Bcl-2) 

family proteins, among other factors, regulate the intrinsic mitochondrial apoptosis pathway and 

appear to dictate the sensitivity or resistance of the cell to apoptosis induction (69-71). 

Activation of the intrinsic pathway in response to DNA damage provides a mechanism whereby 

DNA damaged cells can be removed from the tissue, thus preventing the propagation of 

transformed cells or retention of mutated progenitor cells (69). Inhibition of apoptosis is an 

important mechanism of tumor promotion that can arise from genetic and epigenetic alterations 

(e.g., p53 loss-of-function mutations or bcl-2 promoter hypomethylation, respectively) and 

exposure to chemical promoters (72-75). Additional evidence of epigenetic alterations 

contributing to colon carcinogenesis is the hypermethylation of the DNA repair gene, human 
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MutL homolog 1 (hMLH1), which has been linked to microsatellite instability (MSI) associated 

colon carcinogenesis (76). Therefore, dietary bioactives targeting the colonocyte epigenome are 

promising strategies for reprogramming aberrant processes associated with colon cancer, such as 

inhibition of apoptosis in transformed cells (14, 73, 77).  

The unique molecular and genetic features observed in normal and diseased tissues of the 

proximal and distal colon reveal differing susceptibilities and mechanisms for disease initiation. 

One study examining gene expression profiles carried out on healthy adult human biopsy 

samples revealed more than 1000 differentially expressed genes between the ascending and 

descending colon (78). The Cancer Genome Anatomy Project (CGAP) functional grouping of 

the differentially expressed genes revealed major pathways implicated in colon cancer including 

epidermal growth factor (EGF), transforming growth factor beta (TGF-β), Wnt, Ras, insulin, and 

integrin signaling (78). Differences in gene expression between the proximal and distal colon 

may result from the observed differential DNA methylation patterns in colonocytes (79). Studies 

comparing cancers of the proximal and distal colon have revealed numerous differences in 

molecular and clinicopathological features, which reflect different susceptibilities to neoplastic 

transformation, such as the frequency of V-Ki-Ras2 Kirsten Rat Sarcoma 2 Viral Oncogene 

Homolog (KRAS) and B-Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF) mutations, and 

the prevalence of MSI (80-82). In response to dietary fiber and carcinogen treatment, differences 

in colonocyte proliferation and differentiation between the proximal and distal rat colon have 

been observed (83). Furthermore, it is well documented that the gut microbiome is spatially 

heterogeneous, forming discrete microbial communities throughout the intestinal tract that 

differentially affect the host physiology (84).  Research into the unique characteristics of these 

sites is necessary to fully appreciate the opportunities to mitigate colon carcinogenesis. 
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As mentioned previously, inflammation is a known promoter of sporadic colon cancer 

and CAC. Although the cause of onset remains unknown, CAC is characterized by elevated 

reactive oxygen species (ROS), increases in pro-inflammatory cytokines and elevated expression 

of transcription factors involved in inflammation signaling (3). This chronic inflammation can 

lead to genome instability and mutations in critical regulatory genes, such as the tumor 

suppressor gene, p53, that can drive carcinogenesis (27, 72, 85). For example, we have recently 

demonstrated that loss of p53 function in stem cells enables colonic tumor formation only when 

combined with DNA damage and chronic inflammation (53). In sporadic CRC, inflammation is 

often a result of immune cell migration to the tumor site where activated immune cells produce 

ROS, reactive nitrogen intermediates, and pro-inflammatory cytokines, which can further 

damage DNA and drive cell proliferation (3, 30, 86). Additionally, there is evidence linking 

inflammation to carcinogenesis via epigenetic modifications at critical regulatory gene loci (87-

90). It is apparent that inflammation can impact all stages of colon cancer development, and 

nutritional strategies aimed at modulating inflammation and ROS production may help mitigate 

disease risk. 

Changes to microbiome/metabolome and their role in tumorigenesis 

Currently, investigations into the physiological mechanisms by which the microbiota can 

influence colon cancer risk are limited due to the diversity and complexity of the microbiota. 

Despite the ongoing discussion concerning whether changes in the microbiota occur prior to or 

as a result of colon carcinogenesis, some significant observations have been made that suggest a 

causal role of the microbiota in the disease process. For example, studies employing rodent 

models of spontaneous, chemically-induced (e.g., azoxymethane, AOM), or genetically 

predisposed (e.g., APCmin/+) colon cancer demonstrate enhanced tumorigenesis in conventionally 
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raised animals versus germ-free or antibiotic-treated animals, suggesting a promotive effect of 

the microbiota on tumor formation (91-97). Often, the enhanced tumorigenicity in 

conventionally raised mice is attributed to microbially-sustained levels of chronic low-grade 

inflammation that acts as a tumor promoter. However, activation of the innate immune system 

through toll-like receptor (TLR) and NOD-like receptor (NLR) agonists has been shown to 

enhance anti-tumor activity of the innate immune system (98, 99). Taken together, these 

observations suggest a double-edged role of the microbiota in colon carcinogenesis that may be 

dependent on the degree and mechanism of the innate immune response activation.  

Because inflammation is a known driver of CRC, work has been conducted to better 

understand how the microbiota are altered by, or contribute to, pro-inflammatory states. A recent 

metagenomics study revealed that the fecal microbiome of patients with IBD has, on average, 

25% fewer microbial genes than individuals not suffering from IBD (19). These findings are in 

agreement with other studies documenting a reduction in gut microbe diversity in association 

with IBD (100-102). An experimental animal model of IBD has shown that increases in colonic 

injury are negatively associated with Firmicutes, Actinobacteria, Lactobacillales and 

Lactobacillus (103). Dysbiosis has also been observed following spaceflight and radiation 

exposure in rodent models demonstrating the susceptibility of the microbiota to environmental 

factors other than the host diet (104). These observations suggest that microbial dysbiosis may 

act as a driver and/or may be a consequence of colon disease development.  

Fecal profiling experiments of CRC patients and healthy subjects have revealed 

numerous taxonomic differences in the microbiota and these findings should be useful in 

directing mechanistic studies. The 454 pyrosequencing of fecal samples from 46 CRC patients 

and 56 healthy volunteers identified 48 operational taxonomic units (OTUs) associated with the 
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segregation of normal and CRC samples by UniFrac analysis (105). OTUs belonging to the 

genera Enterococcus, Escherichia/Shigella, Klebsiella, Streptococcus, and Peptostreptococcus 

were significantly more abundant in CRC patients. Conversely, OTUs related to the genus 

Roseburia and other butyrate-producing members of Lachnospiraceae were less abundant in 

CRC patients. In addition, quantitative polymerase chain reaction (qPCR) analysis of microbial 

butyrate synthesis genes confirmed lower levels of butyrate-producing bacteria in CRC patients, 

supporting the identity of butyrate-producing microbes as contributors to intestinal health. These 

observations were similarly replicated in a more recent study that found nine OTUs represented 

by the butyrate-producing genera Faecalibacterium and Roseburia to be significantly less 

abundant in CRC patients versus healthy control subjects (106). Another study revealed a greater 

presence of Fusobacterium nucleatum and Enterobacteriaceae in CRC patients versus healthy 

control subjects (107).  

In addition to overall changes in the gut microbiota of CRC patients versus healthy 

controls, there is evidence demonstrating microbial differences between normal and diseased 

tissue sites within a given individual. One study characterizing the microbial structure of the 

intestinal lumen, cancerous tissue, and matched noncancerous normal tissue, revealed numerous 

differences between these sampling sites (108). Microbial diversity was significantly lower in 

tumor tissue than noncancerous tissue, suggesting a more selective microenvironment exists in 

proximity to diseased tissue. In cancerous tissue, Lactobacillales was enriched, whereas 

Faecalibacterium was reduced. With respect to mucosa-adherent bacteria, Bifidobacterium, 

Faecalibacterium, and Blautia were reduced in CRC patients whereas Fusobacterium, 

Porphyromonas, Peptostreptococcus, and Mogibacterium were increased. Lastly, in the lumen, 

bacteria associated with metabolic disorders or metabolic exchange with the host, such as 
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Erysipelotrichaceae, Prevotellaceae, and Coriobacteriaceae, were increased in CRC patient 

samples. In another study, a lower abundance of Staphylococcus and Bacillus and a higher 

abundance of Escherichia-Shigella and Prevotella were observed in polyp-derived mucosal 

samples compared to adjacent healthy tissue biopsies (107). Altogether, these findings suggest 

certain bacteria may better compete in the transformed niche and that characterizing these 

microenvironments could reveal novel mechanisms by which the microbiota influence disease 

progression.  

Metabolomics analysis of CRC patients versus healthy controls is a useful tool for 

investigating alterations in co-metabolism or metabolic exchange between host cells and the gut 

microbiota and permits identification of novel CRC metabolite biomarkers. Studies of the fecal 

metabolome have revealed alterations in SCFA, amino acid (protein), and unsaturated fatty acid 

metabolism in CRC patients (109). Another study using serum samples from colorectal adenoma, 

CRC, or healthy control subjects, revealed pathways for urea, caffeine, and galactose metabolism 

were related to CRC progression (110). Similar to microbial observations between normal and 

diseased tissue, metabolomics analyses have revealed different metabolite signatures between 

stool, cancers, and healthy adjacent mucosa (111). In that study, metabolic pathway analysis of 

significantly different metabolites revealed aberrant SCFA metabolism, fructose, mannose, and 

galactose metabolism, and glycolytic, gluconeogenic, and pyruvate metabolism in CRC tissue of 

17 CRC patients, versus healthy adjacent tissue. Furthermore, whereas nearly all of the 

metabolites detected in CRC tissue were found in adjacent mucosa, less than 50% of metabolites 

(213 out of 500 total metabolites) detected in the stool were shared with either tissue site. These 

findings reinforce the need to consider metabolomic profiles derived from multiple adjacent 
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sampling sites to enhance biomarker discovery and personalized treatment and prevention 

strategies.  

To define a beneficial microbiota composition that is capable of suppressing CRC, it will 

be important to first understand the mechanisms by which the microbiota can predispose host 

cells to carcinogenesis. Some bacteria have been shown to directly initiate carcinogenesis via the 

production of toxins that can damage DNA (112). For example, colibactin toxin produced by E. 

coli belonging to the B2 phylogroup causes DNA crosslinks and double strand breaks (DSB) that 

can lead to mutations (113). Bacteroides fragilis toxin is known to activate Wnt and NF-κB 

signaling pathways, increase cell proliferation, enhance epithelial release of pro-inflammatory 

molecules, and induce DNA damage in vitro (114-116). More recently, the gene encoding 

Bacteroides fragilis toxin was found to be more abundant in tumor mucosa samples than control 

biopsies, especially in late-stage CRC, suggesting that the bacteria capable of synthesizing the 

toxin play a persistent role in promoting tumor growth through sustained activation of tumor-

promoting pathways (117). The Salmonella protein AvrA has recently been shown to activate the 

STAT3 pathway in a CAC mouse model (AOM plus dextran sulfate sodium, DSS) (118). The 

role of the STAT3 pathway and signaling in colon cancer has been well established (119-122). 

Indirect effects of specific bacteria on carcinogenesis have been characterized that are largely 

dependent on the immune system for manifestation. In addition to inducing DNA modifications, 

the E. coli strain that produces colibactin has recently been shown to encourage pro-tumoral 

activities of tumor-associated macrophages by infecting and persisting within the immune cells. 

As a result, these bacteria induce sustained cyclooxygenase-2 (COX-2) expression by 

macrophages, which is a hallmark of the inflammation associated with colon cancer (123). A 

recently proposed mechanism for bacterial-induced chromosomal instability (CIN) was reported 



 

12 

 

by Wang and Huycke (124) in which macrophage polarization to an M1 phenotype by 

commensal bacteria leads to a trans-4-hydroxy-2-nonenol (4-HNE) mediated bystander effect in 

colon epithelial cells. The 4-HNE released by M1 macrophages in response to commensal 

invasion during periods of intestinal barrier dysfunction causes mutations, DSB, and spindle 

dysfunction leading to CIN in epithelial cells. Taken together, these experiments demonstrate the 

potential of direct and indirect mechanisms of the gut microbiota to initiate and promote colon 

carcinogenesis. 

Radiation effects on colon physiology and microbiota  

Ionizing radiation (IR) is a form of radiation which is capable of removing electrons from 

atoms and can take the form of particles (e.g., electrons, protons, neutrons, heavy charged 

particles, etc.) or electromagnetic waves (e.g. x-rays and gamma rays) (125). Linear energy 

transfer (LET) refers to the energy transferred from the radiation source to the medium per unit 

length of the track (125). In radiation biology, the medium is the tissue or cells that the particle 

traverses as it deposits energy. In general, electromagnetic radiation is considered low LET and 

particulate radiation is considered high LET (125). High LET radiation is densely ionizing and 

the DNA damage it creates is more difficult to repair than sparsely ionizing low LET radiation 

(125). In space, astronauts are exposed to ionizing radiation emitted from the Sun (i.e., solar 

radiation) and from other celestial bodies (i.e., galactic cosmic radiation; GCR) (126). Solar 

radiation is mostly protons and electrons of lower energy than GCR, which is composed mostly 

of high energy protons (83%), alpha particles (14%), high charge, high energy ions (HZE, 1%), 

and electrons (2%) (126). Both particulate and electromagnetic ionizing radiation can damage 

DNA directly by ionizing atoms in the DNA molecule (125). Alternatively, ionizing radiation 

can cause indirect DNA damage via the generation of reactive oxygen species (ROS) such as 
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superoxide (O2
-) and hydroxyl radicals (OH-), which can interact with the DNA molecule (125, 

127). This DNA damage can manifest as base pair loss, base modification, single or double 

strand breaks, cross-links, and chromosomal aberrations (125). Following DNA damage 

recognition, a cell may undergo apoptosis immediately, or may initiate p53-dependent cell cycle 

arrest in order to repair the damage (128). If the repair process is successful, the cell may 

continue as normal; however, incorrect repair can lead to mutations, chromosome aberrations, 

and/or genomic instability, which can lead to cell death or fixation of the mutation in the genome 

(128). Thus, the decision between life and death for the cell is related to the complexity of the 

DNA damage, the fidelity of the repair process, the ratio of proteins involved in the regulation of 

apoptosis (e.g., bax, bcl-2, etc.), and the presence of survival and death signals (128). In 

summary, DNA damaged cells that avoid apoptosis, or fail to correctly repair the damage, can 

develop tumor-initiating mutations that lead to carcinogenesis.   

A recent estimate for the shortest round trip to Mars (180 days without surface time) 

indicates an equivalent dose of 0.66 Sievert (Sv) (129). To put this into perspective, the current 

career limit imposed on astronauts is 1 Sv, which corresponds to an increased risk of fatal cancer 

of approximately 5.5% (129).  The most recent estimates for probability of causation for cancer 

risk indicate the colon to be the third most susceptible organ-site to tumorigenesis following 

exposure to GCR (130).   

Microbial dysbiosis has been observed following spaceflight and radiation exposure in 

rodent models (104). These observations suggest that microbial dysbiosis may act as a driver 

and/or a consequence of disease development in these experimental conditions. Therefore, 

understanding how diet and other environmental factors, such as radiation exposure, can affect 

the microbiota and host-microbe interaction is a critical element of colon cancer prevention. 
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Dietary interventions aimed at modulating dysbiosis directly (i.e., probiotics) or by promoting 

the growth of beneficial bacteria (i.e., prebiotics) may be advantageous for at risk populations, 

such as astronauts. 

Dietary mediators of colon tumorigenesis 

A recent review points to the importance of many different diet-derived biologically 

active compounds in the inhibition of carcinogenesis (8). Dietary compounds may reach the 

colon because they are: 1) too large to be absorbed in the small intestine, 2) bioavailable 

compounds that escape deglycosylation and absorption in the small intestine, or 3) aren’t 

accessible to the host due to their intercalation in the food matrix (40). Those compounds 

absorbed in the small intestine, conjugated by the liver, and returned to the intestine via 

enterohepatic circulation also may reach the large intestine (40). Additionally, there is research 

to suggest that processing bioactive-containing foodstuffs can affect the bioaccessibility of 

bioactives, which may result in some molecules reaching the colon that otherwise might have 

been absorbed in the small intestine (131, 132). 

Dietary bioactives have the potential to directly modify and/or mitigate tumorigenic 

processes via multiple pathways. These pathways may be microbe-independent (i.e., direct) or 

microbe-dependent (i.e., indirect), or both. Microbe-independent bioactivity refers to actions of 

the non-metabolized bioactive compounds directly on host cells and tissues, which we would 

anticipate also observing in a germ-free animal. Alternatively, microbe-dependent pathways 

would depend on the metabolism of the native bioactive compound by the microbiota into 

secondary metabolites that then exert some bioactive function. Furthermore, the microbe-

dependent process could refer to diet-induced modifications to the number, composition, and/or 

functional profile of the colonic microbiota that, in turn, alters the production of microbial 
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metabolites from non-bioactive substrates (e.g., bioactive compounds selecting for microbes that 

more effectively generate SCFA from dietary fiber) (133). Indeed, some dietary components 

exert bactericidal functions and are, therefore, direct modifiers of the gut microbiota (134-136). 

Similar to the observed differences in physiology and cancer phenotype/genotype between the 

proximal and distal colon mentioned previously, the composition of the microbiota is also known 

to differ spatially along the colorectal axis and between mucosal and luminal sites (18, 137, 138). 

The observed differences between lumen- and mucosa-associated microbial communities likely 

reflect the nature of the host-microbe interaction for these sub-populations and importantly, the 

availability of their preferred substrates. 

The most often ascribed function of dietary bioactives, particularly for polyphenolics, is 

their antioxidant capacity, and studies have estimated that 90-95% of dietary polyphenols escape 

absorption in the small intestine due to their size (139). The gut microbiota are capable of a 

variety of metabolic reactions that affect the structure and functional groupings of bioactives 

including ring-C cleavage, dehydroxylation, decarboxylation, deglycosylation, and 

demethylation (40). Indeed, there is substantial evidence that much of the biological response to 

dietary bioactives is due to microbial derivatives rather than the native compounds (140-143). A 

large consortium of authors reviewing the potential of bioactive compounds in cancer inhibition 

stressed the importance of exposure to these molecules during the early stages of cell 

transformation (8). They noted their efficacy is greatest during this time when most of the 

cellular changes are likely to be epigenetic in nature. 

Fiber and prebiotics 

Nondigestible carbohydrates (i.e., dietary fiber) pass through the small intestine into the 

cecum and large intestine where they undergo metabolism by the colonic microbiota (144). 
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Many bacteria preferentially metabolize carbohydrates over other energy sources such as protein 

(145). Predominantly saccharolytic fermentation occurs in the cecum and proximal colon of 

humans and rodents, where most SCFA production takes place (146-148). The metabolic fate of 

fiber depends largely on the solubility/fermentability of the fiber itself and the microbiota present 

in the colon during digestion (149). Readily fermentable fibers such as oat bran, pectin, and guar 

are easily fermented by the microbiota to produce methane, carbon dioxide, and SCFA, whereas 

cellulose and wheat bran are poorly fermented (149, 150). Acetate, propionate, and butyrate are 

the most abundant SCFA in the colon, and concentrations typically decrease from the proximal 

to the distal colon (18, 80). Benefits of consuming both readily fermentable and poorly 

fermentable fibers have been established, with the latter being due to its hydrophilic bulking 

activity, which serves to dilute carcinogens, pro-carcinogens, and other potential tumor 

promoters in the intestinal lumen (151). Furthermore, stool-bulking agents have also been shown 

to increase the rate of digesta passage through the intestine, which can both minimize exposure 

to toxic compounds in the lumen and increase the levels of butyrate in the distal colon (152). In 

rats exposed to AOM, consumption of a wheat bran diet significantly lowered tumor incidence 

compared to animals consuming an oat bran diet (153). In addition, consumption of the wheat 

bran diet was associated with lower body weight, more normalized ratios of SCFA in the 

intestinal lumen, and increased fecal mass and bulk, which suggests increased bulking ability and 

dilution potential of wheat bran versus the more readily fermentable oat bran diet. 

If dietary fiber and resistant carbohydrates are limiting, the gut microbiota in the distal 

colon will need to rely on proteolytic fermentation to meet their energy needs (145). Proteolytic 

fermentation results in SCFA, along with a number of putatively toxic metabolites such as 

ammonia and sulphur-containing compounds (145). Dietary protein levels may also influence 
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butyrate utilization as a high protein diet has been found to decrease expression of the proton 

coupled monocarboxylate transporter 1 (MCT1, a butyrate transporter) in the colon of piglets 

(154). In contrast, Liu et al. found no effect of dietary protein on MCT1 expression or luminal 

butyrate levels in rats (155). 

Butyrate is a four carbon SCFA and the preferred energy substrate of colonocytes (156). 

In healthy humans, absolute concentrations of butyrate range from 11 to 25 mM in the feces 

(148). Bacteria synthesize butyrate from butyryl-coenzyme A (CoA) derived from acetyl-CoA 

using one of two enzymes, butyrate kinase or butyryl-CoA:acetate-CoA transferase (157). 

Butyrate is absorbed by colonocytes via passive diffusion and by active transport with various 

ion exchange transporters, such as the sodium-coupled monocarboxylate transporter 1 (Slc5a8) 

and MCT1 (also known as Slc16a1) (148). Butyrate has been intensively studied for its ability to 

inhibit inflammation and carcinogenesis, reduce oxidative stress, and promote colonic barrier 

function (148). Butyrate has also been shown to affect gene expression via epigenetic 

modification of chromatin. In cancer cells exhibiting the Warburg effect, butyrate accumulates in 

the cell and inhibits histone deacetylase (HDAC) activity and stimulates histone acetyltransferase 

(HAT) activity by acting as an acetyl-CoA donor, thereby regulating genes that enhance 

apoptosis and reduce cell proliferation (156, 158). Our lab has demonstrated increased bcl-2 

promoter methylation and levels of apoptosis in rats consuming a fish oil and pectin diet versus 

animals consuming a diet containing corn oil and cellulose (73). Additional in vitro experiments 

demonstrate butyrate’s ability to reduce global and Bcl-2-like protein 11 (BCL2L11) promoter 

methylation in HCT-116 colon cancer cells (77). These data support the identity of butyrate as a 

modifier of the epigenome and promoter of apoptosis in colon cancer cells. Colonic mucosa from 

slc5a8-/- knockout mice exhibits dramatically increased expression of inducible nitric oxide 
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synthase (iNOS), a marker of inflammation, in addition to genes of the interferon gamma (IFN-γ) 

and TGF-β signaling pathways compared to wild-type mice (159). Indeed, Slc5a8 plays a critical 

role in the ability of butyrate to suppress colon inflammation and cancer (160-162). Additionally, 

butyrate was shown to suppress colonic inflammation by two mechanisms: 1) inhibition of 

STAT1 phosphorylation by IFN-γ in colonic epithelial cells leading to a reduction in iNOS 

expression, and 2) inhibition of Fas promoter-bound HDAC1 leading to increased T cell 

expression of Fas and, thus, enhanced sensitivity to apoptosis of activated T cells thereby 

reducing T cell production of IFN-γ (159). Butyrate has also been shown to induce apoptosis via 

a non-mitochondrial, Fas-mediated, extrinsic pathway in colonocytes (163, 164).  

Research has also demonstrated the ability of SCFA to affect immune function. Kim et al. 

recently demonstrated that SCFA impact the metabolism of B lymphocytes by increasing acetyl-

CoA levels, oxidative phosphorylation, glycolysis, and fatty acid synthesis, and that these 

changes in metabolism support the production of antibodies necessary for preventing infection 

by pathogens (165). SCFA were also found to regulate gene expression programs needed for 

plasma B cell differentiation. Importantly, dietary fiber and SCFA both increased intestinal 

(Immunoglobulin A, IgA) and systemic (IgA and IgG) antibody levels supporting the notion that 

the gut microbiota, by way of metabolism of dietary fiber, promotes systemic immunity. The gut 

microbiota and its metabolites (SCFA, particularly butyrate) have also been shown to affect the 

differentiation of naïve T cells in the gut epithelium (166). The mechanisms responsible for the 

differentiation of naïve T cells into Treg cells include direct actions of butyrate on naïve T cells 

(i.e., histone H3 acetylation at the Foxp3 locus and Gpr109a activation) and indirect actions via 

changes in epithelial cell cytokine production (e.g., TGF-β). 
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Taken together, these observations support a pleiotropic role of butyrate on the colon 

epithelium as a modulator of inflammation and colonocyte physiology. Interestingly, there is 

some evidence that butyrate may promote colon tumorigenesis (167-169) or that some dietary 

interventions reduced colon carcinogenesis in a manner not related to fecal butyrate levels (153). 

These findings suggest that microbial metabolites such as short chain fatty acids contribute to 

colon cancer risk in a complex, context-dependent manner. Additional work needs to be 

conducted to better understand how gut microbial metabolites impact gut health. Specifically, 

understanding how other dietary components may interact with microbial metabolite production 

and their effects on host tissue should be explored if we are to identify dietary patterns capable of 

suppressing colon carcinogenesis. 

Phenolic bioactives and other small bioactive compounds 

Most fruits and vegetables contain bioactive compounds. The phytochemical profile can 

vary between different varieties of the same food and can be influenced by how the foods are 

processed (170-172). The concentration of phytochemicals also varies throughout the fruit (e.g. 

seed, peel, pulp) and is typically highest in the fruit peel where the compounds function as 

antioxidants to prevent damage from ultraviolet radiation (173, 174). Many phytochemicals are 

known to have anti-microbial and anti-inflammatory properties (175-177). The mechanisms by 

which the compounds exert these effects in vivo and to what extent they are absorbed and 

metabolized by the host and gut microbiota remains to be fully characterized. For example, 

polyphenols are a structural class of phytochemicals with multiple phenolic units found naturally 

in fruits, vegetables, and whole grains (178-181). Numerous studies have revealed 

chemoprotective effects of polyphenolic compounds in vivo and in vitro (182-185). Additionally, 

there is evidence that polyphenols may exert their chemoprotective effects through epigenetic 



 

20 

 

mechanisms (186-188). The bioavailability of polyphenols varies depending on the individual 

compound; however, it has been shown that human colonic bacteria can metabolize polyphenols 

into lower-molecular-weight bioactive compounds, which may be more bioavailable to the host 

(141, 185, 189, 190). Further, consumption of dietary polyphenols is known to alter the 

composition of the gut microbiota, which can affect host health (191-193). Understanding how 

foods containing dietary polyphenols can shape the microbiota composition and metabolism will 

be important for defining bioactive profiles. Likewise, characterizing the metabolites generated 

from microbial metabolism of polyphenols, and their presence in the intestinal lumen and 

systemic circulation will be important for future studies seeking to elucidate biomolecular 

mechanisms. 

Because a whole food (e.g., fruit or vegetable) and combinations of foods contain a 

mixture of bioactive compounds in combination with the micro and macronutrients of the food, it 

will be important to characterize how compounds synergize in vivo. Within a whole food, such 

as prunes (dried plums), there are a variety of bioactive compounds including phenolic acids 

(e.g., quercetin, chlorogenic acid, and neochlorogenic acid), sugar alcohols (e.g., sorbitol and 

mannitol), and hydroxycinnamic acids (e.g., sinapinic acid), as well as a mixture of soluble and 

insoluble fiber (194, 195). Prune consumption is commonly associated with a reduction in 

constipation and improved intestinal motility (194). These effects can be attributed in part to the 

dietary fiber found in prunes; however, they are also noted when consuming prune juice, which 

lacks the insoluble fiber found in the whole fruit. Hence, not all of the bioactive properties 

ascribed to prune consumption are due to its fiber content. Our lab has shown that quercetin and 

chlorogenic acid influence fecal SCFA concentrations, suggesting alterations in the gut 

microbiota or in the absorption of SCFA by the host (196). Furthermore, our lab has 
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demonstrated the ability of quercetin to reduce the numbers of high multiplicity aberrant crypt 

foci (HMACF), which are thought to be most indicative of eventual tumor formation (197, 198). 

A reduction in proliferation and an increase in apoptosis were also observed in rats fed quercetin, 

and these effects are thought to be related to observed reductions in pro-inflammatory mediators, 

cyclooxygenase 1 and 2 (COX-1 and COX-2) (198), as well as through impacts on other 

signaling pathways including NF-κB, PI3K/Akt/mTOR, and JNK/JUN (198-201). Quercetin has 

also been shown to reduce the incidence, multiplicity, and size of colorectal tumors in male F344 

rats treated with AOM, compared to control diet animals (202). Sorbitol is a sugar alcohol found 

in high concentrations in dried plums and contributes to the laxative effect associated with prune 

consumption (203). Sorbitol has been shown to induce apoptosis in HCT-116 cancer cells via 

activation of the p38 mitogen-activated protein kinase (MAPK) pathway, which activates the 

mitochondrial death cascade (204). Additionally, in rats consuming a dried plum powder, 

analysis of the microbial metagenome revealed a reduction in the relative abundance of 

microbial genes responsible for the synthesis of secondary bile acids, which are known to induce 

DNA damage and promote colon cancer (205-207).  

Another major source of dietary phytochemicals is whole grains (179, 208). For example, 

sorghum is an ancient grain predominantly grown in dry, arid zones. Sorghum varieties contain 

different levels and types of phenolic and polyphenolic compounds (179). Sumac sorghum 

contains high levels of condensed tannins (i.e., polymerized flavonols), which contribute to its 

high phenolic content and oxygen radical absorbance capacity (179). Indeed, sumac sorghum has 

been characterized as having greater antioxidant capacity than many other grains, blueberries, 

and pomegranates (209, 210). Decortication of the sorghum grain to produce sorghum bran 

increases the concentration (3-6 times higher than the whole grain) of the phenolic compounds 
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(210). Our lab has previously shown that polyphenol-rich sorghum brans alter the microbial 

composition and beneficially affect microbial diversity and richness in a rat model of colitis 

(103). In addition, we have shown that less soluble fibers with lower fermentability, such as 

sorghum bran and cellulose, are more protective against colonic injury during bouts of colitis 

than highly fermentable fibers, such as pectin (211). Although these findings are in contrast to 

the previously discussed protective effects of soluble fibers during carcinogenesis, it is evident 

that fibers of varying fermentability/solubility exert their effects on the colonic mucosa in a 

disease-dependent context that likely depends on the composition of the gut microbiota. 

Furthermore, our lab has demonstrated that diets containing sumac bran alter fecal SCFA levels, 

suggesting these polyphenol-rich fiber sources may alter microbial metabolism or host SCFA 

absorption (212). 

As previously mentioned, it will be important to characterize the mechanisms by which 

dietary bioactives exert their chemoprotective activities in order to better understand how 

specific phytochemicals can prevent or inhibit specific diseases. This includes identifying and 

characterizing receptors for native phytochemicals and their microbial metabolites.  

Integrating microbiome, metabolome, and gene expression/pathology data  

The ultimate goal for microbial community profiling is to accurately assess which 

microbes are present in a sample and their collective genomes (metagenomics), the genes being 

transcribed and proteins translated (metatranscriptomics and metaproteomics, respectively), and 

the metabolites present (metabolomics). Indeed, the composition of bacteria between individuals, 

in terms of taxonomic identity, tends to be more unstable than the functional profile of a 

microbiome sample (213-215). A recent study employing systematic comparison of 

metagenomic and metatranscriptomics data from healthy human subjects demonstrated that 41% 
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of microbial gene transcripts were not differentially regulated relative to their genomic 

abundance and that the microbial transcriptome profile was significantly more individualized 

than the metagenome profile (223). Metabolome profiling enables the relative assessment of 

thousands of metabolites including microbe-, diet-, and host-derived molecules and represents an 

instantaneous index of the combined cellular processes taking place in the sample. However, 

because of the complexity of system being sampled, it will be difficult to attribute the production 

of specific metabolites with specific bacteria, especially when the genes responsible for encoding 

a given function are conserved across species. More work will be needed to determine which 

level of information provides the best opportunity to study specific physiological and ecological 

states.  

The challenge of integrating multiple ‘omics’ profiles, such as microbe and host 

functions occurring simultaneously, was a goal of the second phase of the Human Microbiome 

Project (HMP), termed the Integrative Human Microbiome Project (iHMP) (216). The 

consolidation of data from these and other similar projects into in silico networks, will allow the 

study of the dynamic interactions occurring between the host and the microbiome during various 

disease states to identify causal bio-molecular mechanisms for targeted study. For example, 

research conducted by Sridharan et al. used in silico microbial metabolism reaction networks 

coupled with two independent mass spectrometry metabolomics analyses to identify and 

characterize microbial metabolites which were then used in vitro to determine mechanisms of 

action (224).       

Early investigations to characterize and profile the microbiome utilized culture methods 

and microscopy, but these efforts were limited by cultivability, nonspecific substrate utilization, 

and the inability to distinguish morphologically similar bacteria from one another (217). Early 



 

24 

 

next-generation-sequencing techniques enabled the classification of bacteria from a sample at the 

taxonomic level by sequencing variable regions of the 16S ribosomal RNA (rRNA) gene. 

Taxonomic microbial profiling from 16S rRNA sequencing yields relative abundances of 

bacteria classified into OTUs, based on sequence similarity of sample reads to known bacterial 

sequences (218). These data can be used to estimate diversity within and between samples based 

on the number of species in a sample (richness) and their relative abundance (evenness) (219). 

However, marker gene surveys such as 16S sequencing only permit the identification of bacteria 

present in a given sample and provide no information about the functional gene content of the 

microbiome sample as a whole, which is often argued to be substantially more informative (215). 

This information can be obtained using deep metagenome shotgun sequencing, but is much 

costlier and computationally intensive than marker gene survey sequencing. Therefore, strategies 

have been designed to use marker gene survey data to predict the functional gene content (i.e., 

the metagenome) of a microbiome sample using the same input data (220). Phylogenetic 

Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) is one such 

tool that predicts the metagenome information (i.e., gene counts) of a 16S marker gene survey 

data set, which are then collapsed into KEGG pathways (220). In traditional metagenome 

sequencing, sequences are aligned to a gene catalog and the functional potential assessed by 

mapping genes to a KEGG database or through gene ontology (GO) enrichment analysis (221, 

222). 

Despite the overall reduction in colon cancer incidence, the increase in distal cancer 

incidence in individuals younger than the previously recommended initial screening age (50 

years old) supports the need for earlier screening (223). Recently, the American Cancer Society 

recommended the screening age for CRC be lowered to 45 years for average risk individuals. 
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This recommendation is likely driven by CRC data indicating individuals aged ≤50 years old 

with CRC often present with more advanced cancers and a concomitant higher risk of mortality 

(1). Earlier colon screening coupled with fecal microbial profiling to identify cancer-associated 

microbes would enhance colon cancer prevention and treatment. It is estimated that the transition 

from precancerous cell to malignant colorectal tumor takes ~10-15 years implicating a 

substantial window for pre-cancer screening and implementation of prevention techniques (224). 

As critical bioinformatics approaches become available for the integration of ‘multi-omics’ 

analyses and as the required sample input continues to decrease it will be extremely beneficial to 

adopt more precise sampling procedures for characterizing the microbiota and interactions within 

a given microenvironment. The resolution afforded by passive fecal collection is useful as a 

clinical diagnostic test for cancer associated microbes; however, patients already diagnosed with 

colon cancer or found to have polyps following colonoscopy could benefit from more precise 

diagnostic protocols. Similar to the procedures used for genotyping a tumor biopsy to inform 

targeted therapeutic strategies, targeted tumor- or polyp-associated microbial profiling could 

reveal additional host-microbe signaling networks that can be targeted for therapy. 

Distinguishing between host- and microbial-derived growth signals could help explain the 

discrepancy in treatment responses of CRC patients. Although challenging, identifying critical 

microbial biomarkers should improve screening and early disease detection (168). For example, 

the discovery of hydrogen sulfide producing bacteria (i.e., sulfidogenic bacteria) and its 

contribution to inflammation and colorectal cancer (31, 225-227). Dietary bioactives can then be 

used to select against (or promote the growth of) specific bacteria (versus broad-spectrum 

antibiotics), can inhibit signaling pathways downstream of microbial activities, and/or can 
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inactivate harmful byproducts of metabolism, which will improve the usefulness of diagnostic 

fecal microbiome profiling.   

Nutrigenomics and nutrigenetics are ‘multi-omics’ manifestations aimed at understanding 

nutrient-gene interactions. Indeed, diet can function at multiple levels to regulate the flow of 

genetic information (228-231). These sciences and the knowledge acquired from them will be 

necessary for the development of personalized nutrition and disease prevention/treatment 

strategies, many of which are already used to some degree for the treatment of diet-related 

diseases, such as inflammatory bowel disease, obesity, diabetes, and cancer (232). Understanding 

how and to what extent specific nutrients affect the expression of microbial genes adds an 

additional layer of complexity due to the considerable microbial variation between individuals 

and the ostensibly infinite number of combinations between host and microbial genomes. 

Presumably, however, better health outcomes from nutritional interventions would be achieved 

by taking into consideration an individual’s inherited and acquired genetic characteristics, age, 

dietary and lifestyle preferences, and gut microbiome profile. 

 Our understanding of the capacity of the gut microbiota to affect host physiology 

continues to increase and reinforces the necessity to study modifiers of the gut microbiome. It is 

irrefutable that the gut microbiota plays a critical role in regulating the intestinal epithelium and 

that the consequences of alterations in the gut microbiome can extend beyond the intestines. The 

concept that the gut microbiota can impact the development and activity of the host immune 

system, that the host immune system is a governor of the gut microbiota, and that microbial 

profiles are far more individualized than originally perceived, underscores the necessity to 

understand how individual genetic polymorphisms can personalize the gut microbiota and, 

consequently, the ability of diet to influence these processes. The fact that the diet can shape the 
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composition and function of the gut microbiota and that the microbiota can influence the health 

of the host beyond the intestinal epithelium implies a third mechanism by which diet can 

promote intestinal health; physiological changes in response to microbially-derived metabolites 

or ligands in other tissue sites (e.g., liver, muscle, etc.) may provide feedback to the intestinal 

epithelium that affects colon cancer risk and the risk of other associated diseases. Recent 

evidence suggesting a role of the gut microbiota in modulating host satiety and brain function 

(i.e., gut-brain axis) is remarkably fascinating and further emphasizes the need for understanding 

the capacity for diet to shape gut microbiota function and metabolism (233-237). 

 Despite the increasing acceptance of this paradigm, causative roles for specific bacteria 

are only suggested by current research. Experiments attempting to define the direct contribution 

of specific bacterium (or bacteria) to colon health/disease will require tightly controlled animal 

studies utilizing well-characterized dietary, environmental and disease conditions. Data produced 

by these studies may be more generalizable to human populations. Although fecal bacteria 

profiling has not yet been employed as a clinical tool for CRC diagnosis, research into this area 

of noninvasive diagnosis shows promise (238). Similarly, despite changes in the microbiota 

being associated with disease, there are no clear bacterial biomarkers of colorectal cancer; 

however, elucidation of microbial pathways involved in the synthesis or detoxification of 

genotoxic agents (e.g., colonic sulfur metabolism, secondary bile acid production, etc.) will 

enable identification of novel compounds and biomarkers for this purpose. With respect to colon 

health, the gut microbiota influences cellular processes by internal and external mechanisms, 

which include receptor binding and signal transduction/inhibition, modulation of gene and 

protein expression, epigenetic modifications, changes in metabolism, and cell 

differentiation/fate. Furthermore, dietary phytochemicals that affect the composition and 
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metabolism of the microbiota can synergize with their direct effects, or those of other bioactives, 

to enhance or alter their bioactivity. Importantly, for compounds with unknown mechanisms but 

observed phenotypic responses, it is entirely possible that the function is completely microbial-

dependent and the efficacy, therefore, contingent on the presence of the microbe(s) and their 

metabolic response to the dietary stimulus.  

Hypothesis and Specific Aims 

Our overall goal is to better understand the impact of dietary bioactives on the 

composition and metabolism of the colon microbiota and how this may alter colon health. Our 

overarching hypothesis is that chemoprotective diets containing bioactive compounds will 

protect the host by modulating the composition, metabolism, and spatial distribution of the colon 

microbiota thereby mitigating the response to insults such as obesity, carcinogens, or radiation 

exposure. These investigations will employ a variety of experimental paradigms: (1) using a 

chemical inducer of colorectal cancer in a rat model of carcinogenesis, (2) using whole body 

HZE radiation exposure of C57BL/6 mice, and (3) using overweight/obese human subjects. The 

knowledge generated from these studies is important for understanding the development of colon 

cancer with an emphasis on the host-microbe interaction. These findings will enhance the 

development of novel disease prevention strategies which are dietary in nature, thereby 

mitigating the financial and healthcare burden imposed by chronic, metabolic diseases such as 

obesity, diabetes, cardiovascular disease, and cancer. 

Aim 1: Determine the ability of dried plums to suppress colon cancer by creating a 

microenvironment that promotes a healthy colonic epithelium and beneficial microbial growth 

and metabolism during AOM-induced colon carcinogenesis.   
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Hypothesis 1.1: AOM-induced alterations in bacterial populations, fecal SCFA 

concentrations, and the expression of genes related to microbial recognition, inflammation, and 

SCFA absorption and metabolism will be mitigated by dried plum consumption 

Hypothesis 1.2: Dried plum consumption, via alterations to the composition and 

metabolism of colonic bacteria, will increase plant- and microbe-derived metabolites throughout 

the colon.     

Hypothesis 1.3: Consumption of dried plum will reduce the incidence of pre-neoplastic 

lesions induced by exposure to AOM. 

Hypothesis 1.4: Consumption of dried plum will increase the number of apoptotic cells in 

the distal colon.  

Aim 2: Determine if dried plum consumption can mitigate alterations in the gut 

microbiota and luminal SCFA levels in mice exposed to HZE radiation.  

Hypothesis 2.1: HZE exposure will affect the colon luminal environment by modifying 

bacterial populations and luminal SCFA concentrations. 

Hypothesis 2.2: Dried plum consumption will protect against alterations in bacterial 

composition and luminal SCFA levels that occur as a result of HZE radiation exposure.  

Aim 3: Determine if a sumac-sorghum dietary intervention containing condensed tannins 

is capable of modifying fecal microbiota composition and the presence of metabolites of 

microbial origin in the feces and plasma of overweight human subjects to improve biomarkers 

related to metabolic syndrome.    

Hypothesis 3.1: Consumption of a sumac-sorghum dietary intervention will beneficially 

impact fasting glucose, triglyceride and cholesterol levels, and plasma biomarkers of 

inflammation in human subjects.  
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Hypothesis 3.2: Consumption of a sumac-sorghum dietary intervention rich in condensed 

tannins will increase the abundance of bacteria associated with improvements in conditions 

contributing to metabolic syndrome. 

Hypothesis 3.2: Consumption of a sumac-sorghum dietary intervention will increase 

plasma and fecal concentrations of microbially-derived metabolites of sorghum/polyphenol 

origin in overweight human subjects and modify fecal short chain fatty acid concentrations. 
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CHAPTER II 

DRIED PLUMS PROTECT AGAINST CHEMICALLY-INDUCED COLON 

CARCINOGENESIS IN SPRAGUE DAWLEY RATS 

 

Introduction 

 Despite a continued overall decline in incidence and mortality, colorectal cancer (CRC) 

remains the third most commonly diagnosed cancer among men and women in the United States 

(239). In contrast, the incidence of colorectal cancer for individuals under the age of 50 is 

increasing and is solely due to tumors of the distal colon and rectum (239). Recently, the 

American Cancer Society recommended the screening age for CRC be lowered to 45 years for 

average risk individuals. This recommendation is likely driven by CRC data indicating 

individuals aged ≤50 years old with CRC often present with more advanced cancers and a 

concomitant higher risk of mortality (239). Therefore, colon cancer chemoprevention is 

necessary to reduce the contribution of colon cancer to the national healthcare burden.  

Interventions that are easily achievable in daily routines and incorporated into dietary patterns 

are more likely to be successful countermeasures.      

Epidemiological studies have revealed that consumption of fruits, vegetables, and dietary 

fiber contributes to a reduction in CRC risk (33-35). The chemoprotective activity afforded by 

fruit and vegetable consumption is believed to be due to the fiber content, antioxidant 

compounds, and other bioactive compounds (i.e., extra-nutritional elements in food that can 

affect living tissue) (33, 34, 36). Moreover, certain food constituents can be metabolized by gut 

microbiota to produce secondary bioactive compounds that then affect host physiology, such as 

the fermentation of dietary fiber into short chain fatty acids (SCFA) (1, 37). Differences in host 
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and microbial physiology between the proximal and distal colon likely contribute to the unique 

pathology of cancers at these sites (18, 78, 137). Therefore, dietary strategies which promote 

beneficial microbial populations and patterns of metabolism throughout the colon may better 

protect against CRC.    

The digestive benefits of dried plums have been recognized for ages, yet a clear picture of 

the mechanisms whereby the digestive tract benefits remains to be developed. Dried plums 

contain a variety of bioactive compounds, such as phenolic acids (e.g., quercetin, chlorogenic 

acid, and neochlorogenic acid), sugar alcohols (e.g., sorbitol and mannitol), and 

hydroxycinnamic acids (e.g., sinapinic acid), as well as a mixture of soluble and insoluble fiber 

(194, 195). Dried plum consumption is commonly associated with a reduction in constipation 

and improved intestinal motility (194). These effects can be attributed in part to the dietary fiber 

found in dried plums; however, they are also noted when consuming dried plum juice, which 

lacks the fiber found in the whole fruit. Therefore, not all of the bioactive properties ascribed to 

dried plum consumption are due to its fiber content.  

Development of an undesirable population of colonic bacteria promotes colon 

inflammation, a known promoter of colon cancer (3). One mediator of inflammation that is 

greatly elevated in colon cancer is COX-2 (240). We have previously demonstrated a reduction 

in activation of NF-κB and COX-2 expression in healthy rats consuming quercetin or 

chlorogenic acid (196). Quercetin and chlorogenic acid also influence fecal SCFA 

concentrations, suggesting alterations in the gut microbe composition, their metabolism, or in the 

absorption of SCFA by the host (196). Furthermore, our lab has demonstrated the ability of 

quercetin to reduce the numbers of HMACF. Part of these changes may be attributable to the 

maintenance of more normal levels of expression of TOLLIP, IκBα, and butyrate transporters 
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that were all reduced in animals challenged with an inflammatory agent (198). These outcomes 

indicate changes in microbial metabolism and in expression of genes involved in mediating 

signaling between bacteria and colonocytes in response to dietary exposure to polyphenolic 

molecules. These data from our lab were generated using isolated compounds, which precluded 

our understanding of potential additive or synergistic effects generated by a complete food, such 

as dried plum, which contain multiple bioactive compounds in complex with dietary fiber. 

In this experiment, we compared microbial populations and their metabolic products in 

healthy rats and those exposed to a colon carcinogen while consuming either a basal diet or one 

containing dried plum. Profiling of the luminal microbiome and metabolome and epithelial gene 

expression analyses were conducted using samples from the proximal and distal colon segments 

to monitor the changes throughout the colon. 

Materials and Methods 

Animals and experimental design 

All animal work was approved by the Institutional Animal Care and Use Committee of 

Texas A&M University (AUP number 2012-0252) and conformed to NIH guidelines. Fifty-one 

male Sprague Dawley rats (28-d old, Envigo, USA) were individually housed and acclimated to 

the specific pathogen-free animal facility for 1 wk prior to starting the experimental diets 

(Figure 1). Rats were pre-fed their experimental diets for 3 wk before receiving their first 

injection of azoxymethane (AOM, 15 mg/kg body weight) or saline (equivalent volume). Twenty 

rats served as saline controls and 31 rats received subcutaneous injections of azoxymethane to 

induce colon carcinogenesis. All rats were given a second injection 1 wk later and terminated 8 

wk following the second injection by CO2 asphyxiation and cervical dislocation. Within the 

saline group, 10 rats received the basal diet (BD+S) and 10 rats received the dried plum diet 
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(PD+S). Within the AOM group, 15 rats received the basal diet (BD+A) and 16 rats received the 

dried plum diet (PD+A). (One extra animal was received from Envigo and assigned to the PD+A 

group.) No animals died until their scheduled termination. 

Experimental diets 

Proximate analysis of the dried plum puree (Sunsweet Growers, Inc., Yuba City, CA) 

was conducted (Covance Laboratories, Princeton, NJ) to determine macronutrient levels prior to 

diet formulation to maintain essentially equivalent macronutrient content and fiber solubility 

between the basal and plum diet. The dried plum puree was included at 5% of total calories, 

which is similar to the recommended daily serving size of dried plums (40 g) and its 

corresponding calorie content (100 calories) for a normal 2000 calorie diet. The powdered diets 

were a modified standard AIN-76A formulation (Appendix Table 1) and were provided ad 

libitum (198).  

 

 

 

 
Figure 1. Timeline of AOM treatments for AOM group rats in each experimental group. Saline 

animals were injected with saline at the same time as their AOM counterparts. After 3 wk of 

experimental diets, AOM injections were given (15 mg/kg body weight, 1 wk separation, 2 

injections total).   

 

 

 

Sample collection 

Animal weight and food intake was measured at several time points (167). Multiple fecal 

samples were collected during the experiment (d 21, 28, 84) and at termination when colon 
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tissues were collected. Colons were excised and 1 cm of the proximal and distal colon (241) was 

fixed in 4% paraformaldehyde. Luminal contents collected from the proximal and distal 

segments were immediately flash frozen in liquid nitrogen. The colon was flushed with ice cold 

phosphate buffered saline (pH 7.4) and opened longitudinally to expose the mucosal surface. 

One longitudinal half-section was fixed for aberrant crypt foci (ACF) analysis and the other half-

section was cut into proximal and distal segments for mucosal scraping. 

Aberrant crypt foci 

The number and multiplicity of ACF was determined in ethanol-fixed tissue using our 

standard procedures (180, 181). Briefly, the tissues were fixed in 70% ethanol for 24 h and then 

placed in fresh 70% ethanol until scoring. The specimens were stained with 0.05% methylene 

blue dye and observed under a light microscope. The number, multiplicity, and location of each 

aberrant crypt or ACF was recorded in a blinded fashion and the identity of the sample remained 

unknown until all samples had been scored.    

In situ apoptosis measurement 

Apoptosis was measured by TdT-mediated UTP-biotin nick end labeling (TUNEL) assay 

(ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit; S7101; EMD Millipore) of 

fragmented pieces of DNA using 4 μm sections of PFA-fixed, paraffin-embedded tissue as 

previously described (242). See Appendix B for full protocol. Apoptotic cells with condensed 

chromatin, apoptotic bodies and intense brown staining were counted in 30 crypt columns for 

each animal. Results are reported as the number of apoptotic cells per crypt column.  

Colonocyte gene expression  

Scraped mucosal samples from the proximal and distal colon were placed into RNA 

protection solution (Ambion, Grand Island, NY, USA) and stored at –80°C in preparation for 
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analysis using our standard procedures (243, 244). Real-time PCR was performed using Applied 

Biosystems (Foster City, CA) card arrays on a 7900HT Fast Real-Time PCR System for the 

following genes: Toll-like receptor 2 and 4 (Tlr2, Tlr4), Toll interacting protein (Tollip), Solute 

carrier family 16 member 1 (Slc16a1), Solute carrier family 5 member 8  (Slc5a8), Nuclear 

factor kappa b subunit 1 (Nfkb1), NFKB inhibitor alpha (Nfkbia), Prostaglandin-endoperoxide 

synthase 2 (Ptgs2), Nitric oxide synthase 2 (Nos2), Acyl-CoA dehydrogenase short chain 

(Acads), and Acyl-CoA dehydrogenase medium chain (Acadm)(245). The expression of Gapdh 

transcripts in each sample was used to normalize gene expression. Assay IDs for all primers are 

compiled in Appendix Table 2. Quality RNA could not be obtained for one BD+A rat (n=14 of 

15) and two PD+A rats (n=14 of 16). 

SCFA analysis 

 The SCFA analyses were conducted using our standard protocols (153, 167). Frozen 

fecal samples were ground, mixed with an internal standard (2-ethylbutyric acid), extracted in 

70% ethanol, and aliquots of supernatant were mixed with heptanoic acid prior to injection onto 

a HP-FFAP column in a Varian 3900 GC (Agilent Technologies, Santa Clara, CA). 

Concentrations in the samples were determined by comparison to a commercially available mix 

of standards. 

Microbial DNA isolation 

Luminal contents collected from the proximal and distal colon at termination were flash 

frozen and stored at -80°C. Three samples were not available from the BD+A rats, leaving 13 

and 14 samples from the proximal and distal colon, respectively in that group. DNA was isolated 

using the FastDNA SPIN kit for feces (MP Biomedicals, Solon, OH) (103) and DNA 
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concentration was determined using a Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen, 

Carlsbad, CA) in preparation for downstream 16S rRNA gene surveys (103). 

Microbial sequencing (454/Roche pyrosequencing) 

Total microbial DNA was amplified using forward (27F: 5’-

AGAGTTTGATCCTGGCTCAG-3’) and reverse (338R: 5’-TGCTGCCTCCCGTAGGAGT-3’) 

primers targeting regions flanking the variable regions 1 through 3 (V1-3) of the bacterial 16S 

rRNA gene (246). The forward primer was tagged with 10 bp unique barcode labels at the 5' end 

and with the adaptor sequence to allow multiple samples to be included in a single 454 GS FLX 

Titanium+ sequencing plate at a sequencing depth of approximately 10,000 reads per sample 

(247, 248). The sequencing was performed on a GS FLX Titanium+ instrument (Roche, 

Florence, SC) in the Microbiome Core Facility at University of North Carolina School of 

Medicine at Chapel Hill. 

Bacterial sequence analysis 

Analysis of sequencing data was carried out using the QIIME pipeline (249) in which raw 

sequencing data and relevant metadata describing the samples were de-multiplexed and filtered. 

Next, data were denoised using Denoiser software with standard parameters (250) and sequences 

were grouped into operational taxonomic units (OTUs) at a 97% level to approximate genus-

level phylotypes using Uclust (251). OTU sequences were aligned and OTU tables containing 

the counts of each OTU in each sample were used to calculate mean species diversity of each 

sample (alpha diversity) and the differentiation among samples (beta diversity). Alpha and beta 

diversity measures were used to calculate the Shannon–Weaver diversity index for each sample.  
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Microbial metagenome prediction 

 The Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 

(PICRUSt) was used to predict the microbial metagenome (220). Briefly, sequencing data were 

prepared as described for taxonomic identification, but sequences were then clustered into OTUs 

using a closed-reference OTU picking protocol [http://qiime.org/scripts/pick_closed_reference_o 

tus.html] using Greengenes 13.8 as the reference database at 97% sequence similarity. The OTU 

table generated from this procedure was then normalized by the predicted copy number(s) of the 

microbial 16s rRNA gene for each OTU. PICRUSt analysis was then used with the normalized 

OTU table to predict each samples metagenome. The metagenome profile is calculated by 

multiplying the normalized OTU abundance by each KEGG ortholog (KO) abundance in the 

genome and summing the KO abundances together for each sample. This process yields a table 

containing KO abundances for each metagenome sample in the input OTU table. The data was 

then rarefied to an even sequencing depth (10000 sequences/sample) before further analyses 

were conducted.     

Metabolomics  

Untargeted metabolic profiling of fecal samples was performed by Metabolon Inc. 

(Durham, NC) (252, 253). Briefly, the protocol employed for this analysis combined three 

independent platforms: ultrahigh performance liquid chromatography/tandem mass spectrometry 

(UHPLC/MS/MS2) optimized for basic species, UHPLC/MS/MS2 optimized for acidic species, 

and gas chromatography/mass spectrometry (GC/MS). Protein was precipitated from the fecal 

samples with methanol and the resulting supernatant was split into equal aliquots for analysis on 

the three platforms. Metabolites were identified by automated comparison of the ion features in 

the experimental samples to a reference library of chemical standard entries that included 
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retention time, molecular weight (m/z), preferred adducts, and in-source fragments as well as 

associated MS spectra, and were curated by visual inspection for quality control using software 

developed at Metabolon (254). 

Statistical analyses  

ACF data were analyzed by 2-sample t-test using GraphPad (PRISM) software. 

Apoptosis data was analyzed by one-way ANOVA. Microbial abundance and gene expression 

data were analyzed using the General Linear Model (GLM) procedure in SAS (version 9.3) to 

determine the main effects and interaction of diet and injection for the proximal and distal colon 

separately. Paired sample t-tests were used to compare proximal and distal expression levels 

within a group (e.g., BD+S proximal versus BD+S distal). Interactions between location and 

diet/injection were not tested. Permutational analysis of variance (PERMANOVA) was 

performed on unweighted beta-diversity principal coordinate data to determine if clustering due 

to effect variables was significant. SCFA data from each time point were analyzed separately. At 

baseline SCFA data were analyzed using a 2-sample t-test to determine differences in fecal 

SCFAs exclusively attributed to diet. SCFA data from 48 h and 8 wk after the second AOM 

injection were analyzed using the GLM procedure in SAS for diet, injection and diet*injection 

interaction. Data presented are least squares means (LSM) ± standard error of the mean (SEM) 

unless otherwise noted. Differences are considered significant at p<0.05. 

PICRUSt data at Level 3 KEGG pathway consolidation were first filtered to remove KO 

functions with >50% zeros across all samples. The resulting data was checked for normality and 

a square root transform or ranked test was used for non-normal KO functions. The KO functions 

were then analyzed by a 2-factor ANOVA (diet and injection) for the proximal and distal colon 

separately. The resulting raw P-values were corrected for false discovery rate (FDR) and the 
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adjusted FDR P-value (Q-value) is presented. A Q-value<0.1 was considered significant. The 

same was performed for Level 2 KEGG pathway analysis except the >50% zeros exclusion was 

not necessary at this level.  

For statistical analyses and data display purposes of the metabolomics data, any missing 

values were assumed to be below the limits of detection and these values were imputed with the 

compound minimum (minimum value imputation) (255). Statistical analysis of log-transformed 

data was performed using “R” (http://cran.r-project.org/). Pairwise comparisons were performed 

using Welsh’s t-Tests. Multiple comparisons were accounted for by estimating the false 

discovery rate (FDR) using Q-values (256). 

Results  

Animal health 

Food intake and animal weight were not adversely affected by the treatments (Figure 2 

and 3). Food intake averaged over a 48 h period was elevated for PD rats at 3 wk compared to 

BD rats (21.09 g vs. 18.89 g; P<0.05); however, no differences in food intake were observed 

among the groups at later time points. At 3 wk, PD+S rats weighed more than BD+A rats (255 g 

vs. 244 g; P<0.05). At termination, rats that had received AOM injections weighed 4.32% less 

than their saline counterparts (P<0.05). 

Aberrant crypt foci and apoptosis 

Neither injection nor diet had an impact on colon length (Table 1). As expected, there 

were no aberrant crypts in animals treated with saline. BD+A animals had 73% more (P<0.05) 

aberrant crypts (AC) and 63% more (P<0.05) ACF than PD+A animals (Table 2). Most 

importantly, the number of high multiplicity aberrant crypt foci (HMACF, foci containing four 

or more AC), which are believed to be most indicative of eventual tumor formation (257, 258), 
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Figure 2. Daily food intake (averaged over 48 h) at experimental day 20, 55, and 82. At d 20, 

animals assigned to the plum diet had increased diet intake, compared to basal diet counterparts. 

Data are means±SEM. At each time point, bars not sharing a common letter differ significantly 

(P<0.05). 

 

             

Figure 3. Average body weights at experimental day 0, 21, 28, 56 and 84. At d 21 and 56, PD+S 

animals weighed more than BD+A animals. At d 84, PD+S animals weighed more than BD+A 

and PD+A animals, and BD+S animals weighed more than BD+A animals. Data are 

means±SEM. At each time point, bars not sharing a common letter differ significantly (P<0.05). 

 

 

Table 1. Total number of AC1, ACF, and HMACF were reduced in rats treated with AOM and 

fed a dried plum diet, versus basal diet counterparts.  

Group2 n Colon length (cm) Total AC ACF HMACF 

BD+S  10 11.5 ± 1.0 0 0 0 

PD+S  10 11.0 ± 1.0 0 0 0 

BD+A 15 11.0 ± 1.5 156 ± 20 49 ± 06 18 ± 02 

PD+A 16 11.5 ± 1.5 90 ± 11* 30 ± 03* 9 ± 02* 
1AC, aberrant crypts; ACF, aberrant crypt foci; HMACF, high multiplicity aberrant crypt foci (foci with number of 

AC≥4). 2BD+S, basal diet+saline; PD+S, plum diet+saline; BD+A, basal diet+AOM; PD+A, plum diet+AOM. Data 

are means ± SEM. * indicates different from BD+A, (P<0.05).  
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were 100% greater in the BD+A rats compared to PD+A rats (P<0.05). No differences were 

detected in the number of apoptotic cells/crypt column or in the proportion of apoptotic 

cells/crypt column in the distal colon (Appendix Figure 1 and 2, respectively). 

Gene expression 

To better understand how the diet may be affecting the cells of the colonic epithelium, 

genes involved in host-microbe crosstalk, as well as select genes down-stream of this interaction, 

were assessed for their relative expression levels (Table 2). The majority of genes surveyed were 

differentially expressed between the proximal and distal colon. Tlr2, which recognizes a variety 

of microbial cell-wall components, such as peptidoglycan matrix, lipoteichoic acid and various 

lipoproteins, was expressed at higher levels in the distal colon than the proximal colon in all rats, 

but was unaffected by diet or AOM treatment in the distal colon. 

In the proximal colon, PD animals had lower Tlr2 expression than BD rats (P-

diet=0.0491) with PD+A animals being significantly lower than BD+S and BD+A groups 

(P<0.05). Similarly, the expression of Tlr4, which recognizes lipopolysaccharide, was also 

greater in the distal colon of all animals (P<0.05). PD+A rats had significantly lower Tlr4 

expression than BD+A rats (P-interaction=0.0107).  

Expression of Slc5a8 (Na+ coupled) and Slc16a1 (H+ coupled) SCFA transporters was 

greater in the distal colon of all groups except for BD+A animals, whose proximal and distal 

Slc16a1 levels were equivalent. The expression of Slc5a8 was unaffected by diet or AOM 

injection regardless of location; however, Slc16a1 expression was reduced in the distal colon as a 

result of AOM treatment (P-AOM=0.0013). The expression of Nfkb1 and its inhibitor, Nfkbia, 

was unaffected by diet or AOM treatment. Expression of Nos2 was greater in the distal colon  
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Table 2. Colonocyte gene expression1 levels in rats treated with AOM, or saline, and fed a basal 

or dried plum diet.  

1 Relative amount of target gene normalized to Gapdh. BD+S, basal diet+saline; BD+A, basal diet+AOM; PD+S, 

plum diet+saline; PD+A, plum diet+AOM. Data are least square means ± SEM. a,b,c Values in the same row not 

sharing a common superscript differ, (P<0.05). * Indicates significant difference in gene expression between 

proximal and distal colon for that gene within the group (P<0.05). 

 

Proximal 

Colon 
Gene expression normalized to Gapdh 

Main Effect 

P-value 

Interaction 

P-value 

Gene 
BD+S 

n=10 

BD+A 

n=14 

PD+S 

n=10 

PD+A 

n=14 
Diet AOM Diet*AOM 

Tlr2 9.96±1.38a 10.37±1.17a 8.89±1.38ab 6.25±1.17b 0.0491 0.3908 0.2411 

Tlr4 3.03±0.47ab 4.20±0.40a 3.70±0.47ab 2.55±0.40b 0.2623 0.9836 0.0107 

Tollip 2.31±0.44 2.67±0.37 2.68±0.44 1.94±0.37 0.6583 0.6477 0.1815 

Slc5a8 7.19±1.53 8.61±1.30 8.27±1.53 6.05±1.30 0.6036 0.7797 0.2068 

Slc16a1 1.32±0.21 1.50±0.18 1.58±0.21 1.20±0.18 0.9206 0.6286 0.1621 

Nfkb1 2.53±0.47 3.05±0.39 2.98±0.47 2.26±0.39 0.7040 0.8207 0.1558 

Nfkbia 8.44±1.38 9.39±1.17 9.20±1.38 6.58±1.17 0.4258 0.5161 0.1697 

Ptgs2 (Cox2) 10.64±1.14 9.63±0.97 10.64±1.14 7.80±0.97 0.3887 0.0755 0.3923 

Nos2 (Inos) 1.82±0.61ab 3.36±0.52a 0.81±0.65b 1.41±0.52b 0.0139 0.0697 0.4236 

Acads 9.13±1.55 10.71±1.31 11.95±1.55 9.02±1.31 0.6960 0.6410 0.1244 

Acadm 8.41±1.25 9.71±1.06 9.79±1.25 7.20±1.06 0.6280 0.5833 0.1001 

Distal Colon Gene expression normalized to Gapdh 
Main Effect 

P-value 

Interaction 

P-value 

Gene 
BD+S 

n=10 

BD+A 

n=14 

PD+S 

n=10 

PD+A 

n=14 
Diet AOM Diet*AOM 

Tlr2 20.19±3.17 20.87±2.68 20.01±3.17 21.22±2.68 0.9768 0.7490 0.9284 

Tlr4 12.75±1.21 12.73±1.02 11.68±1.21 10.87±1.02 0.1970 0.7124 0.7263 

Tollip 4.83±0.56 3.80±0.48 4.66±0.56 3.88±0.48 0.9319 0.0894 0.8040 

Slc5a8 21.75±2.93 16.14±2.48 21.59±2.93 18.36±2.48 0.7068 0.1101 0.6637 

Slc16a1 2.32±0.24ac 1.57±0.21b 2.55±0.24c 1.74±0.21ab 0.3966 0.0013 0.8954 

Nfkb1 4.95±0.69 4.39±0.58 5.00±0.69 4.52±0.58 0.8949 0.4149 0.9532 

Nfkbia 16.97±2.11 14.13±1.79 17.37±2.11 14.06±1.79 0.9340 0.1231 0.9061 

Ptgs2 (Cox2) 21.85±2.40 17.75±2.03 18.37±2.40 15.66±2.03 0.2170 0.1322 0.7560 

Nos2 (Inos) 1.42±1.05a 8.17±0.89b 1.84±1.05a 6.02±0.89b 0.3753 <0.0001 0.1919 

Acads 19.64±2.30 14.57±1.94 20.39±2.30 16.54±1.94 0.5247 0.0417 0.7752 

Acadm 13.40±1.38ab 9.95±1.16a 13.87±1.38b 10.84±1.16ab 0.5990 0.0146 0.8694 

 Fold change (Distal/Proximal) 

Gene BD+S BD+A PD+S PD+A 

Tlr2 2.03* 2.01* 2.25* 3.40* 

Tlr4 4.21* 3.03* 3.16* 4.26* 

Tollip 2.09* 1.42* 1.74* 2.00* 

Slc5a8 3.03* 1.88* 2.61* 3.04* 

Slc16a1 1.76* 1.05 1.61* 1.45* 

Nfkb1 1.96* 1.44 1.68* 2.00* 

Nfkbia 2.01* 1.51* 1.89* 2.14* 

Ptgs2 (Cox2) 2.05* 1.84* 1.73* 2.01* 

Nos2 (Inos) 0.78* 2.43* 2.27* 4.27* 

Acads 2.15* 1.36 1.71* 1.83* 

Acadm 1.59* 1.03 1.42 1.51* 
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for all groups except for BD+S, which had greater expression in the proximal colon. The 

expression of Nos2 was increased in response to AOM treatment, but only in the distal colon (P-

AOM<0.0001). In the proximal colon, PD rats had lower Nos2 expression (P-diet=0.0139) than 

BD rats, with PD+A rats having significantly lower expression than BD+A rats. 

Colon microbiota  

Fecal microbial characterization was carried out using samples collected from the 

proximal and distal colon at termination. Diet and AOM treatment affected the abundance of 

several bacterial phyla throughout the colon (Table 3). AOM treatment increased the abundance 

of Bacteroidetes in the distal colon (P-AOM=0.0285) irrespective of diet. Changes in various 

genera in response to AOM are presented in Appendix Table 1. The impact of PD consumption 

on microbe composition appeared to be more pronounced in the distal colon, where changes in 

four phyla were observed versus only two in the proximal colon. In the proximal colon, PD rats 

had higher abundances of Actinobacteria (P-diet=0.0003) and Proteobacteria (P-diet=0.0158) 

than BD rats. In the distal colon, PD rats, had higher abundances of Actinobacteria (P-

diet=0.0003) and Bacteroidetes (P-diet=0.0003), and lower abundances of Deferribacteres (P-

diet=0.0119), Firmicutes (P-diet=0.0054), and bacteria classified as ‘Other’ (P-diet=0.0102) than 

BD rats.  

At the order level, the abundance of Bacteroidales was significantly higher in the distal 

colon of PD rats versus BD rats (P-diet <0.001) (Figure 4). Lactobacillales was higher in BD+S 

rats than all other groups in the proximal and distal colon (P<0.05), and PD animals had 

significantly lower abundances in the proximal and distal colon compared to BD (P-diet =0.0248 

and 0.0011, for each location respectively) (Figure 4). The abundance of Clostridiales was higher 
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Table 3. Percent abundance of dominant phyla in rats treated with AOM, or saline, and fed a basal or dried plum diet. 

Proximal Colon Microbial abundance, % of sequences 
Main Effect 

P-value 

Interaction 

P-value 

Phylum 
BD+S1 

n=10 

BD+A 

n=13 

PD+S 

n=10 

PD+A 

n=16 
Diet AOM Diet*AOM 

Unassigned 4.88±2.79 6.35±2.44 7.73±2.79 5.24±2.20 0.7357 0.8444 0.4450 

Other 2.42±0.45 1.89±0.40 1.70±0.45 2.30±0.36 0.7173 0.9350 0.1859 

Actinobacteria 0.12±0.07a 0.24±0.06ac 0.54±0.07b 0.33±0.06c 0.0003 0.5146 0.0176 

Bacteroidetes 29.24±3.24ab 21.29±2.84a 31.54±3.24b 28.04±2.56ab 0.1361 0.0616 0.4596 

Cyanobacteria 0.11±0.09a 0.14±0.08a 0.17±0.09ab 0.38±0.07b 0.0573 0.1247 0.2777 

Deferribacteres 0.03±0.01 0.02±0.01 n.d. 0.02±0.01 0.1527 0.8430 0.1052 

Elusimicrobia 0.04±0.02ab 0.04±0.02ab 0.02±0.02a 0.07±0.01b 0.7109 0.1209 0.1770 

Firmicutes 60.00±4.48ab 65.62±3.93a 53.28±4.47b 57.90±3.54ab 0.0872 0.2205 0.9109 

Fusobacteria <0.01 <0.01 <0.01 <0.01 0.4992 0.6672 0.9448 

Proteobacteria 2.85±0.68a 3.60±0.60ab 4.59±0.68ab 5.03±0.54b 0.0158 0.3507 0.8022 

Tenericutes 0.31±0.30 0.76±0.26 0.35±0.30 0.69±0.24 0.9609 0.1563 0.8417 

Verrucomicrobia 0.03±0.03 0.06±0.03 0.08±0.04 <0.01 0.9573 0.4277 0.1734 

Distal Colon Microbial abundance, % of sequences Main Effect 

P-value 

Interaction 

P-value 

Phylum 
BD+S 

n=10 

BD+A 

n=14 

PD+S 

n=10 

PD+A 

n=16 
Diet AOM Diet*AOM 

Unassigned 5.60±1.24 2.80±1.04 3.33±1.24 2.76±0.98 0.3116 0.1423 0.3308 

Other 2.71±0.55a 1.79±0.46ab 1.00±0.55b 0.81±0.43b 0.0102 0.2753 0.4717 

Actinobacteria 0.18±0.09a 0.31±0.08a 0.54±0.09b 0.59±0.07b 0.0003 0.2891 0.6193 

Bacteroidetes 23.99±3.00a 27.50±2.54a 32.07±3.00a 40.96±2.37b 0.0003 0.0285 0.3315 

Cyanobacteria 0.17±0.07 0.15±0.06 0.24±0.07 0.18±0.05 0.4270 0.5380 0.7275 

Deferribacteres 0.08±0.02a 0.02±0.02b <0.01b n.d. 0.0119 0.1009 0.1032 

Elusimicrobia 0.05±0.02 0.04±0.02 0.06±0.02 0.08±0.02 0.3093 0.8913 0.4648 

Firmicutes 62.98±3.34a 63.01±2.82a 58.89±3.34a 49.26±2.64b 0.0054 0.1227 0.1203 

Fusobacteria <0.01 <0.01 n.d. <0.01 0.1822 0.0834 0.6966 

Proteobacteria 3.42±0.66 3.60±0.56 3.34±0.66 4.39±0.52 0.5576 0.3171 0.4773 

Tenericutes 0.76±0.25 0.72±0.21 0.52±0.25 0.96±0.20 0.9968 0.3827 0.3080 

Verrucomicrobia 0.07±0.04 0.06±0.03 0.01±0.04 0.01±0.03 0.1039 0.8781 0.7367 
1BD+S, basal diet+saline; BD+A, basal diet+AOM; PD+S, plum diet+saline; PD+A, plum diet+AOM. Data are least square means ±SEM. a,b Values in the 

same row not sharing a common superscript differ, (P<0.05). “n.d.” denotes sequences were not detected in any samples of the respective group. Phyla 

representing less than 0.01% of sequences are noted as such.
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Figure 4. Percent abundance of major bacterial orders by diet/injection group and location. Bars 

without a common letter are significantly different (P<0.05). Data are means±SEM.   
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in the proximal colon of PD+A rats compared to BD+S rats (P<0.05), but no differences were 

detected in the distal colon. PD rats had lower abundances of Erysipelotrichales than BD rats in 

the distal colon (P-diet=0.0212). Additionally, Coriobacteriales, which largely comprises the 

Actinobacteria phylum, was higher in PD rats, irrespective of location surveyed compared to BD 

rats (P-diet<0.001 for both locations, data not shown). A number of significant alterations 

occurred in various genera throughout the colon with potential health relevance in response to 

AOM treatment and diet consumed (Appendix Table 3 and 4, respectively). For example, PD 

rats had increased abundances of Bacteroides (~64%, P-diet=0.0005), Parabacteroides (~132%, 

P-diet=0.0024), S247 (~34%, P-diet=0.0268), and decreased Lactobacillus (~48%, P-

diet=0.0011) and Allobaculum (~52%, P-diet=0.021) (Appendix Table 2). 

Alpha-diversity estimates representing diversity within a sample (e.g., Chao, Shannon, 

and total number of observed species) revealed no significant differences between samples due 

to diet, AOM treatment, or location surveyed (data not shown). Beta-diversity analysis, or 

diversity between samples, illustrated with principal coordinate analysis (Figure 5) and 

confirmed by PERMANOVA of principal coordinate data (Table 4), revealed significant 

separation between samples taken from different diet groups without species abundance 

weighting factors (P-diet=0.001). Principal coordinates analysis of weighted beta-diversity 

analysis, which considers species abundance, is presented in Figure 6. 

Microbial metagenome prediction 

 Thousands of predicted KEGG ortholog functions can be organized into KEGG Pathways 

using the categorize_by_function.py script. KEGG pathway data can take on three levels (i.e., 

Level 1->Level 2->Level 3) similar to microbial taxon organization (e.g., Phylum->Class- 
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Figure 5. Unweighted UniFrac beta-diversity analysis illustrated with principle coordinate plots 

reveals separation of samples based on diet.    
 

 

Table 4. Results of PERMANOVA analysis on unweighted beta-diversity principal coordinates 

data.  

 
 

 

 

 

Figure 6. Weighted UniFrac beta-diversity analysis illustrated with principle coordinate plots 

reveals separation of samples based on diet with maximum separation occurring between distal 

colon microbial samples. 

 

Variable Sample size # groups F-statistic P-value # permutations 

Diet  99 2 (Plum vs. Basal) 4.101 0.001 999 

Injection   99 2 (AOM vs. Saline) 1.211 0.060 999 

Location  99 2 (Proximal vs. Distal) 0.957 0.581 999 



  

49 

 

>Order). Level 1 data is the broadest functional characterization with the following categories: 

Cellular Processes, Environmental Information and Processing, Genetic Information Processing, 

Human Diseases, Metabolism, Organismal Systems, and Unclassified. No changes were detected 

in Level 2 or 3 pathway data in response to AOM treatment for either colon location. Analysis of 

Level 2 data revealed six pathways altered by diet in the proximal colon and 27 pathways altered 

by diet in the distal colon (Table 5). For example, in the proximal colon KEGG pathways 

associated with Energy Metabolism, Amino Acid Metabolism, and Metabolism of Cofactors and 

Vitamins were significantly altered in response to diet. In the distal colon, KEGG pathways 

related to Membrane Transport, Cancers, Infectious Diseases, Energy Metabolism, Metabolism 

of Other Secondary Metabolites, and Lipid Metabolism were among the 27 pathways found to be 

affected by diet. KEGG pathway consolidation at Level 3 provides the most information 

regarding functional changes in the predicted metagenome. Significant changes of select KEGG 

pathways at Level 3 consolidation are presented in Table 6. Interestingly, KEGG pathways 

related to Fatty acid biosynthesis, Indole alkaloid biosynthesis, and Phenylalanine, tyrosine, and 

tryptophan biosynthesis were modified by diet in the proximal and distal colon. Furthermore, 

KEGG pathways identified as colorectal cancer, pathways in cancer, tryptophan metabolism, 

primary and secondary bile acid biosynthesis, metabolism of xenobiotics by cytochrome P450, 

and polycyclic aromatic hydrocarbon degradation were identified as pathways modified by diet 

in the distal colon. Relative prevalence of gene families related to the KEGG pathways identified 

in Plum versus Basal animals is also indicated in Table 6 in the Comparison column. A post hoc 

Tukey’s multiple comparison test of the Shannon-Weaver alpha diversity index for predicted 

KEGG functions revealed significant differences between PD and BD groups in the distal colon, 
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Table 5. Predicted microbial metagenome KEGG functional pathways (Level 2 pathway 

consolidation) significantly altered by diet in the proximal and distal colon of rats consuming a 

basal or dried plum diet and treated with AOM or saline. 

 

 

 

 

 

 

 

 

 

Proximal Colon 

Function Level 1 Function Level 2 P-value Q-value Transform 

Genetic Information Processing Folding Sorting and Degradation 0.000 0.008 Rank 

Metabolism Energy Metabolism 0.000 0.000 None 

Metabolism Amino Acid Metabolism 0.002 0.021 None 

Metabolism Metabolism of Cofactors and Vitamins 0.005 0.030 None 

Organismal Systems Endocrine System 0.004 0.030 None 

Unclassified Cellular Processes and Signaling 0.002 0.020 None 

Distal Colon 

Function Level 1 Function Level 2 P-value Q-value Transform 

Cellular Processes Transport and Catabolism 0.000 0.000 None 

Cellular Processes Cell Motility 0.000 0.001 Rank 

Environmental Information Processing Membrane Transport 0.000 0.000 Rank 

Genetic Information Processing Folding Sorting and Degradation 0.000 0.000 Rank 

Genetic Information Processing Transcription 0.004 0.009 SqRt 

Genetic Information Processing Translation 0.015 0.024 Rank 

Human Diseases Metabolic Diseases 0.004 0.009 None 

Human Diseases Cardiovascular Diseases 0.007 0.014 Rank 

Human Diseases Infectious Diseases 0.009 0.015 None 

Human Diseases Cancers 0.029 0.042 SqRt 

Metabolism Energy Metabolism 0.000 0.000 None 

Metabolism Metabolism of Cofactors and Vitamins 0.000 0.000 None 

Metabolism Glycan Biosynthesis and Metabolism 0.000 0.000 SqRt 

Metabolism Amino Acid Metabolism 0.000 0.000 None 

Metabolism Metabolism of Other Amino Acids 0.001 0.002 Rank 

Metabolism Biosynthesis of Other Secondary Metabolites 0.003 0.007 None 

Metabolism Lipid Metabolism 0.004 0.009 None 

Metabolism Metabolism of Terpenoids and Polyketides 0.008 0.014 Rank 

Metabolism Enzyme Families 0.016 0.025 Rank 

Organismal Systems Endocrine System 0.000 0.000 None 

Metabolism Biosynthesis of Other Secondary Metabolites 0.003 0.007 None 

Organismal Systems Digestive System 0.000 0.000 Rank 

Organismal Systems Environmental Adaptation 0.000 0.000 SqRt 

Organismal Systems Immune System 0.000 0.001 None 

Organismal Systems Excretory System 0.002 0.004 SqRt 

Organismal Systems Circulatory System 0.011 0.018 Rank 

Organismal Systems Nervous System 0.028 0.042 Rank 

Unclassified Cellular Processes and Signaling 0.000 0.000 None 
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with PD groups having greater diversity than their BD counterparts (PD+A vs BD+A and PD+S 

vs BD+S, P<0.05 for both, data not shown). This increase in pathway diversity was not observed 

in the proximal colon. No differences between diet+injection groups were observed for the other 

alpha diversity indices (i.e., Chao and number of observed OTUs) in either colon location. 

 

 

 

Table 6. Select predicted microbial metagenome KEGG functional pathways (Level 3 pathway 

consolidation) significantly altered by diet in the proximal and distal colon of rats consuming a 

basal or dried plum diet and treated with AOM or saline. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Indicates which diet the prevalence of the gene families associated with the KEGG pathway was greater. Plum, P; 

Basal, B.  
 

 

 

Fecal short chain fatty acids  

Short chain fatty acids are the metabolic end product of microbial fermentation of dietary 

fiber. Because both diets were matched for the level and composition of dietary fiber, the intent 

Proximal Colon 

Function Level 3 P-value Q-value Transform Comparison1 

Phe, Tyr and Trp biosynthesis 0.001 0.022 None P>B 

Indole alkaloid biosynthesis 0.010 0.076 Rank P>B 

Fatty acid biosynthesis 0.006 0.060 SqRt P>B 

Distal Colon 

Function Level 3 P-value Q-value Transform Comparison 

Colorectal cancer 0.008 0.015 Rank P>B 

Pathways in cancer 0.027 0.048 SqRt P<B 

Indole alkaloid biosynthesis 0.000 0.000 SqRt P>B 

Phe, Tyr and Trp biosynthesis 0.000 0.000 None P>B 

Tryptophan metabolism 0.000 0.000 None P<B 

Fatty acid biosynthesis 0.000 0.000 Rank P>B 

Primary bile acid biosynthesis 0.027 0.048 Rank P>B 

Secondary bile acid biosynthesis 0.025 0.044 Rank P>B 

Drug metabolism-cytochrome P450 0.006 0.012 SqRt P>B 

Metabolism of xenobiotics by cytochrome P450 0.006 0.012 Rank P>B 

Polycyclic aromatic hydrocarbon degradation 0.037 0.061 SqRt P<B 

Phe, Tyr and Trp biosynthesis 0.001 0.022 None P>B 

Indole alkaloid biosynthesis 0.010 0.076 Rank P<B 

Fatty acid biosynthesis 0.006 0.060 SqRt P>B 
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of this comparison was to understand how other components of dried plums may be affecting the 

metabolism of SCFAs.  

Following 3 wk of experimental diet consumption, there was no difference in total fecal 

SCFA concentrations between the BD and PD rats (P-diet=0.1048); however, PD rats had lower 

levels of isobutyrate (P-diet<0.0001), isovalerate (P-diet<0.0001), and valerate (P-diet=0.0002) 

(Table 7).  

Forty-eight hours after the second injection BD+A rats had greater total SCFAs compared 

to BD+S rats (P-interaction=0.0469). The increase in total SCFA levels observed in BD+A 

animals at this time point was largely due to an increase (~64%) in acetate. The level of 

propionate was greater in BD+A vs. BD+S rats; however, the levels of propionate were not 

affected by AOM in the PD rats (P-interaction=0.0094). The level of isobutyrate decreased 

following AOM injection (P-AOM=0.0049) and was lower overall in PD rats versus BD rats  

 (P-diet<0.0001). Isovalerate and valerate also decreased following AOM injection (P-

AOM=0.0114 and 0.0445, respectively) and were lower overall in PD rats versus BD rats (P-

diet=0.0013 and 0.0025, respectively).  

Eight weeks after the second injection, only propionate was significantly affected by diet 

with PD rats having greater levels than BD rats (P-diet=0.0229).  Interestingly, the levels of fecal 

butyrate remained comparable between all groups throughout the study; however, the proportion 

of butyrate was greater in animals consuming the plum diet at the 3 wk post-diet start (P-

diet=0.0476) and 48 h post-AOM 2 (P-diet=0.014) time points. 
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Table 7. Rat fecal SCFA levels at 3 wk post-diet start, and 48 h and 8 wk following the second 

AOM injection, organized by diet+injection group for each time point. 

1BD, basal diet; PD, plum diet; BD+S, basal diet+saline; BD+A, basal diet+AOM; PD+S, plum diet+saline; PD+A, 

plum diet+AOM. Data are means ± SEM. a,b Values not sharing a common super script differ, (P<0.05).  

3 Wk Post-Diet 

Start 

Concentration, 

µmol/g wet weight  

SCFA 
BD1 

n=24 

PD 

n=26 

Diet 

P-value 

Acetate 15.08±1.15 12.87±0.73 0.1047 

Propionate 5.88±0.33 5.97±0.27 0.8350 

Isobutyrate 0.93±0.05a 0.60±0.04b <0.0001 

Butyrate 5.65±0.50 5.87±0.48 0.7256 

Isovalerate 2.23±0.13a 1.45±0.09b <0.0001 

Valerate 1.78±0.09a 1.23±0.10b 0.0002 

Total 31.55±1.79 27.99±1.25 0.1048 

% Acetate 47.13±1.20 45.65±1.24 0.3990 

% Propionate 18.92±0.78 21.96±1.27 0.0510 

% Isobutyrate 3.08±1.80a 2.23±0.16b 0.0009 

% Butyrate 17.67±0.80a 20.50±1.12b 0.0476 

% Isovalerate 7.42±0.49a 5.27±0.38b 0.0010 

% Valerate 5.88±0.31a 4.27±0.32b 0.0007 

48 H Post-AOM 

2 

Concentration, 

µmol/g wet weight 

Main Effect 

P-value 

Interaction 

P-value 

SCFA 
BD+S 

n=10 

BD+A 

n=15 

PD+S 

n=10 

PD+A 

n=16 
Diet AOM Diet*AOM 

Acetate 14.66±2.18a 22.14±1.78b 15.40±2.18a 15.06±1.72a 0.1154 0.0770 0.0533 

Propionate 5.08±0.46a 7.14±0.38b 6.53±0.46b 6.31±0.37b 0.4596 0.0338 0.0094 

Isobutyrate 0.91±0.06a 0.72±0.05b 0.64±0.06bc 0.50±0.05c <0.0001 0.0049 0.7365 

Butyrate 6.19±0.75 6.54±0.61 7.20±0.75 6.15±0.59 0.6508 0.6153 0.3083 

Isovalerate 2.08±0.16a 1.52±0.13b 1.41±0.16b 1.17±0.13b 0.0013 0.0114 0.2810 

Valerate 1.68±0.11a 1.54±0.09a 1.43±0.11ab 1.15±0.09b 0.0025 0.0445 0.5160 

Total 30.59±3.05a 39.61±2.49b 32.61±3.05ab 30.34±2.41a 0.1964 0.2280 0.0469 

% Acetate 47.30±2.03a 54.00±1.66b 46.00±2.03a 49.25±1.61a 0.1079 0.0097 0.3547 

% Propionate 16.70±1.49a 19.07±1.21ab 21.40±1.49b 20.88±1.17b 0.0197 0.4978 0.2888 

% Isobutyrate 3.10±0.30a 1.93±0.24b 2.00±0.30b 1.63±0.24b 0.0121 0.0064 0.1490 

% Butyrate 19.80±1.12a 16.53±0.92b 21.30±1.12a 20.19±0.89a 0.0148 0.0367 0.2954 

% Isovalerate 7.00±0.72a 4.40±0.59b 4.70±0.72b 4.06±0.57b 0.0505 0.0175 0.1421 

% Valerate 6.00±0.39a 4.07±0.31b 4.60±0.39b 3.81±0.30b 0.0221 0.0003 0.1079 

8 Wk Post-AOM 

2 

Concentration, 

µmol/g wet weight 

Main Effect 

P-value 

Interaction 

P-value 

SCFA BD+S BD+A PD+S PD+A Diet AOM Diet*AOM 

Acetate 15.95±1.80 15.55±1.47 15.19±1.80 15.67±1.42 0.8458 0.9817 0.7894 

Propionate 4.94±0.47ab 4.84±0.38a 5.68±0.47ab 6.10±0.37b 0.0229 0.7153 0.5397 

Isobutyrate 1.00±0.06a 0.97±0.05a 0.95±0.06ab 0.84±0.05b 0.0858 0.1893 0.4050 

Butyrate 5.20±0.54 5.47±0.44 6.40±0.54 5.95±0.43 0.0956 0.8570 0.4648 

Isovalerate 2.34±0.16a 2.12±0.13ab 2.16±0.16ab 1.91±0.12b 0.1725 0.1091 0.9245 

Valerate 1.69±0.11 1.72±0.09 1.66±0.10 1.51±0.08 0.2092 0.5473 0.3220 

Total 31.12±2.58 30.68±2.11 32.03±2.58 31.97±2.04 0.6403 0.9149 0.9367 

% Acetate 48.70±1.84 50.40±1.50 47.10±1.84 47.88±1.45 0.2223 0.4617 0.7827 

% Propionate 15.70±0.90a 15.87±0.73a 17.90±0.90ab 19.56±0.71b 0.0007 0.2658 0.3618 

% Isobutyrate 3.50±0.27 3.27±0.22 3.10±0.27 3.06±0.22 0.2302 0.5884 0.6953 

% Butyrate 17.80±1.09 18.07±0.89 19.50±1.09 18.25±0.86 0.3473 0.6225 0.4484 

% Isovalerate 8.60±0.74a 6.87±0.61ab 6.80±0.74ab 6.44±0.59b 0.1050 0.1269 0.3146 

% Valerate 5.80±0.42 5.53±0.34 5.40±0.42 5.00±0.33 0.2290 0.3884 0.8625 
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Luminal metabolome profiling  

Based on our microbial data, dried plum consumption appears to exert its greatest 

influence on microbe composition in the distal colon. Similarly, the impact of AOM treatment on 

the expression of genes related to microbe recognition, SCFA metabolism, and inflammation was 

greatest in the distal colon. Thus, we sought to characterize the changes in the luminal 

metabolome in the distal colon to better understand the impact of dried plum consumption on 

colon health. The untargeted analyses of distal samples from BD+A and PD+A rats identified 

490 metabolites. Between these groups, 147 metabolites were different (P-diet≤0.05, data not 

shown) and of these, 104 where upregulated in PD+A animals. The top 30 metabolites 

significantly altered by dried plum consumption are presented in Table 8. As expected, PD+A 

rats had increased relative concentrations of a number of food-derived metabolites versus BD+A, 

such as the sugar alcohol compounds mannitol/sorbitol, which is one of the more concentrated 

compounds found in dried plums and often cited for its laxative effect (194, 203, 259). PD+A 

animals also had significant increases in 5-hydroxymethylfurfural (HMF), a compound derived 

from the dehydration of sugars and commonly formed when sugar-containing foods are exposed 

to heat (e.g., drying or cooking) versus BD+A (194). Dried plums are known to contain up to 

2200 mg/kg of HMF and its primary metabolite, 5-hydroxymethyl-2-fuoric acid (HMFA), was 

also highly elevated in PD+A animals compared to BD+A (260). Similarly, a number of plant-

derived/associated compounds were elevated in PD+A animals compared to BD+A, including: 

quinate, salicylate, gentisate, sinapate, 1H-quinoline-2-one, and the amino acid asparagine, 

which is highly concentrated in dried plums (261). Furthermore, a number of microbially-derived 

metabolites were significantly altered in PD+A animals as a result of increased diversity in 

substrate afforded by dried plum in the diet. For example, the phytoestrogen  
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Table 8. Top metabolites affected by dried plum in the distal colon, their super pathway classification, database identifiers (if known), 

and fold of change (PD+A/BD+A, Least square means). Metabolites are sorted by increasing Q-values (i.e., FDR adjusted P-value). 

 

 
Metabolite  Super Pathway KEGG HMDB PUBMED Fold of Change Q-value 

5-hydroxymethylfurfural Xenobiotics C11101 HMDB34355 237332 637.65 0.00E+00 

Quinate Xenobiotics C00296 HMDB03072 6508 124.27 0.00E+00 

4-hydroxycyclohexylcarboxylic acid Xenobiotics C04404 HMDB01988 151138 39.62 0.00E+00 

N-acetylvaline Amino Acid  HMDB11757 66789 27.57 0.00E+00 

Mannitol/sorbitol Carbohydrate C00794 HMDB00247 5780 20.88 0.00E+00 

Gentisate Amino Acid C00628 HMDB00152 3469 14.87 0.00E+00 

Sinapate Xenobiotics C00482 HMDB32616 637775 6.22 0.00E+00 

Arabonate/xylonate Carbohydrate    4.39 0.00E+00 

2-oxindole-3-acetate Xenobiotics  HMDB35514 3080590 7.59 7.00E-15 

Enterolactone Xenobiotics   10685477 6.54 5.97E-13 

Asparagine Amino Acid C00152 HMDB00168 6267 4.10 9.28E-12 

Carboxyethyl-GABA Amino Acid  HMDB02201 2572 2.87 1.86E-10 

1H-quinolin-2-one Xenobiotics C06415  6038 7.13 6.49E-10 

Homocitrulline Amino Acid C02427 HMDB00679 65072 4.59 1.70E-09 

Deoxycarnitine Lipid C01181 HMDB01161 134 11.92 9.68E-09 

Maleate Lipid C01384 HMDB00176 444266 2.82 2.25E-07 

Enterodiol Xenobiotics   123725 6.00 2.28E-06 

N-methylpipecolate Xenobiotics   11862129 4.38 3.36E-06 

2'-deoxyinosine Nucleotide C05512 HMDB00071 65058 0.35 4.79E-06 

7-methylguanine Nucleotide C02242 HMDB00897 11361 12.78 5.40E-06 

Bilirubin (Z,Z) Cofactors/Vitamins C00486 HMDB00054 5280352 5.09 8.19E-06 

Galactitol (dulcitol) Cofactors/Vitamins C00486 HMDB00054 5280352 3.33 8.83E-06 

5-hydroxymethyl-2-furoic acid Amino Acid C20448 HMDB02432 80642 5.54 1.51E-05 

2-oxo-1-pyrrolidinepropionate Xenobiotics   3146688 2.94 1.89E-05 

N1-methyladenosine Nucleotide C02494 HMDB03331 27476 1.96 2.21E-05 

1-methylimidazoleacetate Amino Acid C05828 HMDB02820 75810 1.68 3.58E-05 

N6-acetyllysine Amino Acid C02727 HMDB00206 92832 2.21 4.34E-05 

Pipecolate Amino Acid C00408 HMDB00070 849 3.39 6.02E-05 

Hippurate Xenobiotics C01586 HMDB00714 464 4.54 6.24E-05 

1-methylxanthine Xenobiotics C16358 HMDB10738 80220 12.33 8.96E-05 

Eicosapentaenoate (EPA; 20:5n3) Lipid C06428 HMDB01999 446284 2.07 0.0832 

Linoleate (18:2n6) Lipid C01595 HMDB00673 5280450 1.77 0.0831 

Linolenate [α or γ; (18:3n3 or 6)] Lipid C06426 HMDB03073 5280934 1.86 0.0715 

Dihomo-linolenate (20:3n3 or n6) Lipid C03242 HMDB02925 5280581 3.27 0.0161 

Docosapentaenoate (n3 DPA; 22:5n3) Lipid C16513 HMDB06528 6441454 2.27 0.1308 
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compounds enterolactone and enterodiol, derived from microbial metabolism of plant lignans, 

were both significantly enriched in PD+A animals versus BD+A (262). Other microbial 

metabolites associated with plant intake were similarly increased, including: 4-

hydroxycyclohexylcarboxylic acid, hippurate, and 2-oxindole-3-acetate. Lastly, several 

polyunsaturated fatty acids were also found at greater levels in the distal colon of plum rats 

compared to basal counterparts, including: eicosapentaenoate (EPA; 20:5n3; 2.07-fold), linoleate 

(18:2n6; 1.77-fold), linolenate (α or γ 18:3n3 or 6; 1.86-fold), and dihomo-linolenate (20:3n3 or 

n6; 3.27-fold). Moreover, dihomo-linolenate was also significantly greater in the proximal colon 

of plum rats versus basal. Following these observations, a fatty acid profile of both diets was 

generated via gas chromatography (263) using two samples obtained from each diet. Diets were 

checked for palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1N-9), linoleic acid (18:2N-

6), and alpha linoleic acid (18:3N-3). The results from this analysis are presented in Table 9 and 

provides some evidence that the diets themselves did not differ in their fatty acid profiles. 

 

 

 

Table 9. Fatty acid profiles* of basal and plum diets used in the experiment.   
 Average (% mol) 

Diet Palmitic 16:0 Stearic 18:0 Oleic 18:1N-9  Linoleic 18:2N-6 Alpha-linoleic 18:3N-3 

Basal (n=2) 13.70 1.99 28.42 54.91 0.98 

Plum (n=2) 13.73 1.94 28.45 54.82 1.05 

*only mass > 0.05% from GC result were reported. 

 

 

 

Ingenuity pathway analysis  

 To better interpret the changes observed in the metabolome data, Ingenuity Pathway 

Analysis (IPA; Qiagen) was employed to determine metabolic pathways that may be affected by 

dried plum consumption. IPA is a causal analysis platform for ‘omics’ data that allows the 
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identification of new targets and/or candidate biomarkers within the context of biological 

systems. Its analyses are based on a ‘master’ network derived from the Ingenuity Knowledge 

Database, which is itself derived from experimental data (264). Due to the pronounced changes 

in the distal gut microbiota, fold change data of metabolites with known database identifiers 

were used to identify pathways impacted by the dried plum diet in the distal colon. The 

workflow utilized for the IPA analysis is presented in Figure 7. 

The resulting analysis detected several canonical pathways altered by dried plum 

consumption. The top five most significant canonical pathways discovered in response to dried 

plum consumption included IL-10 signaling, L-cysteine degradation I, II, and III, and heme 

degradation. The canonical pathways, number of compounds related to the pathway found in the 

dataset, and P-value of the pathway relationship is seen in Table 10. IL-10 signaling and Heme 

degradation shared the same two metabolites, bilirubin and biliverdine, which were ~5-fold and 

~3-fold higher, respectively, in the distal colon of plum diet animals. Similarly, all three 

 

 

 

 

Figure 7. IPA workflow for network discovery using metabolites found to be significantly 

different between distal colon samples of Plum+AOM and Basal+AOM animals. 

 

Table 10. Top canonical pathways detected by IPA software, number of compounds in the 

dataset related to the pathway, and their respective P-values.  

 

    

 

 

 

Top Canonical Pathways # molecules P-value 

IL-10 signaling 2 5.12E-03 

L-cysteine degradation II 2 5.12E-03 

Heme degradation 2 1.69E-02 

L-cysteine degradation III 2 1.69E-02 

L-cysteine degradation I 2 1.69E-02 
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L-cysteine pathways shared the same compounds, L-cysteine and pyruvic acid, which were ~1.4-

fold and ~2.1-fold higher, respectively, in plum diet animals.    

Use of IPA’s Network discovery feature also revealed a number of potential relationships 

for investigation in future experiments aimed at further elucidating the bioactivity of dried plum 

in the colon. The top network associated with the distal colon metabolomics data in our AOM 

treated animals was comprised of three interrelated cellular functions: 1) Free radical 

scavenging, 2) Cell death and survival, and 3) Reproductive system development and function. 

The network generated from our input data and the Ingenuity Knowledge Database is presented 

in Figure 8. 

 

 

 

 

Figure 8. Graphical representation of the top ID Associated Network Functions generated by 

IPA: Free Radical Scavenging, Cell Death and Survival, Reproductive System Development and 

Function. Arrows indicate associations between nodes. Red and green indicate increases and 

decreases in metabolites, respectively. 
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Discussion 

The microbiota and their metabolites are known modifiers of cancer and inflammation, a 

well-established promoter of carcinogenesis (265). Therefore, understanding the contribution of 

the gut microbiota to colon cancer risk and progression and how the diet might impact this 

dynamic is a critical objective for disease prevention and treatment. The increased expression of 

inflammatory genes as a result of gene mutations, such as Nos2 and Ptgs2 contribute to the 

promotion phase of AOM-induced carcinogenesis in the model (266). Previous work using 

individual bioactive compounds derived from dried plums suggests chemoprotective and anti-

inflammatory activities that may be enhanced when consuming the whole fruit (183, 187, 205, 

261, 267, 268).  

A previous study by Yang and Gallaher (205) utilized a dried plum powder to investigate 

the impact of dried plum consumption on AOM-induced colon cancer. Despite no mitigation of 

pre-neoplastic lesion formation in response to AOM, they were able to document putatively 

beneficial microbial changes, specifically the abundance of genes involved in the generation of 

secondary bile acids, which are known mutagens (206). The objective of this study was to 

expand upon the current knowledge regarding the protective bioactivity of dried plums, and their 

impact on colon microbe composition and metabolism in the context of colon cancer. 

Incorporation of a dried plum puree, as 5% of total diet calories, reduced the incidence of 

HMACF induced by AOM treatment by 50%. The increased expression of the inflammatory 

promoter Nos2 in the proximal colon following AOM treatment was mitigated in PD+A animals, 

whose levels remained comparable to BD+S animals. Tlr2 and Tlr4 are upstream of critical 

inflammatory pathways (e.g., Nfκβ) which are activated by recognition of microbial pathogen 

associated molecular patterns (PAMPs) (269). The decrease in Tlr2 in PD+A animals versus 
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BD+A, in combination with the reductions in iNOS, suggest that dried plum may be able to 

suppress the pro-inflammatory response to various microbial antigens that may otherwise 

exacerbate the response to AOM treatment. In the distal colon, neither diet was able to mitigate 

the AOM-induced changes in gene expression. Decreases in the expression of the proton coupled 

SCFA transporter, Slc16a1, and the short- and medium chain acyl-CoA dehydrogenases in the 

distal colon of AOM-treated animals suggests an impaired ability to actively transport and 

metabolize SCFAs produced by gut bacteria. Decreased expression of Slc16a1 and similar 

transporters is known to occur during CRC (270). Higher relative expression of toll-like receptor, 

SCFA transporters and metabolism enzymes, and inflammatory genes in the distal colon 

suggests greater signaling activity between epithelial cells and the microbiota. Indeed, it is well 

established that the relative microbial load is greatest in the distal intestines (84).   

 This experiment demonstrated that the consumption of dried plum can modify microbial 

abundances throughout the colon, most notably, by decreasing the ratio of 

Firmicutes/Bacteroidetes in the distal colon. In the distal colon, Lactobacillus and Allobaculum 

contributed ~30% of the bacterial sequences detected in basal diet animals, but only ~15% in 

plum diet animals, suggesting substantial alterations in dominant bacteria when animals consume 

dried plum. Lactobacillus and Allobaculum are both gram-positive genera, which are specifically 

recognized by the Tlr2 receptor, whose gene expression was decreased in plum diet animals. 

Allobaculum-like bacteria have previously been associated with 1,2-dimethylhydrazine induction 

of colon cancer and the order they belong to (i.e., Erysipelotrichales) has been positively 

correlated with colon inflammation and CRC (271, 272). The alpha diversity indices of Chao, 

number of observed species, and Shannon index revealed no significant differences in the 

diversity of the samples because of diet, injection received, or location surveyed (data not 
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shown). However, analysis of unweighted beta diversity revealed significant clustering of 

samples based on diet consumed. Altogether, these observations confirm that dried plum 

significantly impacts the composition of the colon microbiota including dramatic shifts in 

dominant bacterial groups; however, it is inappropriate to draw any conclusions regarding the 

mechanism of protection of dried plum consumption on the formation of ACF solely based on 

the observed changes in microbe composition. As previously mentioned, there is research 

associating certain groups of bacteria with specific disease states, but only a few have been 

mechanistically linked to contributing to disease conditions, such as hydrogen sulfide producing 

bacteria with colitis and colon cancer (273).    

It has been argued that the functional profile of the microbiome is more important than 

the composition of the microbiota (215). Certainly, the information collected from the 

metagenome, and metatranscriptome, of the gut microbiota would help to better elucidate 

potential pathways governing the mechanisms associated with host-microbe interactions during 

healthy and diseased states. To gain a better understanding of the impact that the dried plum had 

on shaping the microbiota, OTU data were additionally analyzed using PICRUSt to predict the 

metagenome content of samples. Analysis of the PICRUSt data revealed significant alterations in 

several KEGG functional pathways. Because the OTU input file that is fed into PICRUSt is also 

used for the taxonomic characterization, we were not necessarily surprised that only the factor of 

diet had an impact on the predicted metagenome profiles. Furthermore, comparison of the 

number of significant changes in the proximal versus the distal colon agrees with the observation 

that diet had the greatest impact on microbe composition in the distal colon. PICRUSt analysis 

revealed several pathways altered by dried plum including several changes to pathways 

associated with the metabolism of fatty acids, amino acids, bile acids, and xenobiotics (e.g., 
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polyphenol and plant constituents). Interestingly, plum diet animals were found to have a 

relatively greater prevalence of KEGG orthologs (KOs) related to secondary bile acid synthesis 

than basal diet animals, which is in contrast to work done by Yang and Gallaher (205). Because 

PICRUSt data relies on OTU data generated by sequencing a small portion of a single microbial 

gene (i.e., 16S rRNA), only the portion of the full metagenome contributed by the organisms 

targeted by the primers are included in the analysis. Furthermore, the use of a closed reference 

OTU reference (e.g., Green Genes), ancestral state reconstruction and inference of unknown 

microbe functions and 16S copy number, inherently compounds the inaccuracy and, thus, 

absolute confidence in the data. Nevertheless, PICRUSt is an extremely useful tool for low cost 

prediction of changes in the metagenome and has been shown to produce 80-85% accurate 

metagenomes from 16S data sets; however, it must be clearly stated that PICRUSt results are 

only suggestive and is most useful on human gut samples (220, 274). 

Our assessment of the luminal metabolome in the distal colon allowed us to explore 

potential changes in microbial metabolism. Indeed, consumption of the dietary bioactives 

contained in DP may offer chemoprotective activities in their unmetabolized form. For example, 

sorbitol has been shown to induce apoptosis in human colorectal cancer cells by p38 MAPK 

signal transduction (204). Additionally, 5-HMF has demonstrated antioxidant and anti-

proliferative properties in vitro (275). A byproduct of heating and drying, 5-HMF levels may not 

be comparable in the undried fruit, but is known to exist at high concentrations in dried plum 

juice (276). Importantly, several microbial metabolites were affected by dried plum 

consumption. Enterodiol and enterolactone created by microbial fermentation of plant lignans are 

positively associated with protection against several hormone-associated cancers (e.g., breast, 

uterine, ovarian, and prostate) and were greatly increased in PD animals. Despite their relevance 
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to the cancers mentioned, a significant association between these phytoestrogens and colorectal 

cancer has not been established (277, 278). Although characterization of the fatty acid profiles of 

the basal and dried plum diet revealed no significant differences, alterations in the relative 

concentration of numerous polyunsaturated fatty acids presented as fold changes were observed 

in the proximal and distal colon. For a given diet, all PUFAs detected tended to have higher 

concentrations in the proximal colon than the distal colon. However, dried plum rats had up to 

3.3-fold higher levels of PUFAs (among other fatty acid compounds not presented) in their distal 

colons compared to rats consuming the BD. Various PUFAs have been shown to be major 

contributors to colon health in the prevention and treatment of colon cancer (63, 243, 279-288). 

These observations are particularly intriguing considering the PICRUSt data suggesting 

increased fatty acid biosynthesis in the microbial metagenome of dried plum rats. However, 

whether these data reflect differences in production or uptake/utilization remains to be 

determined. Indeed, there is surging interest in the exploitation of microbial fatty acid 

biosynthesis from plant biomass for foodstuffs and bio-fuels (289-291). Dietary approaches that 

can take advantage of microbial fatty acid biosynthesis beyond short chain fatty acids, could be 

particularly relevant for colon health.    

SCFAs are the primary product of microbial fermentation of dietary fiber and numerous 

anti-inflammatory and anti-cancer properties have been ascribed to them, as previously 

discussed. Prior to AOM treatment, animals consuming dried plum had lower levels of the 

branched chain fatty acids isobutyrate and isovalerate, which are produced from the breakdown 

of amino acids and the SCFA valerate, suggesting reductions in amino acid fermentation by the 

gut bacteria. As a result, the proportion of butyrate as a function of total SCFAs was higher in 

dried plum animals. This same trend was observed 48 hr post-AOM treatment. The ability of 
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dried plum to mitigate alterations in fecal SCFAs observed in BD+A animals following AOM 

exposure suggests retention of beneficial patterns of microbial metabolism during early disease 

stages. Specifically, BD+A animals had nearly a 100% increase in fecal acetate levels and a 9 

µmol/g increase in total fecal SCFAs after AOM treatment, whereas, PD+A animals showed no 

change in individual or total fecal SCFA levels. At 8 wk post-AOM, fecal SCFAs in BD+A 

animals returned to BD+S animal levels, which contrasted with PD+A animals whose SCFA 

profiles remained equivalent to PD+S animals throughout the study. However, a major limitation 

of fecal SCFA measurement is that the observations do not reflect changes in SCFA production 

by bacteria nor uptake by the host. Quantification of the SCFA transport proteins in host tissue 

and/or quantification of critical microbial enzymes necessary to produce the SCFA metabolites 

could shed light on the nature of this observation. 

It is clear that the microbiota contributes significantly to the health of the colon and risk 

of colon cancer and that the diet is a potent modifier of the intestinal microbe composition and 

metabolism. This study represents the early benefits of dried plum consumption on chemically-

induced colon cancer from initiation to promotion but does not permit us to confirm a reduction 

in eventual tumor formation, which will be necessary to support subsequent human studies. 

AOM-induced colon cancer requires activation of the pre-carcinogen into the active mutagen by 

the liver and microbes, and because animals in this experiment were pre-fed with the 

experimental diets to permit microbial stabilization before initiation, it is possible that the 

metabolism and excretion of the carcinogen may have been affected. Nevertheless, this does not 

preclude an appreciation of the protection afforded by dried plum consumption. Dried plums 

may act directly on host tissues via the provision of native compounds to the host and indirectly 

through modification of the microbiota and their metabolism. As previously mentioned, the 
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increasing incidence and mortality of distal colon cancers will require dietary chemoprevention 

strategies that can protect these sites. The enhanced influence of dried plum on the composition 

of the distal colon microbiota warrants further investigation into the bioavailability and 

bioaccessibility of dried plum-derived bioactive compounds and their microbial derivatives in 

the proximal and distal colon. Furthermore, because the diets utilized in this experiment were 

matched in terms of macronutrient profiles and ratio of soluble to insoluble fibers, we can with 

some confidence attribute these changes to the extra-nutritional components of the diet (e.g., the 

bioactive compounds). This ability of dietary bioactives to impact host health directly or through 

changes in the microbiota as prebiotics without dramatic modifications to the caloric profile of 

the diet, make bioactive-rich foods an attractive strategy for colon cancer prevention and 

treatment. Future studies will need to build on the observations made in this study and focus on 

elucidating the mechanisms of protection afforded by dried plums. Protein confirmation of 

affected genes (e.g., Slc16a1, Slc5a8, Nos2, Tlr2, ACADS, ACADM, etc.) in colon samples and 

the presence of microbial genes relevant to colon cancer (i.e., butyryl-CoA/acetyl-CoA 

transferase and phoshpotranbutrylase and butyrate kinase) (157) is warranted. An experiment in 

which the animals are introduced to the dried plum diet only after AOM treatment would 

determine whether the protection is related to the metabolism, efficacy, and excretion of the 

carcinogen, and, more importantly, whether dried plum consumption affords protection after an 

initiation event. Experiments employing germ free animals would help to determine to what 

extent the gut microbiota and its metabolism contribute to the protective effect afforded by dried 

plum consumption. Furthermore, it will be important to determine whether dried plum 

consumption has any effect on eventual tumor formation. Lastly, individual metabolites native to 

dried plum either alone or in combination with microbially-derived metabolites detected in this 
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experiment could be used to conduct cell culture experiments for targeted or screening-based 

transcriptome analyses that could elucidate potential mechanisms for investigation in vivo. 
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CHAPTER III 

DRIED PLUMS MODIFY COLON MICROBIOTA AND LUMINAL SCFA IN HZE-

EXPOSED MICE 

 

Introduction 

Exposure to ionizing radiation is a risk factor for development of colorectal cancer, and is 

known to affect the colon microbiota composition (104). Altered gut microbe compositions have 

been associated with colonic diseases including cancer and irritable bowel disease (23-25, 106, 

292). Diet is a potent modifier of the microbiota and microbial metabolism, with the potential to 

attenuate harmful alterations resulting from exposure to ionizing radiation (104, 211, 293). We 

have previously demonstrated that dried plum consumption in rats affects the composition and 

metabolism of bacteria in the colon, and that consumption of dried plums protects against 

chemically-induced colon carcinogenesis. Therefore, the objective of this experiment was to 

determine if consumption of a dried plum diet is able to prevent disruptions in colonic microbe 

composition and SCFA levels in mice exposed to high-charge, high-energy (HZE) ionizing 

radiation.  

Materials and Methods 

Animals and diets 

Adult mice (C57BL/6; N=40), in a 2x2 factorial design, either received 1 Gy of 56Fe 

whole-body radiation (600 MeV/n, 10 cGy/min) or were sham irradiated (NSRL, Brookhaven 

National Laboratory, Upton, NY) and received a dried plum diet (DP+Sham or DP+Rad) 

containing a dried plum powder as 25% of total diet weight, or a control diet (AIN93M, 

Con+Sham or Con+Rad). Animals were sacrificed 30 d following radiation exposure and colonic 
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luminal contents were collected and immediately snap frozen in liquid nitrogen. All animals 

were singly housed throughout the entirety of the experiment. 

Luminal microbe profiling 

Luminal bacterial profiling was conducted similarly to the methods previously described 

in Chapter II. Isolation of total DNA from stool samples was carried out as described (294-296). 

Total bacterial DNA was amplified using primers targeting the V1-V2 region of the 16S rRNA 

gene and overhang adapter sequences appended to the primer pair for compatibility with 

Illumina index and sequencing adapters (297). Master mixes used 2x KAPA HiFi HotStart 

Ready-mix (KAPA Biosystems, Wilmington, MA). Each 16S rRNA amplicon was purified using 

AMPure XP reagent (Beckman Coulter, Indianapolis, IN). In the next step each sample was 

amplified using a limited cycle PCR program, adding Illumina sequencing adapters and optional 

dual‐index barcodes (index 1 (i7) and index 2 (i5)) (Illumina, San Diego, CA) to the amplicon 

target. The final libraries were again purified using AMPure XP reagent, quantified and 

normalized prior to pooling. The DNA library pool was then denatured with NaOH, diluted with 

hybridization buffer and heat denatured before loading on the MiSeq reagent cartridge and on the 

MiSeq instrument (Illumina). Automated cluster generation and paired-end sequencing with dual 

reads was performed. Samples were rarefied to 1000 sequences/sample before downstream 

analyses.  

Analysis of 16S rRNA amplicon-sequencing data was carried out using the QIIME 

pipeline (249) as described (294-298). Briefly, the combined raw sequencing data plus metadata 

was de-multiplexed and filtered for quality control. Sequences were grouped into Operational 

Taxonomic Units (OTUs) using UCLUST (251). After taxonomic assignation of OTUs, 

sequences were aligned and phylogenetic trees were built (299). OTU tables were used to 
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perform alpha and beta diversity calculations, measurements that were used with sample 

metadata to create graphic visualizations for scientific interpretation. A combination of Unifrac 

significance and PCoA using Fast Unifrac (300) were done to compare samples based on 

relevant parameters. OTU sequences were aligned and OTU tables containing the counts of each 

OTU in each sample were used to calculate mean species diversity of each sample (alpha 

diversity) and the differentiation among samples (beta diversity). Alpha and beta diversity 

measures were used to calculate the Shannon–Weaver diversity index for each sample. 

SCFA analysis 

The SCFA analyses were conducted using our standard protocols (153, 167). Fresh 

samples were flash frozen and stored at -80°C. Frozen samples were ground, mixed with an 

internal standard (2-ethylbutyric acid), and extracted in 70% ethanol. Extracts were centrifuged 

and aliquots of supernatant removed and mixed with another internal standard (heptanoic acid) 

prior to injection onto a HP-FFAP column in a Varian 3900 GC (Agilent Technologies, Santa 

Clara, CA). SCFA concentrations in the samples were determined by comparison to a 

commercially available mix of standards. 

Results 

Microbial profiling 

Overall, microbial analyses revealed that the dried plum powder diet increased the 

abundance of bacteria belonging to the phylum Actinobacteria (P<0.0024), Tenericutes 

(P<0.0196), and Verrucomicrobia (P<0.0113), and reduced the proportion of sequences 

classified as unknown. Additionally, exposure to 1 Gy of 56Fe ions increased bacteria belonging 

to Verrucomicrobia (P=0.0432). However, interpretation of these statistical results is confounded 

by extreme variability observed almost exclusively in the DP+Rad group (Figure 9 and Table  
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Figure 9. Relative abundance of bacterial phyla at 30 d post-IR in C57BL/6 mice consuming a 

control or dried plum diet and exposed to 1 Gy of 56Fe HZE radiation or sham irradiated.  
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Table 11. Alterations in bacterial phyla and genera in C57BL/6 mice consuming a control or dried plum diet and exposed to 1 Gy of 

HZE radiation or sham irradiated. 

a,b Groups not sharing a common superscript letter are significant (P<0.05). Data are LS means ± SEM. Standard error uses a pooled estimate of error variance. 

All groups n=10. 

 

 Microbial Abundance (% sequences)  

 Control Diet  Dried Plum Diet P-Values 

Phylum Sham  1 Gy Fe Sham 1 Gy Fe Diet Radiation Interaction 

Unassigned 6.64 ± 1.01a 6.40 ± 1.01a 0.75 ± 1.01b 0.66 ± 1.01b <0.0001 0.8715 0.9414 

Actinobacteria 0.15 ± 0.07a 0.14 ± 0.07a 0.36 ± 0.07b 0.36 ± 0.07b 0.0028 0.9409 0.9409 

Bacteroidetes 61.44 ± 6.90a 58.29 ± 6.90ab 56.26 ± 6.90ab 40.73 ± 6.90b 0.1081 0.1844 0.3757 

Firmicutes 29.18 ± 4.46ab 32.19 ± 4.46ab 36.40 ± 4.46a 22.40 ± 4.46b 0.7750 0.2262 0.0647 

Verrucomicrobia 2.49 ± 2.86a 2.92 ± 2.86a 4.83 ± 2.86a 16.38 ± 2.86b 0.0089 0.0432 0.0596 

Tenericutes 0.06 ± 0.30a 0.08 ± 0.30a 1.35 ± 0.30b 0.29 ± 0.30a 0.0165 0.0897 0.0785 

Proteobacteria 0.01 ± 4.94a 0.01 ± 4.94a 0.00 ± 4.94a 19.16 ± 4.94b 0.0607 0.0605 0.0605 

 Control Diet Dried Plum Diet P-Values 

Genus Sham 1 Gy Fe Sham 1 Gy Fe Diet Radiation Interaction 

Unassigned 6.64 ± 1.01a 6.39 ± 1.01a 0.65 ± 1.01b 0.76 ± 1.01b <0.0001 0.8600 0.9445 

S24-7 61.43 ± 6.90a 58.27 ± 6.90ab 56.25 ± 6.90ab 40.72 ± 6.90b 0.1082 0.1841 0.3761 

Akkermansia 2.50 ± 2.86a 2.92 ± 2.86a 4.84 ± 2.86a 16.39 ± 2.86b 0.0089 0.0433 0.0594 

Enterobacteriaceae 0.01 ± 4.60a 0.01 ± 4.60a 0.00 ± 4.60a 15.70 ± 4.60b 0.0967 0.0965 0.0963 

Oscillospira 4.17 ± 0.71a 4.86 ± 0.71a 2.85 ± 0.71ab 1.37 ± 0.71b 0.0018 0.5848 0.1385 

Ruminococcaceae 3.72 ± 0.56a 3.88 ± 0.56a 2.71 ± 0.56ab 2.04 ± 0.56b 0.0151 0.6572 0.4627 

Lachnospiraceae 1.06 ± 0.78a 1.53 ± 0.78a 4.97 ± 0.78b 2.74 ± 0.78a 0.0022 0.2649 0.0900 

Enterococcus 0.00 ± 3.42a 0.00 ± 3.42a 5.99 ± 3.42a 3.34 ± 3.42a 0.1814 0.7005 0.7008 

Lactobacillus 1.49 ± 0.35a 1.42 ± 0.35a 0.09 ± 0.35b 0.15 ± 0.35b 0.0005 0.9803 0.8488 

Ruminococcus 0.10 ± 0.01a 0.12 ± 0.01a 0.05 ± 0.01b 0.02 ± 0.01b <0.0001 0.7699 0.0608 

Turicibacter 0.91 ± 0.20a 0.76 ± 0.20a 0.01 ± 0.20b 0.01 ± 0.20b 0.0002 0.7267 0.7289 

Anaeroplasma 0.01 ± 0.30a 0.01 ± 0.30a 1.35 ± 0.30b 0.25 ± 0.30a 0.0120 0.0756 0.0761 

Coprococcus 0.35 ± 0.08ab 0.40 ± 0.08ab 0.50 ± 0.08a 0.18 ± 0.08b 0.6975 0.1047 0.0232 

Clostridiaceae 0.70 ± 0.14a 0.65 ± 0.14a 0.02 ± 0.14b 0.01 ± 0.14b <0.0001 0.8321 0.9012 

Coriobacteriaceae 0.00 ± 0.06a 0.00 ± 0.06a 0.31 ± 0.06b 0.32 ± 0.06b <0.0001 0.9345 0.9345 

Uncategorized Clostridiales  12.48 ± 2.10a 13.30 ± 2.10a 12.57 ± 2.10a 6.20 ± 2.10b 0.1035 0.1940 0.0953 
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11). Four animals in the DP+Rad group had near complete loss of bacteria belonging to the 

Bacteroidetes phylum (~0.1% of sequences assigned to Bacteroidetes), which comprised ~61% 

of sequences in Con+Sham animals, ~58% of sequences in Con+Rad animals, and ~56% of 

sequences in DP+Sham animals. Of these four, three also had significant loss of Firmicutes 

bacteria (2-10% of sequences). These three animals had 51.7-67.9% of sequences identified as 

belonging to Proteobacteria and 20.8-38.9% of sequences identified as Verrucomicrobia. The 

fourth DP+Rad animal exhibiting loss of Bacteroidetes had 51.8% of sequences identified as 

Verrucomicrobia. Furthermore, one DP+Sham animal had near complete loss of Bacteroidetes 

(~2.5% of sequences identified) in exchange for a significantly higher abundance of Firmicutes 

(82.6% of sequences) and Verrucomicrobia (14.5% versus ~3.76% average for other animals in 

the DP+Sham group). As a result, these animals had extremely low bacterial diversity (Figure 

10). Indices of species diversity (i.e., phylogenetic diversity (PD) whole tree and Shannon) and 

species richness (Chao1 and Observed species), all indicate substantial reductions in alpha 

diversity and evenness in these samples. All variables but PD whole tree passed the test for equal 

variances, but ANOVA revealed no significant differences between means.              

At the genus level, the gut bacteria of mice were largely dominated by S24-7 bacteria 

belonging to the Bacteroidetes phylum and to a lesser extent Clostridiales belonging to 

Firmicutes. The dramatic shifts in the three previously mentioned DP+Rad animals were the 

result of decreases in these dominant genera in exchange for, primarily, increases in 

Akkermansia (Verrucomicrobia phylum) and Enterobacteriaceae (Proteobacteria phylum). One 

DP+Rad animal had 33.9% of sequences identified as Pseudomonas and another animal had a 

majority of sequences identified as Enterococcus (33.1% of sequences). The remaining two 

DP+Rad ‘outlier’ animals were dominated almost exclusively by Akkermansia and 
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Enterobacteriaceae. The single DP+Sham ‘outlier’ was largely dominated by Akkermansia 

(14%), Enterococcus (59.8%), and Lachnospiraceae (14.6%).   

 
Figure 10. Alpha diversity indices of species diversity (PD whole tree and Shannon) and species 

richness (Chao1 and Observed species) at 1 month post-IR in C57BL/6 mice fed a control or 

dried plum diet and exposed to 1 Gy Fe ions or sham irradiated.  

 

 

 

SCFA analysis 

Animals consuming the dried plum diet had significantly lower (P<0.05) concentrations 

of all SCFA in the colonic lumen than control diet animals, except for acetate, which did not 

differ between diet groups (P=0.0878) (Table 12). Consequently, dried plum animals had 

significantly lower total SCFA in their colonic lumens (P=0.0069). Radiation had no effect on 
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Table 12. Colon luminal SCFA concentrations in male C57BL/6J mice provided a control diet (AIN93M) or a diet containing dried 

plum at 25% of total diet weight and irradiated with 1 Gy Fe ions (~10cGy/min, 600MeV) or sham irradiated.  
 

 

 

 

 

 

 

 

 

 

Data are least squares means ± SEM. Standard error values are pooled estimates of variance. Values in the same row not sharing a common superscript are 

significantly different (P<0.05). N=40, group n=10. 
 

 Control Diet Dried Plum Diet P-values 

SCFA Sham 1 Gy Fe Sham 1 Gy Fe Diet Radiation Interaction 

Acetate 12.44 ± 1.30a 11.46 ± 1.30a 10.19 ± 1.30a 9.15 ± 1.30a 0.0878 0.4414 0.9820 

Propionate 2.77 ± 0.30a 2.75 ± 0.30a 2.18 ± 0.30a 1.31 ± 0.30b 0.0017 0.1472 0.1619 

Butyrate 2.85 ± 0.21a 2.32 ± 0.21a 1.50 ± 0.21b 1.35 ± 0.21b <0.0001 0.1070 0.3483 

Isobutyrate 0.27 ± 0.03a 0.23 ± 0.03a 0.10 ± 0.03b 0.10 ± 0.03b <0.0001 0.4774 0.3905 

Valerate 0.24 ± 0.02a 0.18 ± 0.02b 0.07 ± 0.02c 0.06 ± 0.02c <0.0001 0.0506 0.2249 

Isovalerate 0.26 ± 0.03a 0.23 ± 0.03a 0.11 ± 0.03b 0.08 ± 0.03b <0.0001 0.2548 0.8916 

Total 18.83 ± 1.71a 17.16 ± 1.71a 14.14 ± 1.71ab 12.05 ± 1.71b 0.0069 0.2796 0.9024 

% Acetate 64.66 ± 2.10a 65.58 ± 2.10a 72.73 ±2.10b 76.93 ± 2.10b <0.0001 0.2304 0.4401 

% Propionate 15.04 ± 1.32a 16.18 ± 1.32a 14.90 ± 1.32a 10.23 ± 1.32b 0.0275 0.1902 0.0347 

% Butyrate 16.01 ± 1.21a 14.25 ± 1.21a 10.48 ± 1.21b 11.02 ± 1.21b 0.0009 0.6131 0.3466 

% Isobutyrate 1.47 ± 0.15a 1.39 ± 0.15a 0.65 ± 0.15b 0.80 ± 0.15b <0.0001 0.8214 0.4494 

% Valerate 1.35 ± 0.12a 1.15 ± 0.12a 0.49 ± 0.12b 0.42 ± 0.12b <0.0001 0.2582 0.5846 

% Isovalerate 1.47 ± 0.16a 1.46 ± 0.16a 0.75 ± 0.16b 0.61 ± 0.16b <0.0001 0.6467 0.6976 
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individual or total SCFA concentrations irrespective of diet. In terms of percent contribution of 

each SCFA, the dried plum diet led to a greater percentage of acetate and lower percentage of the 

other SCFA as a function of total SCFA. The percent of propionate in the luminal contents from 

DP+Rad was significantly lower than all other treatment groups (P<0.05). 

Discussion 

According to the USDA National Nutrient Database for Standard Reference, Release 23 

(2010), a 40-gram serving of dried plums contains approximately 26 g carbohydrate (2.8 g fiber, 

10 g glucose, 5 g fructose, and 2 g starch), 12 g water, and 1 g ash. Furthermore, dried plums 

contain a variety of compounds with known or suspected bioactive functions ascribed to them 

such as sorbitol, 4-hydroxymethylfurfural, and phenolic/polyphenolic compounds (194, 195, 

259). Polyphenols are a major class of bioactive compounds found in dried plums, specifically 

neochlorogenic acid and  chlorogenic acid, and the flavonol quercetin (194). Although most 

bacteria in the large intestine are saccharolytic (i.e., utilizing primarily carbohydrate/fiber), 

polyphenolic and phenolic compounds can also undergo metabolism by intestinal microbes to 

generate secondary metabolites (191). It has been determined that as much as 90% of polyphenol 

compounds can persist into the colon due to low bioavailability, implicating microbial 

metabolites of the polyphenols as the source of bioactivity (301, 302).  It is important to 

emphasize, however, that this relationship is not unidirectional but rather a complex, multi-

microbial, interconnected micro-ecosystem. Polyphenols can exert antimicrobial activities that 

shape the composition and, potentially, the functional profile of the intestinal microbiome (103, 

134, 192, 193). Taken together, it is the direct actions of dietary polyphenols on host tissues and 

the microbiome, and the resulting bacterial metabolites of the polyphenols which can contribute 

to the phenotype observed following dried plum consumption.  
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The work presented here indicates that the incorporation of a dried plum powder at 25% 

of total diet weight is capable of modifying the gut microbiome composition and luminal SCFA 

levels. Specifically, dried plum animals had significantly fewer bacteria classified as ‘unknown’ 

and instead had greater abundances of Verrucomicrobia, Tenericutes, and Actinobacteria. In this 

experiment, bacteria belonging to the genus Akkermansia were the sole contributor to the phylum 

Verrucomicrobia. Akkermansia muciniphila is a mucin-degrading bacteria shown to improve 

host metabolism and protect mice against diet-induced obesity (303, 304). Dietary polyphenols 

from concord grapes have recently been shown to promote the growth of Akkermansia 

muciniphila in mice, mitigating several effects of a high fat diet (305). These findings are 

consistent with our data demonstrating that dried plums containing polyphenols increase the 

abundance of Akkermansia in the mouse colon.  

Surprisingly, an effect of radiation on colon microbe composition was only observed for 

Verrucomicrobia (Akkermansia muciniphila), which was increased following HZE exposure. 

Interestingly, there is evidence of an interaction effect between the dried plum diet and HZE 

radiation exposure that drastically impacts the steady state bacterial composition in some 

animals. Body weight and food intake measurements revealed no differences between the 

uniquely affected animals and other animals in their respective groups (data not shown). 

Recently, Akkermansia was shown to be elevated in the colon of mice exposed to radiation along 

with Proteobacteria and transmission of radiated mouse microbiota into germ-free wild type 

mice rendered them susceptible to DSS-induced colitis (306). These changes occurred in concert 

with increased inflammation mediated by TNFα and IL-1β and tissue damage. However, 

investigators did not determine which specific bacteria were promotive of the inflammation and 

injury versus those capable of mitigate the harmful effects post-IR. Indeed, Akkermansia has 
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been associated with wound healing and mitigation of colitis in other mouse models of 

inflammation (304, 307-310). Taken together these observations suggest that the consumption of 

polyphenolic compounds, which are known to promote the growth of beneficial Akkermansia in 

addition to their direct antioxidant activities, could mitigate IR-induced colonic damage and 

inflammation. Future experiments using tissue obtained from these animals at termination would 

help to reveal whether or not these changes in the microbiome are protective.  

Mice consuming the dried plum diet had significantly lower individual (except for 

acetate) and total SCFA concentrations compared to control diet animals. Akkermansia have 

been identified as key propionate producing bacteria (303), although our data indicate a 

reduction in luminal SCFA levels in mice fed the dried plum diet. Despite this increase in 

Akkermansia, it is possible that the dried plum selects against the growth of other bacteria 

capable of producing SCFA. Additional work will be necessary to more directly assess if dried 

plum has any effect on the production of SCFA, such as quantifying microbial enzymes/genes 

responsible for SCFA production (i.e., butyryl-CoA:acetate CoA-transferase). Alternatively, 

bioactive components of dried plum or microbial derivatives thereof could regulate the uptake of 

SCFA by colonocytes (e.g., SCFA transporters slc16a1 and slc5a8) in host tissues, thereby 

affecting the luminal concentration of SCFA. Previous work in our lab failed to demonstrate a 

significant change in the expression of SCFA transporters or short- and medium-chain acyl-

dehydrogenases in response to a dried plum diet in rats (311). Nevertheless, there is potential for 

regulation of these enzymes at the protein level, which were not assessed in that experiment 

(311, 312).  

Radiation exposure had no effect on luminal SCFA levels in this experiment. Previous 

work with rats exposed to fractionated cesium gamma rays to a cumulative dose of 3 Gy, showed 
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significant reductions in fecal isovaleric acid and total SCFA 24 hours after the final radiation 

bolus (104). Animals in our experiment were exposed to a single acute dose of 1 Gy Fe ions, 

which exert different biological effects compared to low LET radiation sources like gamma- and 

x-rays. Furthermore, animals in this experiment were terminated at 30 days post-IR so it is 

possible that any effects on luminal SCFA by the radiation exposure may have been missed 

and/or resolved by the time animals were terminated. Conversely, diet was a strong modifier of 

luminal SCFA levels. Our previous work presented in Chapter II employing a dried plum puree 

diet in rats demonstrated that dried plum consumption significantly lowered fecal levels of 

several branched chain fatty acids, so the response observed in this experiment was not 

necessarily unexpected. 

DP+Sham and DP+Rad animals exhibiting drastic alterations in their microbiota also had 

similar alterations in their SCFA levels versus other animals in their diet/treatment groups. 

Specifically, acetate, propionate, and butyrate were all markedly reduced in these animals, 

suggesting that decreased diversity of the microbiota as a result of interactions between the dried 

plum and radiation can affect luminal SCFA concentrations. Reduced SCFA levels and microbial 

diversity has been associated with intestinal diseases such as cancer and inflammation (100-102, 

104), which may exacerbate the response to biological insults such as ionizing radiation. 

Additional assays with tissue samples from these animals will be necessary to determine whether 

or not the dried plum diet, exposure to ionizing radiation, and their interaction resulted in an 

observable phenotypic response that would permit further interpretation of the data presented 

here. High-LET, HZE (i.e., directly ionizing) radiation is known to produce complex DNA 

damage and to a lesser extent free radicals (i.e., indirectly ionizing radiation). Therefore, we 

would anticipate that dried plum, as a source of free radical scavenging antioxidants, would 
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mitigate the indirectly ionizing component of exposure to HZE radiation. Biomarkers of 

oxidative stress and DNA damage (e.g., reactive oxygen species and 8-oxo-dG, respectively) 

have been shown to persist up to 1 year in the mouse intestine following ionizing radiation 

exposure (313). 

Over the last 20 years, dried plums have generated significant attention for their role in 

promoting and preserving bone health, particularly in post-menopausal women and animal 

models thereof (314-319). More recently, the primary investigative group of the study presented 

here published strong data demonstrating that dried plum consumption can protect against bone 

loss caused by exposure to ionizing radiation, which they attributed in part to reductions in the 

expression of genes related to bone resorption (320). Radiation exposure of skeletal tissue 

facilitates rapid cancellous bone loss, increases in osteoclast number and activity, and production 

of reactive oxygen species (320). Dried plums contain essential and important vitamins and 

minerals, such as magnesium, boron, potassium, copper, and vitamin K, which may contribute to 

the protective effects in bone (194); however, their phenolic compounds (e.g., chlorogenic acids, 

and neochlorogenic acids) are known to be potent superoxide radical scavengers (268). 

Importantly, in the experiment by Schreurs et al., an antioxidant cocktail diet containing 5 

antioxidants (ascorbic acid, N-acetyl cysteine, L-selenomethionine, dihydrolipoic acid and 

vitamin E), failed to prevent the effects of radiation on the expression of osteoclast related genes 

and subsequent bone loss (320). Interestingly, a cursory examination of the animals with 

uniquely altered microbial composition had similarly unique responses in bone health parameters 

(e.g., osteoblast colony numbers, percent bone mineralization, and bone mineral density; data not 

shown). These observations suggest that the alterations observed in the gut microbiota 
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composition resulting from the interaction of dried plum and radiation exposure may have 

important implications beyond the intestines.  

 It is evident that dried plum is a strong modifier of the gut microbiota composition and 

luminal SCFA levels. Although there were only a few alterations observed in response to 

radiation exposure, it is possible that these changes are 1) masked by the greater effect of diet, 2) 

are transient effects that may resolve before 30 days post-IR, and/or 3) are too subtle to be 

detected with our sample size. Radiation is known to impact the composition of the gut 

microbiota, and certain microbes are known to be more radioresistant than others just as different 

mammalian cell populations can be more radiosensitive than others (321-324). In this 

experiment, radiation was only found to affect the abundance of Akkermansia, which was 

increased in response to exposure. However, these changes were seen only in 40% of DP+Rad 

and 10% of DP+Sham mice. We currently have no clear explanation for this observed 

phenomenon, but an interaction of dried plum and radiation is suggested. Animals were singly 

housed throughout the experiment which removes the potential for cage effects, and these 

animals were comparable to other animals in their diet/treatment groups with respect to diet 

intake and body weight. It is not well understood whether the impact of radiation on gut 

microbiota is stochastic (occurring over time without a threshold) or deterministic (occurring 

within a short time at a given threshold) and more research is needed to determine what the 

threshold for effect could be and how long the effect(s) could persist. Indeed, this is likely to be 

species (bacterial and host) dependent, and heavily impacted by diet. As seen in this experiment, 

a diet supplemented with dried plum powder is a much more ‘potent’ modifier of the gut 

microbiota composition and SCFA compared to HZE radiation expsoure. Without a greater 

understanding of functional changes in the microbiota and host tissues, it is difficult to derive 
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any information regarding risk and risk mitigation from this experiment. Also, because the dried 

plum diet was a standard AIN-93M diet supplemented with a dried plum powder (25% by 

weight), which was not analyzed for macronutrient content, it will be impossible to determine 

whether these alterations are primarily due to unique components of the dried plum (i.e., 

bioactives and fiber profile), or differences in macronutrient and caloric content. As diet is such a 

strong modifier of the gut microbiota and many bacteria are known to have substrate preferences, 

it will be important to employ these controls in future experiments.     
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CHAPTER IV 

POLYPHENOL-RICH SUMAC SORGHUM DIETARY INTERVENTION ALTERS 

COLON MICROBIOTA AND PLASMA METABOLITES IN HUMAN SUBJECTS 

 

Introduction 

 The prevalence of overweight and obesity continues to increase dramatically, particularly 

in developed nations where the incidence of metabolic syndrome continues to rise in parallel 

(325). Metabolic syndrome is characterized by a constellation of factors known to increase the 

risk of heart disease, cancer, diabetes, and other chronic diseases (326, 327). The main risk 

factors include: abdominal obesity, high triglyceride and fasting glucose levels, low HDL 

cholesterol level, and high blood pressure (325). Furthermore, research has demonstrated that 

health complications associated with obesity include the manifestation of chronic, low-grade 

systemic inflammation (328-330). This elevated inflammatory tone is due in large part to the 

production of immune and inflammatory cytokines such as tumor necrosis factor (TNF-α) and 

interleukin-6 (IL-6) produced in metabolically active adipose tissue depots (330); however, the 

contribution of diet and gut microbiota to systemic inflammation is less understood.     

Gut bacteria thrive in the anaerobic environment of the intestinal tract and rely on dietary 

constituents that remain in the gut due to a lack of host digestive capacity or malabsorption. Gut 

bacteria exert a variety of  functions capable of affecting host health including the digestion and 

metabolism of luminal contents and stimulation of the host immune system (331). One important 

function of certain gut microbes is the production of SCFA via fermentation of dietary fiber. 

SCFAs can be absorbed by the cells of the colonic epithelium, where they may serve as an 

energy source or a modifier of the epigenome (156, 158). Furthermore, the four-carbon SCFA 
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butyrate is a potent mediator of the colonic inflammatory response involved in ulcerative colitis 

(UC) and colon cancer (159), and has been shown to improve insulin sensitivity and increase 

energy expenditure in mice (332). Indeed, there is growing evidence supporting the role of gut 

microbiota as a contributor to host metabolism and health (333-335).  

The composition of the gut microbiota has been shown to differ between healthy and 

diseased individuals; a phenomena referred to as ‘dysbiosis’ (23). In particular, dysbiosis has 

been observed in concordance with obesity (333, 336, 337), intestinal inflammation (24, 101), 

and colorectal cancer (23, 28, 338) and is often broadly characterized by a high Firmicutes to 

Bacteroidetes ratio (339, 340). Therefore, modulation of the gut bacteria via easily achievable 

dietary interventions may provide an effective means for metabolic disease treatment and 

prevention in the general population.      

Bioactive compounds are molecules capable of impacting the physiology of organisms 

consuming them. Plant foods (e.g. fruits, vegetables, grains, etc.) are a major source of dietary 

bioactive compounds and understanding the mechanisms by which their consumption can impact 

host physiology is a major focus in nutrition-based intervention strategies. Sorghum is an ancient 

grain predominantly grown in dry, arid climates and several varieties of sorghum contain 

different concentrations and classes of bioactive compounds. The sumac sorghum variety 

primarily contains polymers of flavonols (condensed tannins), which are also known as 

proanthocyanidins or procyanidins (179). Condensed tannins have high antioxidant activity and 

the sumac sorghum variety is among the highest in terms of polyphenol content (179, 341). 

Polyphenols, particularly condensed tannins, are poorly absorbed in their natural form due to 

their large size and their location within plant fiber matrices (342). For this reason, the bioactive-

fiber complexes of sorghum grain are believed to remain largely intact until they reach the large 
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intestine where they can be metabolized by gut bacteria to form smaller bioactive metabolites 

(40, 343, 344). Additionally, there is evidence to suggest that many bioactive compounds may 

exert bactericidal activities further enhancing their ability to modulate bacterial populations 

(345).     

 We have previously found that sumac sorghum derived products have a low glycemic 

index, and when included in foods the bioactives contained in the sumac sorghum could reduce 

the rate of starch digestion (346, 347). Our research with rodent colitis models employing 

sorghum diets has shown changes in the composition of colon bacterial populations and fecal 

SCFA concentrations, suggesting that the bioactives in combination with the fiber matrix play a 

role in modulating gut microbiota metabolism (103, 212, 245, 348). The objective of the current 

study was to determine if a sorghum-based dietary intervention is able to affect fundamental host 

metabolic characteristics and/or modulate gut microbiota and their metabolism in overweight 

individuals at risk for developing metabolic syndrome. 

Materials and Methods 

Study design and dietary intervention 

 The procedures involved in this study were approved by the Institutional Review Boards 

of Texas A&M University, Kansas State University and University of Nebraska and written 

informed consent was obtained from all subjects (n=24) who participated. Males and females 

between the ages of 25-60 y, who were: nonsmokers; not taking medications for weight loss; not 

currently dieting for weight loss (weight had not changed more than 5 kg in either direction 

during the last 3 months); and had a BMI between 26 and 29 were recruited. Subjects must have 

been able to read, write and understand the English language. Subjects were excluded if they: did 

not regularly eat breakfast or snacks; had food allergies; had cardiovascular disease; were 
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diabetic; had cancer in the 5 y prior to the study (except basal cell skin carcinoma); had renal or 

hepatic disease; had weight loss or gain of more than 5 kg in the previous 3 months (intentional 

or unintentional); had a history of drug or alcohol abuse in the previous 6 months; were taking 

weight loss, lipid-lowering, anti-hypertensive or anti-inflammatory steroid medications; had 

Crohn's disease, ulcerative colitis or other digestive disorders that interfere with digestion or 

absorption; women who were pregnant or lactating; women who did not have a regular menstrual 

cycle; were vegetarians; or people that consumed more than 15 grams per day of fiber. The 24 

subjects (n=8 males and n=16 females) recruited for the study were comparable in terms of age, 

weight, and BMI, differing only in their percent body fat (Table 13, P<0.05).   

 

 

 

Table 13. Baseline characteristics of all subjects (n=24) and separated by gender.  
Variable All subjects 

(n=24) 

Male 

(n=8) 

Female 

(n=16) 

Age (years) 41.3 ± 13.2 35.1 ± 12.3a 44.3 ± 12.8a 

Weight (kg) 79.3 ± 13.1 85.8 ± 13.4a 76.0 ± 12.0a 

BMI (kg/m—2) 27.2 ± 4.5 27.3 ± 4.4a 27.2 ± 4.6a 

Body fat (%) 28.4 ± 8.2 22.9 ± 7.2a` 31.2 ± 7.4b 

a,b For male and female columns, within a row, data without a common superscript differ (P < 0.05). Values are 

mean ± s.d. 

 

 

 

 The study employed a randomized crossover design with two levels of sumac sorghum 

dietary intervention: low, 50 g/day and high, 100 g/day. The 50 g/day treatment was consumed at 

breakfast and the 100 g/day treatment was consumed in two sessions, one at breakfast and the 

other later in the day. The sumac sorghum intervention was an extruded cereal puff containing 

only 95% sumac flour and 5% sumac bran that resembled a cocoa puff in texture, color, and 

bowl life (i.e., how long the cereal retained texture when milk was added). Subjects were 
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provided with an optional teaspoon sugar sachet to use if desired. A TX52 twin screw extruder 

(Wenger Mfg., Sabetha, KS) was used to process the extruded puffs. Subjects consumed each 

level of intervention for 4 weeks, separated by a 3-week washout period (Figure 11). Subjects 

were instructed not to change exercise regimen or diet, aside from the intervention. Samples and 

24-hour diet records were collected at baseline and washout time points and following each 

intervention period. Samples for metabolite analysis were collected and body composition was 

assessed in the morning following a 10-hour overnight fast. 

Diet records and nutrition analysis 

 Three-day diet recalls were collected at baseline and leading up to the conclusion of each 

treatment period. Diet record data were analyzed using NDS software (349) to evaluate total 

calories, carbohydrate, fat, protein, cholesterol, fiber, etc. consumed by subjects.  

 

 

 

 
Figure 11. Experimental design and sample collection. / indicates sample collection. Use of 

baseline samples and the crossover design allows subjects serve as their own controls. 

 

 

 

Microbial DNA analysis 

 Fecal samples were collected and frozen immediately in cryotubes the day before the last 

day, or the last day of, the treatment period. DNA was extracted and sequenced as previously 

described in Chapter II; sequencing was performed at University of Nebraska-Lincoln by Dr. 

Jens Walter (350, 351). Briefly, samples for microbiota analyses were processed within 2 hours 



  

87 

 

of defecation. Samples were diluted in phosphate buffered saline (PBS) in a 1:10 ratio and stored 

in an ultra-low freezer (-80°C) for genomic analysis. DNA was extracted from fecal samples to 

characterize the gut microbiome following the protocol described previously, using a 

combination of enzymatic cell-lysis (with lysozyme and proteinase-K), mechanical cell-lysis 

(bead-beating) and the QIAamp DNA Stool Mini Kit (Qiagen, Germany) (351). Once extracted, 

the DNA was stored frozen at -80°C until sequencing was performed. The V1-V3 region of the 

bacterial 16S rRNA gene was amplified and sequenced by 454 pyrosequencing using a Roche 

Genome Sequencer GS-FLX with the Titanium platform (350). The first step after sequencing 

was to de-multiplex sequences by sample, and quality control the generated reads. The quality 

control parameters were the same as those used in a previous study (351). These steps were 

performed in the QIIME pipeline (qiime.org). After quality control, an average of >3800 

sequences were obtained per sample, with an average length of 515 base pairs. These sequences 

were further used for taxonomic classification to depict the fecal microbial community. 

Essentially, two methods were used for this purpose. First, the Classifier web-tool of the 

Ribosomal Database Project (RDP http://rdp.cme.msu.edu/) was employed to taxonomically 

classify sequences from the phylum to the genus level, and second, a non-taxonomic-based 

approach was used to assign the sequences to Operational Taxonomic Units (OTUs) (97% 

similarity), comparable to species-level bins. OTU-picking was performed using the UCLUST 

algorithm in QIIME (qiime.org).  

 To standardize the resulting taxonomic data, abundance of bacterial taxa was expressed 

as percent abundance with respect to the total number of sequences in the sample. These 

proportions were subjected to statistical analysis described below. 
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SCFA analysis 

 SCFA concentrations from fecal isolates were determined as previously described (153, 

167). Briefly, fresh fecal samples were collected immediately after defecation, placed into 

cryovials and frozen, followed by storage at -80°C. Frozen samples were ground, mixed with an 

internal standard (2-ethylbutyric acid), and extracted in 70% ethanol. The extract was centrifuged 

and the supernatant removed and mixed with second standard (heptanoic acid) just prior to 

injection onto a HP-FFAP (Agilent Technologies) column in a Varian 3900 GC. Concentrations 

were calculated based on comparison of peak areas with those produced by a commercially 

available mix of standards. 

Plasma metabolomics 

 Plasma was isolated from whole blood samples for metabolomic analyses in cooperation 

with Metabolon (Metabolon, Inc., Durham, NC). Briefly, profiling was performed using three 

independent platforms: ultrahigh performance liquid chromatography/tandem mass spectrometry 

(UHPLC/MS/MS2) optimized for basic species, UHPLC/MS/MS2 optimized for acidic species, 

and gas chromatography/mass spectrometry (GC/MS) (253). The original scale data, provided by 

Metabolon, was normalized in terms of raw area counts without any imputation of missing 

values.    

Fecal metabolomics 

 Frozen powdered fecal samples were extracted with a methanol:chloroform:water based 

extraction method as previously described (352). Briefly, 800 µL of ice cold 

methanol:chloroform (1:1, v:v) was added to samples in a CK-Mix lysing kit tube (Bertin, 

Rockville, MD). Sample material was extracted on a Precellys 24 (Bertin) tissue homogenizer 

for 30 sec at a speed of 6000. The supernatant was collected and samples were homogenized a 
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second time with 800 µL of ice cold methanol:water. Six hundred microliters of ice cold water 

was added to the supernatant and vortexed for 30 seconds. Samples were centrifuged and the 

aqueous upper phase was collected. The aqueous layer was filtered through a 0.2 µm nylon filter. 

Five hundred microliters of the filtered aqueous phase was then passed through a 3 kDa cutoff 

column (Millipore, Burlington, MA) and the flow through was collected and lyophilized to 

dryness. Samples were resuspended in 50 µL methanol:water (1:1, v:v) for analysis. 

 The target compounds in samples were detected and quantified on a triple quadrupole 

mass spectrometer (Quantiva, ThermoScientific, Waltham, MA) coupled to a binary pump 

HPLC (UltiMate 3000, ThermoScientific). MS parameters were optimized for the target 

compound under direct infusion at 5 µL min-1 to identify the SRM transitions (precursor/product 

fragment ion pair) with the highest intensity (Table 14). Samples were maintained at 4°C on an 

autosampler before injection. The injection volume was 10 µL. Chromatographic separation was 

achieved on a hydrophilic interaction column (Luna 5 µm NH2 100 Å 250 × 2 mm, Phenomenex, 

Torrance, CA) using a solvent gradient method (353). Solvent A was an ammonium acetate 

(20 mM) solution in water with 5% acetonitrile (v/v). The pH of solvent A was adjusted to 9.5 

immediately before analysis using ammonium hydroxide. Solvent B was pure acetonitrile. Table 

15 describes the relevant literature information and rationale for the measurement of the 

metabolites of interest. 

 

Statistical analyses 

Diet records, body composition, and glucose and lipid metabolism biomarkers (measured 

by collaborators), were analyzed with a one-way ANOVA with repeated measures. A P-value of 

≤0.05 was considered significant unless otherwise stated.  
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Table 14. Quantitative SRM Transitions for compounds analyzed in fecal samples. 

 

 

 

 

 

 

 

 

 

 

 Initial analysis of the fecal microbiota and plasma metabolite data revealed no significant 

dose response effects between the two levels of sumac sorghum intervention. For this reason, the 

effect of treatment (i.e., mean change in response to sumac sorghum treatment; 
∆𝐻+∆𝐿

2
 ) was 

assessed for fecal microbes and plasma metabolites and is presented in this dissertation. The 

microbial data represents the proportion of total sequences in the sample that a given OTU was 

assigned. Each microbial taxon was assessed for normality. If the data was normally distributed, 

the raw proportion was analyzed. If not, then the data was normalized using the logit 

transformation (log
(1+𝑝)

(1−𝑝)
 ), where p is the proportion of the bacteria. The metabolomics data 

analyzed is ‘scaled imputed’ data provided by Metabolon Inc. and analyzed per their provided 

methods description (253). To generate this data, each biochemical value is normalized in terms 

of raw area counts, re-scaled to have median equal to 1, and any missing values are imputed with 

the minimum (255). If the data were normally distributed, they were analyzed in the ‘scaled 

imputed’ format. If the data were not normally distributed, a log transformation was performed 

to achieve normality. If the log transformation was not sufficient to achieve normality, 

Compound Polarity 
Precursor 

(m/z) 

Product 

(m/z) 

Collision 

Energy (V) 

RF Lens 

(V) 

Catechol Negative 109.1 91.1 20.0 56.9 

Benzoic acid Negative 121.1 77.1 10.3 34.9 

Trans-cinnamic acid Negative 147.1 103.1 12.7 40.6 

3-phenylpropionic acid Negative 149.1 105.1 10.3 44.3 

3-(3-hydroxyphenol)propionic acid Negative 165.1 121.1 10.3 48.3 

Indole-3-propionic acid Negative 188.1 59.1 15.7 50.3 

Quinic acid Negative 191.1 85.1 21.1 61.4 

Cinnamoylglycine Negative 204.1 160.1 10.3 48.0 

Indoxyl sulphate Negative 212.1 80.0 23.0 53.5 
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Table 15. Table of relevant literature and rationale supporting the investigation of specific 

metabolites in the human fecal samples. 
Metabolite Rationale References 

Quinic acid 1. Produced from chlorogenic acid by microbiota.  

2. Precursor to benzoic acid production by microbiota.  

3. Quinic acid moiety shown to be the major precursor of 

hippuric acid. 

(354, 355) 

Benzoic acid 1. Gut microbial metabolism of dietary aromatic compounds to 

benzoate is first step in biosynthesis of hippurate.  

2. Benzoate may also be derived from other dietary sources; 

however, we do not have data on dietary intake of benzoate 

and no differences in benzoate observed in plasma samples.  

3. Major microbial metabolite generated which is then absorbed 

and metabolized to form hippuric acid and 3-

hydroxyhippurate.  

(354, 355) 

Cinnamic acid 1. Likely intermediate in the metabolism of phenylalanine to 3-

phenylpropionic acid.  

2. Cinnamic acid is formed from Phe by the enzyme 

phenylalanine ammonia lyase.  

3. Cinnamic acid is converted in the mammalian body primarily 

to hippuric acid and is excreted as such along with benzoic 

acid.  

4. There are many cinnamic acid derivatives found naturally in 

sorghum. 

(356-359) 

Cinnamoylglycine 1. Cinnamoylglycine, a glycine conjugate of cinnamic acid, is 

known as a urinary metabolite in man (PMID: 649712). 

Whether it is formed de novo from plant cinnamate or is a 

plant product excreted unchanged has not been conclusively 

demonstrated. 

2. Not found when small quantities (0. 5-6 g) of cinnamic acid 

are fed to man, but by analogy with animal experiments may 

be produced when much larger quantities are given. (PMID: 

6743769).  

3. Previously shown to be abundant in conventional mice but 

only present in minimal concentrations in germ free mice. 

4. Cinnamoylglycine found to be a potential urinary biomarker 

of colonization resistance by C. difficle. 

(360) 

3-phenylpropionic acid 

 

1. Proanthocyanidin metabolite formed by human colonic 

microflora from phenylalanine and proanthocyanidins 

polymers.  

2. Despite an increase in serum levels of 3-phenylpropionic acid, 

there was no difference in benzoic acid, suggesting its rapid 

conversion into hippuric acid or conversion to alternate 

glycine conjugated forms (i.e. phenylpropionylglycine).  

(190, 356, 357) 

3-(3-hydroxyphenol)propionic acid 1. Metabolite derived from co-incubation of proanthocyanidins 

with human colonic microflora.  

2. Upstream of benzoic acid and 3-hydroxyhippurate. 

(190) 

Indoxyl sulfate 1. Derivative of microbial degradation of tryptophan found 

significantly reduced in plasma of our subjects.  
(361, 362) 

Indole-3-propionic acid 1. Major compound derived from microbial metabolism of 

indole. 

2. Found only in the plasma of conventionally raised mice.  

3. Shown to be a powerful antioxidant.  

4. Shown to be produced by Clostridium sporogenes.  

5. IPA is rapidly cleared from the body, suggesting its presence 

in serum relies on continuous production by the microbiota. 

(356) 
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whichever form of the data was closest to a normal distribution was used for analysis.  

 T-tests on the treatment effect variables for microbes and metabolites were conducted and 

the means and standard errors for the variables are presented. Due to many hypotheses being 

tested simultaneously, multiple comparisons adjustments were made to the P-values generated 

from the t-tests. The Q-value is the P-value adjusted using the False Discovery Rate (FDR) 

approach. A Q-value <0.1 was considered significant unless otherwise stated.  

 For analysis of the fecal metabolomics, only subjects with metabolite signatures from 

baseline and post-high time points were included in the paired t-test. If the data was normally 

distributed a parametric t-test was performed. If the data was non-normal, a non-parametric t-test 

was performed. A P-value <0.05 was considered significant unless otherwise stated.     

Results 

Energy and nutrient intake, and body composition 

 Total energy intake was not significantly different between the treatment periods, 

however, there was an increase in fiber intake with each increase in cereal intake, and there was 

a significant increase in the intake of carbohydrate with the 50 and the 100 g of cereal consumed 

(Table 16). Although subject carbohydrate intake was greater during the sorghum intervention, 

body composition and blood biochemistry appeared unaffected by the nearly 30-g increase in 

carbohydrate intake (Table 17). At baseline, the average percent body fat was 28.4 ± 8.2% 

(mean ± SE) and remained unchanged throughout the experiment despite the increase in 

carbohydrate intake and the minor increase in total energy intake during the treatment periods.  
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Table 16. Data from 3-day diet records collected at baseline and at the end of each dietary 

intervention period. 
Macronutrient Baseline 50 g Cereal 100 g Cereal 

Energy, kcal 2204.0 ± 72.8 2187.6 ± 126.1 2241.8 ± 95.8 

Fat, g 86.7 ± 3.7 81.2 ± 5.4 82.9 ± 4.8 

Saturated fat, g 30.4 ± 1.7 27.3 ± 2.2 27.5 ± 1.8 

Fiber, g 18.0 ± 1.4a 21.9 ± 1.2b 25.4 ± 1.1c 

Carbohydrate, g 269.0 ± 12.6a 282.6 ± 14.6 b 303.5 ± 12.8c 

Protein, g 80.2 ± 3.3 81.8 ± 4.8 80.2 ± 4.0 
a,b,c  Within a row, data without a common superscript differ (P < 0.05). Data are means ± SE.  

Table 17. Blood glucose and lipid profiles prior to and after consuming the sumac cereal.  
Variable Baseline 50 g Cereal 100 g Cereal 

Body fat, % 28.4 ± 1.7 28.6 ± 1.6 28.5 ± 1.7 

Glucose, mg/dl, (n=23) 89.4 ± 4.1 85.3 ± 3.1 86.4  ± 3.2 

Total cholesterol, mg/dl, (n=23) 169.1 ± 7.6 163.3 ± 7.5 172.8 ± 10.0 

HDL cholesterol, mg/dl, (n=23) 49.4 ± 2.6 46.1 ± 2.6 47.7 ± 2.7 

LDL cholesterol, mg/dl, (n=18) 108.4 ± 6.9 106.2 ± 5.4 114.4 ± 7.1 

Non-HDL, mg/dl, (n=23) 124.0 ± 7.6 117.2 ± 7.0 125.2 ± 9.0 

Total cholesterol/HDL, (n=23) 3.6 ± 0.2 3.7 ± 0.2 3.8 ± 0.3 

Triglycerides, mg/dl, (n=18) 110.8 ± 16.2 102.7 ± 17.7 108.8 ± 19.9 

Values are means ± SE. No significant differences were observed for any variable. 

 

 

 

Immunological marker analysis  

Undesirable microbial populations and/or damage to intestinal barrier integrity can 

elevate circulating levels of lipopolysaccharide binding protein (LBP), which is associated with 

obesity-related insulin resistance (363). In addition, obesity has been linked to increases in other 

pro-inflammatory markers, including high-sensitive C-reactive protein (hs-CRP) and interleukin-

6 (IL-6), hallmarks of subclinical, chronic activation of the immune system. Plasma was 

analyzed to determine the levels of hs-CRP, IL-6, and LBP in plasma. We found no changes in 

the levels of these markers of inflammation in the subjects after consumption of either the 50 or 

100 g of sumac sorghum cereal (Figure 12). 
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Figure 12. Circulating levels of (A) hs-CRP, (B) IL-6 and (C) LBP in subjects prior to and after 

consumption of either 50 g (low dose) or 100 g (high dose) of sumac sorghum breakfast cereal 

each day. 

 

 

 

Alterations in fecal microbiota 

To determine the effect of the sumac sorghum puff cereal on the gut microbiota, fecal 

samples taken at each time point were subjected to DNA isolation and microbial amplification 

and sequencing of the bacterial 16S rRNA gene at the V1-V3 regions. In total, there were 

372,186 reads with an average number of reads per sample of 3,877 ± 1,620. The average length 

of reads used in the analyses was 490 ± 14 base pairs. Diversity analyses were calculated based 

on 2,000 sequences per sample to avoid bias in the number of sequences. With respect to alpha 

diversity (i.e., diversity within samples), there were no significant differences observed for 

Chao1, Shannon, or Simpson diversity indices or number of observed OTUs between treatment 

groups (Figure 13). Beta-diversity (i.e., diversity between samples) plots showed no significant 

clustering between treatments (Figure 14).  

Our initial statistical analyses revealed no evidence of a dose response. Therefore, a 

treatment effect was calculated for the microbial taxa which averaged the response to the low 

and high sumac sorghum interventions. Significant alterations in microbes in response to sumac 

sorghum treatment are presented in Table 18 along with their P- and Q-values. The sumac 
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Figure 13. Alpha diversity estimates at Pre-Low, Post-Low, Pre-High, and Post-High sampling 

time points. No significant differences were observed between groups at any time point. 

 

 

 
 

Figure 14. Beta-diversity principal components plot employing Bray Curtis dissimilarity for 

distance calculation between samples. Color coding by treatment: Pre1-red, Pre2-orange, Post 

High-blue, Post Low-green. No clustering by treatment was observed.    
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sorghum intervention reduced the relative abundance of bacteria belonging to Firmicutes (-

3.72±1.3%, Q=0.05030) and increased the relative abundance of bacteria belonging to 

Verrucomicrobia (4.30±1.62%, Q=0.05030). Within the Firmicutes phylum, the largest 

alterations were observed in the genera Lachnospiraceae incertae sedis (-3.92±1.08%, 

Q=0.07560) and Faecalibacterium (3.09±1.08%, Q=0.07560). Decreases, albeit nonsignificant, 

were also observed for the genera Dorea (~1.3%, Q=0.29011) and Blautia (~3.3%, Q=0.36676), 

which contribute to the ~9.7% decrease in the Lachnospiraceae family noted in Table 11. The 

increase in the Verrucomicrobia phylum was primarily due to a 4.29±0.91% increase in the 

genus Akkermansia but this change was not significant after FDR correction (Q=0.28460).      

Short chain fatty acids 

 Baseline fecal short chain fatty acid (SCFA) concentrations exhibited a high degree of 

inter-subject variability, which could be attributed to differences in pre-treatment bacterial 

composition, diet, and/or SCFA transporter expression in the host. Total and individual SCFA 

were not different between baseline and post-washout time points (data not shown). Total fecal 

SCFA concentrations did not change significantly in response to either the high- or lower-level 

sorghum diets (Table 19). Similarly, fecal butyrate concentrations were not affected by 

consumption of the low or higher level of sumac sorghum cereals.  

Plasma metabolomic profiling 

Metabolomic profiles were established for comparisons in human plasma samples to 

determine if sumac sorghum consumption had any impact on the presence of metabolites 

reaching systemic circulation. From the significantly affected metabolites, those related to 
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Table 18. Changes in select microbial abundances in response to sumac sorghum intervention.  

Taxa Level Transformation 
Δ Treatment 

(%) 

S.E. 

(%) 

P-

value 

Q-

value 

Firmicutes Phylum original -3.72 1.30 0.0088 0.0503 

Verrucomicrobia Phylum log((1+p)/(1-p)) 4.30 1.62 0.0144 0.0503 

Clostridia Class original -5.37 0.99 0.0000 0.0003 

Verrucomicrobiae Class log((1+p)/(1-p)) 4.29 1.62 0.0144 0.0880 

Gammaproteobacteria Class log((1+p)/(1-p)) 0.32 0.13 0.0203 0.0880 

Clostridiales Order original -5.33 0.99 0.0000 0.0003 

Lachnospiraceae Family original -9.69 1.34 0.0000 0.0000 

Ruminococcaceae Family original 3.90 1.31 0.0067 0.0872 

Verrucomicrobiaceae Family log((1+p)/(1-p)) 4.29 1.62 0.0144 0.0982 

Micrococcaceae Family log((1+p)/(1-p)) 0.04 0.01 0.0151 0.0982 

Lachnospiracea incertae sedis Genus original -3.92 1.08 0.0014 0.0756 

Faecalibacterium Genus original 3.09 1.08 0.0024 0.0756 

Akkermansia Genus original 4.29 0.91 0.0144 0.2846 

 

Table 19.  Baseline concentrations and changes in response to low, high and the average 

treatment response for total and individual SCFA.   

SCFA 
Baseline conc.  

(µmol/g wet wt.) 
Δ Low Δ High Δ Treatment 

Total SCFA 120.95 ± 9.18 -10.05 ± 14.30 3.89 ± 11.80 -3.08 ± 7.49 

Acetate 44.40 ± 4.09 -3.20 ± 6.00 3.00 ± 4.64 -0.10 ± 3.04 

Propionate 22.50 ± 2.33 -5.57 ± 4.78 0.82 ± 2.05 -2.38 ± 2.69 

Butyrate 29.46 ± 4.12 1.13 ± 3.80 -1.29 ± 3.48 -0.08 ± 1.83 

Valerate 11.36 ± 1.28 -1.50 ± 1.13 0.80 ± 1.67 -0.35 ± 0.96 

Isobutyrate 3.88 ± 0.44 -0.74 ± 0.52 0.15 ± 0.56 -0.30 ± 0.37 

Isovalerate 9.35 ± 0.83 -0.48 ± 1.66 0.40 ± 1.36 -0.04 ± 1.26 

Data are means ± SE. N=24. No differences in SCFA concentrations were detected (p>0.05). 

 

 

 

microbial metabolism of dietary phenols, aromatic amino acids were selected for presentation in 

Figure 15 due to their relevance to our stated objective of characterizing metabolites derived 

from microbial-metabolism. These metabolites are presented across all time points, with the 

adjusted P-value (i.e., Q-value) for the treatment effect noted. The complete list of metabolites 

significantly altered by sumac sorghum consumption is presented in Appendix Table 5. Sumac 

sorghum intervention produced increases in a number of metabolites derived from microbial 

metabolism of dietary polyphenols (e.g., proanthocyanidins and chlorogenic acid) and 

phenylalanine, including: catechol sulfate (Q=0.004), 3-hydroxyhippuric acid (Q=0.019), 4-
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hydroxyhippuric acid (Q=0.083), cinnamoylglycine (Q=0.024), and 3-phenylpropionate 

(Q=0.083) (190, 354-356, 358, 360, 364-367). Additionally, sumac sorghum consumption led to 

reduced levels of the gamma-glutamyl amino acids (GGAAs) gamma-glutamylvaline (Q<0.001) 

and gamma-glutamylmethionine (Q=0.019). These and other GGAAs are generated by gamma-

glutamyl transferase (GGT) and elevated GGT is a biomarker for metabolic syndrome and 

cardiovascular disease risk (368-371). 

 

 

 

 
Figure 15. Relative concentrations of select plasma metabolites revealed by multi-platform mass 

spectrometry. A-E, metabolites generated from the microbial metabolism of dietary polyphenols 

and phenylalanine; F, derived from microbial metabolism of tryptophan; G-H, gamma-glutamyl 

amino acids involved in recycling oxidized glutathione. * indicates statistical analysis was 

performed on log transformed data. The treatment effect Q-value is also presented.  
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Fecal metabolite profiling 

 As previously mentioned, many of the compounds detected in the plasma of subjects 

following sumac sorghum consumption are of particular interest because of their known 

microbial production. Furthermore, many of these metabolites are catabolites of 

proanthocyanidin polymers (e.g., condensed tannins), which are the major polyphenolic 

compounds in sumac sorghum. Therefore, we sought to determine the concentration of these and 

other associated metabolites in subject fecal samples. Figure 16 illustrates a conceptual pathway 

adapted from Wikoff et al. and Gonthier et al. (355, 356) for the production of the target 

metabolites based on the available literature presented in Table 9. Additionally, microbial 

metabolites of tryptophan such as indole, indoxyl sulfate, and indole-3-propionic acid have 

recently been investigated for their role in colonic health (141, 142, 372-374). Unpublished work 

in our lab demonstrated reductions in fecal indole levels when rats consumed sumac sorghum. 

Although not significantly altered in subject plasma, 3-indoxyl sulfate tended to be lower in 

subjects following sumac sorghum consumption (q=0.14362).  

For this reason, we also investigated the levels of two tryptophan/indole derivatives, 3-

indoxyl sulfate and indole-3-propionic acid, in baseline and post-high (100 g/day) subject fecal 

samples. The compounds of interest included: 3-(3-hydroxyphenol)propionic acid, 3-

phenylpropionic acid (aka hydrocinnamic acid), benzoic acid, quinic acid, indoxyl sulfate, 

indole-3-propionic acid, cinnamoylglycine, and cinnamic acid. Surprisingly, out of the 8 

metabolites analyzed, only 5 were detected in our human fecal methanol:water extracts, with 

others being below the level of detection or quantification (Table 20). Because the statistical 

analysis of the data requires paired samples, only compounds detected in both samples for a 

given subject were used. Results of the paired t-tests are presented in Table 21. Compared to 
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levels at baseline, following the high level of sumac sorghum consumption subjects had 

increased concentrations of 3-(3-hydroxyphenol)propionic acid (~2.45 fold, n=13, P=0.000), 3-

phenylpropionic acid (~2.25 fold, n=17, p=0.004), and benzoic acid (~2.23 fold, n=9, P=0.001). 

Quinic acid was decreased in subjects following the high sumac intervention period (35% 

decrease, n=5, P=0.013).  

 

 

 

 

Figure 16. Conceptual diagram illustrating the production of metabolites from the dietary 

precursors: phenylalanine, proanthocyanidins, and chlorogenic acid. Adapted from Wikoff et al. 

and Gonthier et al. (355, 356).   

 

 

 

Discussion 

In this study we have demonstrated that through a minimal dietary change achieved by 

the consumption of extruded sorghum cereal, a source of dietary fiber containing complex 

polyphenols, it is possible to modulate the composition of fecal bacteria and to increase the 
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relative concentrations of aromatic and phenolic compounds produced by microbial metabolism 

in host plasma and the intestinal lumen. Many of the putatively bioactive compounds in the diet 

Table 20. Metabolites selected for targeted quantification in subject fecal samples at baseline 

and post-high time points.  

Compound CAS ID 

# 

samples 

analyzed 

# 

samples 

detected 

# 

BLOQ1 

# 

BLOD2 

# Paired 

samples 

detected 

3-(3-hydroxyphenol)propionic acid 621-54-5 47 34 1 12 13 

3-phenylpropionic acid 501-52-0 47 38 0 9 17 

Benzoic acid 65-85-0 47 27 5 15 9 

Quinic acid 77-95-2 47 17 9 21 5 

Indoxyl sulphate 2642-37-7 47 7 1 39 0 

Indole-3-propionic acid 830-96-6 47 0 0 47 0 

Cinnamoylglycine 16534-24-0 47 0 0 47 0 

Cinnamic acid 140-10-3 47 0 0 47 0 
1Below the Level of Quantification (BLOQ). Refers to when peak is detected but cannot be quantified because the 

signal to noise ratio is <5. 2Below the Level of Detection (BLOD). Refers to when there is no visible peak for the 

sample.  

 

Table 21. Paired t-test results for the targeted fecal metabolite quantification at baseline and 

post-high time points.  

Compound N 
Pre-Diet  

(ug/ml) 

Post-High  

(ug/ml) 
P-value  

3-(3-hydroxyphenol)propionic acid 13 13.26 ± 4.35 32.52 ± 11.16 0.000* 

3-phenylpropionic acid 17 10.96 ± 2.76 24.72 ± 3.93 0.004 

Benzoic acid 9 0.39 ± 0.15 0.87 ± 0.36 0.001* 

Quinic acid 5 0.86 ± 0.25 0.30 ± 0.07 0.013* 
* Data for this compound was not normally distributed and a non-parametric t-test was performed using ranked data.  

 

 

 

have low native bioavailability due to their polymerization and a lack of digestive capability by 

the host (302, 375). Many bioactive compounds are also held within plant fiber matrices and, 

therefore, have reduced bioaccessibility until microbial digestion of the carbohydrate latticework 

releases the compounds for further metabolism (375). Thus, the extent of bioavailability and 

bioaccessibility of bioactives in foods determines when, where, and to what extent a bioactive 

compound can be utilized/metabolized by the host, which can be dependent on the gut 

microbiota. By providing modest levels of sumac sorghum in the form of a breakfast cereal, we 



  

102 

 

were able to modify the levels of microbially-derived metabolites in the blood and feces of our 

subjects. Many of the metabolites significantly affected by the dietary intervention have been 

identified as potentially relevant biomarkers for cardiovascular disease risk, impaired glucose 

tolerance, and metabolic syndrome (255, 368-371, 376, 377); however, their exact bioactive 

function(s) and mechanisms of action (if any) have yet to be determined. Experiments utilizing 

the microbially derived and parent compounds detected in our subjects following sumac sorghum 

consumption will be necessary to infer causal relationships beyond the correlative associations 

currently ascribed to these compounds. 

Following sumac sorghum consumption, there was no difference in alpha-or beta-

diversity metrics for fecal microbiota. This observation is not uncommon in human dietary 

intervention studies as large inter-individual variation in microbial populations promotes 

clustering by subject rather than treatment (378). Subjects had decreased bacteria belonging to 

the Firmicutes phylum and increased bacteria belonging to the Verrucomicrobia phylum. The 

decrease in Firmicutes was largely attributed to a decrease in Lachnospiraceae incertae sedis, 

which can be more appropriately classified as bacteria of the Lachnospiraceae family of 

‘uncertain placement.’ Lachnospiraceae bacteria are anaerobic bacteria belonging to the 

Clostridiales order and occur in the human and mammalian gut microbiota (379, 380). These 

bacteria have been linked to obesity and protection of colon cancer in humans, due in part to 

their production of butyrate; however, not all members of this family produce butyrate (381, 

382). Feeding mice with a high fat diet increased the abundance of Lachnospiraceae bacteria, 

which accompanied an increase in β-catenin signaling and inflammation (383). Another study 

determined that intestinal colonization of germ free ob/ob mice by a strain of Lachnospiraceae 

contributed to the development of diabetes (384). Unfortunately, we are not able to identify 
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which particular members of the Lachnospiraceae family of bacteria were present in our human 

samples at this depth of sequencing; however, the association with this bacteria and its positive 

association with the aforementioned metabolic disorders suggests that longer term reductions in 

the bacterium could beneficially impact metabolic syndrome risk. 

Conversely, sumac sorghum significantly increased the abundance of Faecalibacterium 

and tended to increase Akkermansia (4% on average in response to sumac consumption). 

Faecalibacterium is a genus of bacteria with the sole known species, Faecalibacterium 

prausnitzii, whose depletion in the gut has been reported in several intestinal disorders (385). 

Faecalibacterium has been described as an anti-inflammatory, commensal bacterium that is 

negatively associated with colitis, and positively associated with maintenance of clinical 

remission in ulcerative colitis (386-389). Butyrate-dependent (390, 391) and –independent (387, 

388) mechanisms have been proposed to explain the role of Faecalibacterium in colitis and in 

the promotion of intestinal barrier function and inflammation suppression. Consequently, 

Faecalibacterium, has been identified as a good candidate for clinical investigation as a probiotic 

(385). Akkermansia, although not statistically significant after FDR correction, displayed a 

tendency for increased abundance in subjects consuming sumac sorghum. There are only two 

known species of Akkermansia, Akkermansia muciniphila, which is found in the human an 

mammalian gut, and Akkermansia glycaniphila recently identified by Ouwerkerk et al. in reptiles 

(392). The former is a gram-negative, strict anaerobe, capable of utilizing mucins as a sole 

source of carbon and nitrogen (303). Similar to Faecalibacterium, Akkermansia muciniphila, has 

been associated with improved glucose tolerance, reduced adipose tissue inflammation, and 

improved gut barrier function (308, 393). Additionally, Akkermansia has been associated with 

attenuation of high fat diet-induced metabolic syndrome in C57BL/6J mice (305). Furthermore, 
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there is evidence demonstrating that dietary polyphenols from various sources are able to 

promote the growth and abundance of Akkermansia in the gut (305, 307, 309, 393), which 

supports our finding that sumac sorghum containing polyphenols in the form of condensed 

tannins, can act as a prebiotic to increase the abundance of Akkermansia in the human gut. 

However, it is important to note that many of the associations discussed here have not been 

mechanistically established and more work will be necessary to determine if, and/or to what 

extent alterations in these microbes contribute to the improved host physiology. In experiments 

where dietary polyphenols are being studied, it will be important to dissect direct effects of the 

compounds on the host from those that are facilitated by microbial functions, such as metabolism 

of the native compounds into other bioactive metabolites. Nevertheless, further investigation of 

the mechanisms by which Faecalibacterium and Akkermansia can improve the constellation of 

risk factors related to metabolic syndrome and intestinal disease, especially in combination with 

dietary polyphenols as bioactive microbial substrates, is especially warranted.        

Despite the alterations in putatively beneficial bacteria, we were not able to demonstrate 

significant changes in the risk factors associated with metabolic syndrome (e.g. BMI, cholesterol, 

fasting plasma glucose, etc.) over the short intervention period. It will be necessary to conduct 

longer dietary intervention periods in future experiments to determine if this pattern is retained 

over time, as there remains a potential for long term therapeutic effects. Of course, 

comprehensive studies at the level of the individual will be necessary to determine how lifestyle 

and genetic factors contribute to our endpoints. The microbiome is widely accepted as a major 

contributor to host health and changes in its composition following dietary interventions have 

been recently defined as ‘rapid and reproducible’ (293). However, disease phenotypes associated 

with abnormal metabolism such as cancer and diabetes can take years to develop, therefore, it 
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isn’t unreasonable to suggest that complete reprogramming of an unhealthy metabolic phenotype 

may take a similar length of time.  

Although we were not able to show significant changes in fecal SCFA concentrations, it 

is important to note that the dietary fiber provided by sumac sorghum is primarily insoluble and, 

thus, is not as efficiently metabolized by the bacteria (37, 210, 394). Furthermore, fecal 

concentrations of SCFA may not adequately reflect production by the bacteria or uptake by the 

host in vivo. For these reasons, we cannot conclude that the sorghum had any effect on the 

fermentative processes of the microbiota in our human subjects. Prior data in our animal models 

suggest that sumac consumption can reduce the level of excreted fecal butyrate, relative to 

cellulose fed control animals and animals consuming additional sorghum varieties (103, 212, 

245, 348). Indeed, the microbial analyses indicate a significant increase in Faecalibacterium 

prausnitzii, a bacterium associated with relatively high levels of butyrate production as 

previously mentioned. Further work will be needed to determine if the rate of SCFA synthesis, 

utilization by the bacteria, or absorption by the host can be influenced by the sorghum cereal. 

The ability of dietary polyphenols to exert bioactive functions is likely a combination of 

changes to the gut microbiome and direct effects of the native compounds directly on host cells 

and tissues. The former includes both changes to the composition and the metabolism of gut 

bacteria. In this experiment, we sought to characterize the plasma metabolome of subjects before 

and after the dietary intervention in order to identify the metabolic impact of sumac sorghum 

consumption. As anticipated, a number of biochemicals derived from microbial metabolism of 

plant phenols were altered in plasma samples following sumac sorghum consumption. Catechol 

sulfate, a sulfate-conjugated derivative of phenolic compounds, was increased in subject plasma 

after sumac sorghum consumption. Work in human subjects has shown it is increased in plasma 
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after consumption of a mixed fruit/berry puree, reaching concentrations of 5 to 20 µm (395). 

Another recent human experiment employing lean and obese subjects consuming mango 

demonstrated an inverse correlation between plasma concentrations of catechol sulfate with 

BMI, suggesting that increases in BMI are associated with reduced polyphenol absorption (396). 

Furthermore, catechol sulfate was positively associated with IL-10 production in both lean and 

obese subjects, suggesting it could have anti-inflammatory activity. Another compound derived 

from microbial metabolism of dietary phenols, 3-hydroxyhippurate, was increased in subject 

plasma following sumac sorghum consumption. 3-hydroxyhippurate is an aromatic acid found in 

urine and plasma of humans, and is derived from the microbial metabolism of dietary 

polyphenols, such as chlorogenic acid (189, 354, 355, 397-399). Decreased urinary levels of 3-

hydroxyhippurate have been associated with impaired glucose tolerance (376). 4-

hydroxyhippurate was similarly increased in subjects following sumac consumption. 

Two metabolites derived from aromatic amino acids (e.g., phenylalanine), 

cinnamoylglycine and 3-phenylpropionate (aka hydrocinnamate) were increased in subjects 

following sumac consumption. Cinnamoylglycine is a glycine conjugate of cinnamic acid, a 

urinary metabolite in humans (366). Whether it is formed de novo from plant cinnamic acid or is 

a plant product excreted unchanged has not been conclusively demonstrated. Importantly, it is 

suggested to be a biomarker for colonization resistance to Clostridium difficle and, therefore,  

may exert antimicrobial activities in the colonic lumen (360). 3-phenylpropionic acid is a 

metabolite formed by human colonic microflora from both phenylalanine and proanthocyanidin 

polymers (356). Benzoic acid is a known derivative of 3-phenylpropionic acid, but the former 

was not altered in our subjects, suggesting a rapid conversion of benzoic acid into hippurate or 
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conversion to alternate glycine-conjugated forms such as phenylpropionylglycine (190, 356, 

357).     

Lastly, several gamma-glutamyl amino acids (GGAA) were decreased in subjects 

following sumac sorghum consumption. GGAA are produced by gamma-glutamyl transferase 

(GGT), a cell surface enzyme, during the transfer of gamma-glutamyl functional groups from 

glutathione to an amino acid acceptor (400). Thus, GGT plays a crucial role in the recycling/re-

synthesis of glutathione and, to a lesser extent, the transport of amino acids into cells. 

Importantly, numerous studies have identified elevated GGT levels as a biomarker for metabolic 

syndrome and cardiovascular disease risk (368-371, 377). Lower levels of gamma-glutamyl 

amino acids were observed in the serum of subjects after consumption of sumac sorghum, which 

suggests increased absorption of these molecules from circulation or reduced production by 

GGT. Previous studies have identified a primary role of GGT in metabolizing extracellular 

reduced glutathione, which generates gamma-glutamyl amino acids that are then transported into 

the cell, where the amino acids are liberated to be reused in the synthesis of glutathione (401). 

Glutathione is responsible for preventing damage to the cell’s components produced by various 

reactive oxygen species such as lipid peroxides, peroxides, free radicals, and heavy metals (402). 

Thus, lower levels of gamma-glutamyl amino acids in the blood could reflect lower levels of 

reduced glutathione (i.e., lower oxidant stress), that could be compensated by antioxidant 

activities afforded by sumac sorghum derived metabolites in circulation. Additionally, 

researchers have proposed that gamma-glutamyl amino acids could be used as a biomarker for 

colonization resistance by bacteria from the Lachnospiraceae and Ruminococcaceae families 

(255). In our experiment, bacteria belonging to the genus Lachnospiraceae incertae sedis 

exhibited the greatest reduction of all genera in response to sumac sorghum consumption.    
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Following the results of our plasma metabolomics profiling, which revealed several 

microbially-derived compounds increased in response to sumac sorghum consumption, we 

hypothesized that intermediary metabolites which are known or highly suspected to be derived 

from the microbiota would be increased in fecal samples collected at the same time point. 

Additionally, our fecal microbe profiling had demonstrated shifts in the microbiota in response to 

sumac sorghum consumption, which could later be correlated with plasma and fecal metabolites 

to identify potential contributors to the metabolic shifts detected in the feces and in circulation. 

Out of the 8 metabolites chosen for measurement (based on known literature, standard 

availability, and validation), only four were detected and quantifiable in enough subjects to 

conduct statistical analyses. Potential explanations for undetected metabolites include, 1) the 

chemical standard validated by the method is not a form of the metabolite present in vivo, 2) that 

the levels of target metabolites are truly below the level of detection and/or quantification, and 3) 

that the extraction procedures employed were not sufficient and/or appropriate to recover the 

metabolites of interest. 3-(3-hydroxyphenol)propionic acid, 3-phenylpropionic acid, and benzoic 

acid, all derivatives of proanthocyanidin polymers, were increased in subjects following sumac 

sorghum consumption; however, not all subjects had detectable/quantifiable levels of these 

compounds post-consumption. This inconsistency could be due to lack of microbial catabolic 

function necessary to generate these derivatives in all subjects or differences in production, 

absorption, and/or conversion rates. Variability in subject microbial profiles clearly indicate this 

as a possible contributor. Furthermore, although we do not believe that compliance was an issue 

according to the diet records, subjects did not consume the dietary intervention under direct 

supervision by investigative staff and, therefore, must be considered. Nevertheless, the increase 

in concentration of these metabolites in the fecal stream as a result of sumac sorghum 
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consumption makes them ideal candidates for future in vivo or in vitro mechanistic studies. More 

work will be necessary to determine to what extent these metabolites can act locally on host 

physiology at the site of production (i.e., the intestinal epithelium), how they can impact the 

microbiota composition, and how they can impact other risk factors related to metabolic 

syndrome. Quinic acid was reduced in subjects following sumac sorghum, despite it being a 

microbial derivative of chlorogenic acid, found in sorghum, and a precursor of benzoic acid 

(179, 209). Furthermore, quinic acid is a major precursor of hippuric acid (354, 355).  

Taken together, our results suggest that a modest intake of sumac sorghum can induce 

putatively beneficial shifts in gut microbiota and microbially-derived metabolites in the intestinal 

lumen and in circulation. Much of the literature linking specific gut microbes and their 

metabolites to positive health outcomes are based on correlative analyses in diseased and 

healthy, or lean and obese subjects or rodent models. It will be necessary to advance the work 

presented in this study and others by conducting highly controlled, mechanistic studies to 

elucidate causal bioactive functions of these microbes and their metabolites. Significant 

variability in nearly all parameters measured prevents our ability to detect smaller and potentially 

relevant changes with our sample size. Statistically, it is incredibly, perhaps impossibly, difficult 

to control for every factor (e.g., genetics, age, diet, etc.) that might contribute to the composition 

and functional repertoire of the gut microbiome. As diet and exercise are significant modifiers of 

the microbiome, future studies would benefit from stricter inclusion and exclusion criteria and 

should seek to control the activity and diet of subjects as much as possible (e.g., exercise 

regimes, and preparation, provision, and supervision of all meals/experimental interventions for 

better control and compliance). 
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Some bacteria have been well described in terms of their metabolic activity and 

contribution to host health (e.g., H. pylori, E. coli, etc.); however, the majority of microbiome 

constituents remain to be fully characterized. This lack of information precludes our ability to 

associate the production of the detected metabolites with a given a bacterium. Targeted fecal 

metabolite profiling revealed significant increases in metabolites derived from dietary 

proanthocyanidins contained in sumac sorghum, confirming their presence in the fecal stream. 

These compounds may act locally on the intestinal tissue and systemically before undergoing 

further metabolism by host enzymes, such as conjugation in intestinal and hepatic cells. 

Although we have not yet confirmed the protein levels of GGT, detection of lower levels of 

gamma-glutamyl amino acid metabolites suggests sumac sorghum in the diet may have the 

potential to modulate GGT activity or the availability of its substrate, which may serve to 

mitigate oxidative stress while simultaneously reducing the burden on intrinsic antioxidant 

networks in the host.  

Phenotypes associated with the risk of metabolic disease are strongly correlated with 

unhealthy (i.e., high fat, low fiber, etc.) dietary consumption patterns. Concurrent with this 

observation are functional and compositional changes in the gut microbiota that have the 

potential to promote disease development. Moreover, the functional capabilities of the 

microbiota can affect the nutritional value to the host of a given food. Thus, there is a complex, 

trilateral interaction that exists between the host, diet, and microbiota, whereby the diet can 

directly, via host digestive processes, and indirectly, via microbial digestion, affect host 

metabolism. For this reason, research characterizing the functional potential of a given 

microbiome will be necessary to elucidate the mechanisms that define host-microbial symbiosis. 

Dietary studies correlating metagenomic and metabolomic analyses will also provide a basis for 
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describing an individual’s microbial fingerprint and, thus, their susceptibility to pre- and 

probiotic intervention. 
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CHAPTER V 

RELATING THE MICROBIOME AND THE METABOLOME: A SECONDARY 

ANALYSIS OF THE KANSAS SORGHUM STUDY DATA 

 

Introduction 

Sequencing of the 16S microbial gene permits us to determine whether the incorporation 

of a polyphenol-rich sorghum cereal into the diet had any effect on the composition of the 

microbiota but gives no indication of whether these changes have any effect on the physiology of 

the host. As many microbial metabolites are known to be absorbed and utilized/metabolized by 

the host, plasma metabolomics allows the identification and relative quantification of diet-

induced, microbially-derived compounds that are in circulation. Unfortunately, the physiological 

processes underpinning these observations are highly uncharacterized and further complicated by 

microbial gene redundancy, which allows many different bacteria to perform the same or similar 

functions. For example, there are many species of bacteria known to synthesize butyrate. 

Therefore, our goal was to determine relationships between metabolomic and microbial 

variables, so that future experiments could focus on identifying which bacteria may be 

responsible for the generation of specific metabolites that are absorbed by the host. The analysis 

variables of interest were: 1) dose response (i.e., low vs. high change from baseline); 2) mean 

change across diets (i.e., treatment response); 3) high diet change from baseline; and 4) low diet 

change from baseline.  
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Methods and materials 

Study design and dietary intervention 

 The procedures used in this study were approved by the Institutional Review Boards of 

Texas A&M University, Kansas State University and University of Nebraska and written 

informed consent was obtained from all subjects (n=24) who participated. Males and females 

between the ages of 25-60 years, who were: nonsmokers; not taking medications for weight loss; 

not currently dieting for weight loss (weight had not changed more than 5 kg in either direction 

during the last 3 mo); and had a BMI between 26 and 29 were recruited. Subjects must have been 

able to read, write and understand the English language. Subjects were excluded if they: did not 

regularly eat breakfast or snacks; had food allergies; had cardiovascular disease; were diabetic; 

had cancer in the 5 years prior to the study (except basal cell skin carcinoma); had renal or 

hepatic disease; had weight loss or gain of more than 5 kg in the previous 3 months (intentional 

or unintentional); had a history of drug or alcohol abuse in the previous 6 months; were taking 

weight loss, lipid-lowering, anti-hypertensive or anti-inflammatory steroid medications; had 

Crohn's disease, ulcerative colitis or other digestive disorders that interfere with digestion or 

absorption; women who were pregnant or lactating; women who did not have a regular menstrual 

cycle; were vegetarians; or people that consumed more than 15 grams of fiber per day.   

 The study employed a randomized crossover design with two levels of sumac sorghum 

dietary intervention: low, 50 g/day and high, 100 g/day. The sumac sorghum intervention was an 

extruded cereal puff containing only 95% sumac flour and 5% sumac bran that resembled a 

cocoa puff in texture, color, and bowl life (i.e., how long the cereal retained texture when milk 

was added). Subjects were provided with an optional teaspoon sugar sachet to use if desired. A 

TX52 twin screw extruder (Wenger Mfg., Sabetha, KS) was used to process the extruded puffs. 
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Subjects consumed each level of intervention for 4 weeks, separated by a 3-week washout 

period. Subjects were instructed not to change exercise regimen or diet, aside from the 

intervention. Samples were collected at baseline and washout time points and following each 

intervention period. Samples for metabolite analysis were collected in the morning following a 

10-hour overnight fast. Details of the methods and materials employed for the generation of 

microbial and metabolite data are presented in Chapter IV. 

Statistical methods  

The following analyses were carried out separately for each level of sumac sorghum 

consumption (i.e., Low, 50 g/day and High, 100 g/day).    

Inclusion criteria and summary statistics for microbial and metabolite data analysis 

Due to the variability observed in the microbial and metabolomic data (i.e., not all subject 

samples contained all detected microbes or metabolites) inclusion criteria were established for 

the data prior to statistical analysis. The inclusion criteria for the analyses were as follows: 1) 

subjects with complete data were included (one subject with microbial measurements but no 

metabolite data was excluded), 2) a microbe was included if at least 12 subjects had at least two 

non-zero values of the four measurements (pre and post for the two diets, low and high), referred 

to as the 50% version rule, and 3) a metabolite was analyzed if there were no missing values (i.e., 

N=23 subjects).  

Due to a high dimensional data set (i.e., number of variables), principal component 

(PCA) and canonical correlation (CCA) analyses were performed to attain lower dimensional 

data that were analyzed by metabolite and microbial pair using Pearson correlation (403). 

Statistical conclusions are based on the Pearson correlation results adjusted for multiple 

comparisons using the FDR method by taxon and subpathway, with α = 0.05.  
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PCA is a multivariate method used for high-dimensional data reduction that permits the 

extraction of variables which are most important in a highly dimensional data table (404, 405). 

Original variables were standardized and transformed into a set of orthogonal principal 

components with corresponding eigenvalues and eigenvectors. Principal component eigenvalues 

are ordered from highest to lowest proportion of variance explained. PCA was performed 

separately by taxon for microbial variables and by subpathway for metabolite variables. 

Microbiota were included using the 50% rule for zeros (at least 12 subjects have at least two 

non-zero values of the four measurements). All biochemicals with non-missing data were 

included in the analysis. The selection criteria for evaluation of a principal component was: 1) 

cumulative variance <95%; and 2) >5% variance explained. For each evaluated principal 

component, a variable was included if the absolute value of its coefficient was >0.45. For 

principal component analysis of microbial taxon genus with n=32 (greater than subject n=23), 

300 random samples of 22 were analyzed and selection of microbiota was based on frequency 

percent.  

The selected microbiota and metabolites from PCA were analyzed using canonical 

correlation by taxon and subpathway (8x54 analyses). CCA is a multivariate method used to 

analyze relationships between two sets of random variables by optimizing the cross-covariance 

(406). Similar approaches have been used to identify potential relationships between microbes 

and metagenomic gene signatures (407). A canonical variate pair consists of a linear combination 

of each set of variables with maximized correlation between the linear combinations. The 

number of pairs equals the number of variables in each dataset (or in the smaller dataset if 

unequal). The canonical correlation for each canonical pair is tested by row using an F test for 

the null hypothesis (i.e., H0: The canonical correlation in the current row and all that follow are 
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zero). The inclusion criteria was P-value <0.10. For each canonical pair selected, the correlations 

of the canonical variates (biochemical and microbial) with each variable were evaluated. The 

correlation of a microbial or biochemical variable with its own canonical variate or opposite 

canonical variate was absolute value >0.40 for inclusion. 

For the microbiota and metabolites selected using canonical correlation analysis, Pearson 

correlation was performed for the statistical results and conclusions. Analysis was conducted for 

all microbial and metabolomics pairs by taxon and subpathway with FDR adjustment for 

multiple comparisons.  

Results 

 Pearson correlation of ΔLow and ΔHigh microbiota (i.e., genus level) and plasma 

metabolite data are presented in Tables 22 and 23, respectively. A number of significant 

correlations were identified after dimensional reduction and false discovery rate correction of P-

values. For the low level of consumption, a positive association with Bacteroides was seen for 

the gamma-glutamyl amino acids gamma-glutamylvaline (r=0.582, Q=0.008) and gamma-

glutamylleucine (r=0.537, Q=0.012). Gamma-glutamylvaline was negatively associated with 

Streptococcus (r=-0.441, Q=0.036) and Faecalibacterium (r=-0.465, Q=0.032), and the latter 

with Faecalibacterium (r=-0.577, Q=0.008). Glutamate, an important neurotransmitter and 

necessary molecule for the synthesis of glutathione, was positively associated with Dialister 

(r=0.522, Q=0.025), and negatively associated with Blautia (r=-0.411, Q=0.046) and 

Faecalibacterium (r=-0.481, Q=0.025). 3-hydroxybutyrate was positively associated with 

Dialister (r=0.508, Q=0.020) and Akkermansia (r=0.433, Q=0.034) genera and negatively 

associated with Blautia (r=-0.489, Q=0.020) and Streptococcus (r=-0.513, Q=0.020).  
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Table 22. Significant correlations between plasma metabolites and microbes (genus level) in response to the low level (50 g/day) 

consumption of dietary sumac sorghum in human subjects.  

 

 

 

Low consumption (50 g/day) Pearson Correlation 
Subpathway Biochemical Genus Est. (r) Lower CL Upper CL P-Value Q-value 

Chemical 2-ethylhexanoate Bacteroides 0.614 0.271 0.819 0.001 0.002 
Gamma-glutamyl gamma-glutamylvaline Bacteroides 0.582 0.224 0.802 0.002 0.008 
Carnitine metabolism decanoylcarnitine Blautia 0.573 0.211 0.797 0.003 0.008 
Gamma-glutamyl gamma-glutamylleucine Bacteroides 0.537 0.160 0.777 0.006 0.012 
Glutamate metabolism glutamate Dialister 0.522 0.140 0.769 0.008 0.025 
Ketone bodies 3-hydroxybutyrate  Dialister 0.508 0.122 0.761 0.010 0.020 
Sugar, sugar substitute, starch erythritol Akkermansia 0.502 0.113 0.757 0.012 0.024 
Carnitine metabolism cis-4-decenoyl carnitine Blautia 0.488 0.095 0.750 0.015 0.015 
Fatty acid metabolism  propionylcarnitine Blautia 0.470 0.072 0.739 0.020 0.049 
Ketone bodies 3-hydroxybutyrate  Akkermansia 0.433 0.026 0.717 0.034 0.034 
Glutamate metabolism glutamate Blautia -0.411 -0.704 0.001 0.046 0.046 
Sugar, sugar substitute, starch erythritol Bacteroides -0.423 -0.711 -0.013 0.039 0.039 
Gamma-glutamyl gamma-glutamylvaline Streptococcus -0.441 -0.722 -0.036 0.030 0.036 
Chemical iminodiacetate  Bacteroides -0.446 -0.725 -0.042 0.028 0.028 
Fatty acid metabolism  propionylcarnitine Dialister -0.457 -0.731 -0.055 0.024 0.049 
Gamma-glutamyl gamma-glutamylvaline Faecalibacterium -0.465 -0.736 -0.066 0.021 0.032 
Glutamate metabolism glutamate Faecalibacterium -0.481 -0.745 -0.085 0.017 0.025 
Ketone bodies 3-hydroxybutyrate  Blautia -0.489 -0.750 -0.096 0.015 0.020 
Ketone bodies 3-hydroxybutyrate  Streptococcus -0.513 -0.764 -0.128 0.010 0.020 
Carnitine metabolism decanoylcarnitine Dialister -0.514 -0.764 -0.129 0.010 0.013 
Krebs cycle citrate Bacteroides -0.518 -0.767 -0.135 0.009 0.035 
Cys, Met, SAM, Tau metabolism 2-hydroxybutyrate  Streptococcus -0.526 -0.771 -0.146 0.008 0.008 
Carnitine metabolism cis-4-decenoyl carnitine Dialister -0.556 -0.787 -0.186 0.004 0.008 
Long chain fatty acid palmitate (16:0) Ruminococcus -0.557 -0.788 -0.188 0.004 0.004 
Gamma-glutamyl gamma-glutamylleucine Faecalibacterium -0.577 -0.799 -0.216 0.003 0.008 



  

118 

 

Table 23. Significant correlations between plasma metabolites and microbes (genus level) in response to the high level (100 g/day) 

consumption of dietary sumac sorghum in human subjects. 
High consumption (100 g/day) Pearson Correlation 

Subpathway Biochemical Genus Est. (r) 
Lower 

CL 

Upper 

CL 
P-Value Q-value 

Benzoate metabolism hippurate Akkermansia 0.697 0.400 0.862 0.000 0.000 

Fatty acid metabolism isovalerate Bifidobacterium 0.694 0.396 0.860 0.000 0.000 

Inositol metabolism myo-inositol Akkermansia 0.635 0.302 0.830 0.001 0.001 

Tocopherol metabolism alpha-tocopherol Blautia 0.549 0.177 0.784 0.005 0.010 

Fruf, man, gal, starch, and sucrose metabolism fructose Akkermansia 0.543 0.168 0.780 0.006 0.011 

Cysteine, methionine, SAM, taurine metabolism 2-hydroxybutyrate Blautia 0.447 0.043 0.726 0.028 0.028 

Ketone bodies 3-hydroxybutyrate Dialister 0.447 0.043 0.726 0.028 0.028 

Inositol metabolism myo-inositol Bifidobacterium 0.435 0.028 0.718 0.033 0.033 

Tocopherol metabolism alpha-tocopherol Ruminococcus -0.447 -0.725 -0.042 0.028 0.028 

Glycine, serine and threonine metabolism glycine Blautia -0.479 -0.744 -0.083 0.017 0.035 

Valine, leucine and isoleucine metabolism isoleucine Dialister -0.488 -0.749 -0.094 0.015 0.015 

Aminosugars metabolism erythronate* Blautia -0.502 -0.757 -0.113 0.012 0.012 

Guanidino and acetamido metabolism 4-acetamidobutanoate Faecalibacterium -0.515 -0.765 -0.131 0.009 0.009 

Purine metabolism, adenine containing N1-methyladenosine Ruminococcus -0.640 -0.832 -0.309 0.001 0.001 

Valine, leucine and isoleucine metabolism alpha-hydroxyisovalerate Dialister -0.788 -0.906 -0.556 0.000 0.000 
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Interestingly, correlation analysis of data sets for the high level of sumac sorghum 

consumption, revealed, for the most part, relationships for different metabolites, than was 

observed for the low level of consumption. No associations were seen for gamma-glutamyl 

amino acids and glutamate; however, 3-hydroxybutyrate remained positively correlated with 

Dialister bacteria (r=0.447, Q=0.028). Most intriguingly, the microbially-associated metabolite 

hippurate was positively correlated with the presence of Akkermansia (r=0.697, Q=0.000). 

Akkermansia was also found to correlate positively with myo-inositol (r=0.635, Q=0.001), 

which was also positively associated with Bifidobacterium (r=0.435, Q=0.033). Isovalerate, a 

branched chain isomer of the SCFA valerate, was positively correlated with the presence of 

Bifidobacterium (r=0.694, Q=0.000). 

Discussion 

The gut microbiome and its metabolism is highly integrated with the physiology of the 

host and novel associations of microbial contribution on multiple host systems is being 

discovered by research at an accelerating pace (408-411). The ability of the intestinal 

microbiome to metabolize dietary compounds, along with substrate produced by the host (e.g., 

bile acids, mucins, etc.), into metabolites that can affect host tissues is a fascinating and complex 

system that will take many years to fully decrypt. Just as host organs work in symphony to 

generate energy, circulate metabolites, and detoxify waste and unwanted biochemicals, so too 

does the microbiome. Increasingly, the microbiome is referred to as a host ‘organ system’ (412-

417). However, unlike other mammalian organ systems which may exhibit alterations in 

gene/protein/epigenetic profiles, changes in composition of the microbiome can result in 

alterations to the metagenome. This ‘plasticity’ of the microbiome, especially in free living 

human subjects, precludes our ability to ascribe changes in a given host parameter to individual 
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bacteria. Furthermore, given the extent of interactions possible between different bacterial 

species, it is more likely that the collective profile of the microbiome contributes to the 

phenotypic response observed at the time of scientific investigation. The exceptions are 

bacterium which have been abundantly characterized and rigorously investigated for their 

functions in vivo (e.g., E. coli and H. pylori) (418-422). Furthermore, it has been suggested that 

the functional profile (i.e., metagenome, metatranscriptome, and metaproteome) of the 

microbiota is better for classifying microbial communities, particularly in the context of disease 

and metabolism (215).  For example, although certain bacterial species are known to be 

producers of SCFA, the abundance of critical genes involved in SCFA production, their 

expression, and translation would provide a much better characterization of the metabolic 

activity for a given microbiome sample.    

 The sumac sorghum intervention contains dietary polyphenols which are known to 

impact, and undergo metabolism by, bacteria in the large intestine. Unfortunately, due to the 

extremely large amount of variables (i.e., high dimensionality) in each data set (i.e., microbe and 

metabolite), dimensional reduction analyses and inclusion criteria were imposed on the raw data 

in order to make the correlation analyses more manageable. The trade-off with employing such 

procedures is that not all variables are utilized in the final analyses. For example, some of the 

plasma metabolites that were significantly increased in subjects following consumption of the 

sumac sorghum were not included in the analysis due to their low proportion of variance as 

revealed by principal component analysis, or due to missing data. However, these compounds are 

of particular interest due to their identification as microbially- or polyphenol-derived 

compounds. It will, therefore, be necessary to revisit these data in the future with more specific 
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analyses aimed at identifying and including metabolites and bacteria with known or suspected 

association.  

Gamma-glutamyl amino acids are the byproduct of gamma-glutamyl transferase (GGT), 

an enzyme involved in the synthesis and degradation of glutathione and drug and xenobiotic 

degradation (423). Elevated GGT is a biomarker for cardiovascular disease risk (368, 370, 371, 

377). Lower levels of gamma-glutamyl amino acids were observed in the serum of subjects after 

consumption of sumac sorghum, which suggests increased absorption of these molecules from 

circulation or reduced production by GGT. Previous studies have identified a primary role of 

GGT in metabolizing extracellular reduced glutathione, which generates gamma-glutamyl amino 

acids that are then transported into the cell, where the amino acids are liberated to be reused in 

the synthesis of glutathione (401). Glutathione is responsible for preventing damage to the cell’s 

components produced by various reactive oxygen species such as lipid peroxides, peroxides, free 

radicals, and heavy metals (402). Thus, lower levels of gamma-glutamyl amino acids in the 

blood could reflect lower levels of reduced glutathione (i.e., lower oxidant stress), that could be 

compensated by antioxidant activities afforded by sumac sorghum derived metabolites in 

circulation. The results of our correlative work suggest that an increased abundance of 

Bacteroides genera in the gut is associated with increased gamma-glutamyl amino acid levels in 

the blood, and therefore the possibility of elevated oxidative stress. Conversely, a negative 

relationship between Faecalibacterium, and perhaps to a similar extent Streptococcus, and 

gamma glutamyl-amino acid levels suggests that these bacteria could be associated with 

decreased oxidative stress. Importantly, Faecalibacterium has been described as an anti-

inflammatory, commensal bacterium that is negatively associated with colitis, and positively 

associated with maintenance of clinical remission in ulcerative colitis (386-389). Butyrate-
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dependent (390, 391) and –independent (387, 388) mechanisms have been proposed to explain 

the role of Faecalibacterium in colitis and in the promotion of intestinal barrier function and 

inflammation suppression. Although glutamate is involved in the synthesis of glutathione, a 

relationship linking circulating levels of glutamate and the microbiome has not been fully 

described. There are species of anaerobic bacteria that are known to ferment glutamate to 

produce acetate, butyrate, carbon dioxide, and ammonia (424) and others that are known to 

produce it (425); however, none of these species were implicated by our analyses. In our 

subjects, plasma glutamate levels were decreased following sumac sorghum consumption and its 

precursor molecule, glutamine, was decreased (data not shown).   

3-hydroxybutyrate levels were not significantly affected by sumac sorghum consumption, 

but were correlated with various genera in the low and high consumption data sets. 3-

hydroxybutyrate (aka β-hydroxybutyrate, BHB), a ketone body and histone deactylase inhibitor 

(HDAC), has been shown to increase in various tissues including the brain following exercise, 

calorie restriction, fasting, and ketogenic diets, and is thought to promote improvements in 

cognition, depression and anxiety via increases in brain derived neurotropic factor (BDNF) 

(426). BHB is synthesized in the liver via metabolism of fatty acids such as butyrate, a histone 

deacetylase inhibitor (HDAC) (427, 428). Butyrate, a SCFA produced by microbial fermentation 

of dietary fiber in the gut, is a highly regarded molecule for its role in intestinal health, 

metabolism, and immunity (28, 77, 148, 156, 158, 332, 429, 430). Recently, potential synergies 

of BHB and butyrate on the modulation of metabolism, inflammation, cognition, and overall 

health have been reviewed (428). Dialister, which was positively associated with plasma BHB 

levels in our experiment, was increased in humans consuming 60 g of whole-grain barley and 

correlated with reduced plasma IL-6 levels, implicating them as functionally relevant in the 
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physiologic effects of whole grains (350). Furthermore, Akkermansia, which was also positively 

associated with BHB levels, has been shown to improve negative metabolic outcomes of a high 

fat diet in mice, including: weight gain, epithelial integrity, and lipopolysaccharide endotoxemia 

(431). In clinical studies, negative associations between metabolic disorders and Akkermansia 

have been observed; however, more work is needed to clarify contrasting observations in some 

studies (304). Nevertheless, our correlative work suggests a potential relationship between these 

species and systemic levels of BHB.  

  Interestingly, many of the significant correlations that were observed for the low level 

(50 g/day) of sumac sorghum consumption were not observed in our analyses of the high level 

(100 g/day) of sumac sorghum consumption. This is possibly a dose-response effect of the 

dietary intervention affecting which metabolites and microbes contribute the greatest variability 

in the data set, and are therefore selected for correlation analysis by PCA. Furthermore, as these 

data were obtained from samples taken at different time points, and our subjects were free living 

humans, it is likely that other unaccounted factors may have contributed.  

Most intriguingly in the high sumac data analysis, is the positive association between 

hippurate and Akkermansia. Hippurate is the glycine conjugate of benzoic acid, and was 

increased in our subjects’ plasma following sumac sorghum consumption. Hippurate has long 

been associated with the microbial catabolism of dietary phenolic and polyphenolic compounds 

(432) and is negatively associated with impaired glucose tolerance (376). In fact, germ free 

animals fed a polyphenolic diet are unable to secrete hippurate or related metabolites, which 

implicates the microbiota as the source of these compounds (433, 434). Furthermore, there is 

substantial evidence demonstrating that dietary polyphenols from a variety of sources are able to 

promote the growth and abundance of Akkermansia in the gut (305, 307, 309, 393). Taken 
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together, our findings and others’ support the identity of Akkermansia as a significant contributor 

to host health and metabolism, particularly in response to diets high in polyphenolic compounds. 

For this reason, Akkermansia warrants greater investigation in future studies aimed at elucidating 

the beneficial effects of dietary polyphenols on host health and metabolism.     

    In these analyses, we have attempted to identify potential associations between 

metabolites found in the plasma of human subjects consuming a sumac sorghum dietary 

intervention and the various microbial genera in fecal samples. Indeed, our data demonstrate that 

bacteria suggested in the literature to be promotive of intestinal and metabolic health (i.e., 

Faecalibacterium and Akkermansia) are correlated with metabolites identified as potential 

contributors to these host responses (i.e., polyphenolic derivatives and gamma-glutamyl amino 

acids).  However, we want to emphasize that the correlations discussed, while significant, are not 

particularly strong and their interpretation here is merely suggestive of a potential relationship. In 

other words, these data do not confirm that a change in one variable (microbe or metabolite) 

definitively causes a change in the other. Nevertheless, these correlative associations provide 

useful preliminary data for further investigation of physiologically relevant host-microbe 

interactions.  
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

 

According to a 2017 published review of cancer statistics (435), colon and rectal cancer 

is the third most commonly diagnosed cancer type in men and women in the United States and 

the second and third leading cause of cancer related death, in men and women, respectively, in 

the United States. Despite significant improvements in screening and treatment and an overall 

decline in incidence and mortality of colorectal cancer in individuals over the age of 50, 

incidence and death rates have continued to increase (22% and 34%, respectively) in individuals 

under the age of 50 and is driven solely by cancers of the distal colon and rectum (239). This fact 

has influenced the American Cancer Society (cancer.org) to update its guidelines for colorectal 

cancer screening to begin at age 45 for average risk individuals. For the scientific community, 

this has brought significant attention to the biological differences in cancer between that of the 

distal colon/rectum and the proximal colon and understanding the processes that contribute to the 

unique microenvironments that exist throughout the large intestine. Most notable are differences 

in the gene expression, epigenetic profile, and molecular signature of the tumor, as well as the 

composition of the microbiome at the disease site.  

Microbiota are capable of significantly impacting host physiology at a localized and 

systemic level, and additional interactions between microbe activity and host processes are being 

uncovered by research at an astonishing rate. The magnitude of host-microbe interaction and 

ability for diet and other factors to impact the composition and metabolism of the microbiome 

further supports the classification of the microbiome as an organ system, which may arguably 

prove to be the most difficult to fully comprehend and characterize. In vivo studies employing 
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dietary interventions in the context of disease and analyzed with ‘omics-style profiling stimulate 

hypotheses for targeted, mechanistic basic research. The experiments presented in this 

dissertation have demonstrated the ability of foods containing bioactive polyphenols to impact 

the host and gut microbiome, with implications for disease prevention and treatment. Dietary 

bioactives (e.g., polyphenols) are extra-nutritional components of fruits, vegetables, and grains 

with the ability to impact colitis, cancer, bone loss, cardiovascular risk, and diabetes (436). These 

effects are thought to be due in large part to their anti-oxidant and anti-inflammatory properties, 

but research has demonstrated that the bioactivity and bioavailability is largely dependent on the 

capacity of the microbiome to metabolize and generate secondary metabolites which may be 

responsible for the observed effects in vivo. Alterations in gut microbe composition, increases in 

microbially-derived metabolites in feces and circulation, and absence of the latter in germ free 

(aka gnotobiotic) animal models following polyphenol consumption strongly implicate the 

microbiome as a significant contributor to the host response to diet. A greater understanding of 

the extent and capacity of the diet-host-microbe trilateral relationship will ultimately 

revolutionize medicine as the world enters the era of personalized, genome-based healthcare and 

nutrition. 

To our knowledge this is the first study employing a plum based dietary intervention at a 

level directly translatable to the recommended consumption of dried plums for humans (i.e., a 40 

g serving providing 5% of calories in a standard 2000 calorie per day diet). Previous experiments 

have used individual bioactive compounds found in dried plum (e.g., chlorogenic acid and 

quercetin) or a dried plum powder to investigate protective mechanisms of dried plum in the 

context of colon cancer and inflammation (196, 205, 437). Our results indicate that by feeding 

dried plum prior to initiation, and throughout early stages of colon carcinogenesis, it is possible 
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to reduce the number and multiplicity of preneoplastic lesions and reduce the expression of genes 

contributing to inflammation. Specifically, dried plum reduced the expression of iNOS 

throughout the colon, which was increased during carcinogenesis, and decreased the expression 

of Tlr2 and Tlr4 microbial recognition transcripts in the proximal colon in carcinogen treated 

animals. The translation of the iNOS transcript into the iNOS protein (inducible nitric oxide 

synthase) results in the subsequent generation of the potent signaling molecule and free radical 

immune response effector, nitric oxide (438). Although it is regarded as a host defense against 

pathogen infection, its lack of specificity can lead to DNA damage and mutation, 

neovascularization, and nitrosylation of proteins (e.g., p53, caspase, etc.) which can promote 

carcinogenesis (266). TLR signaling following microbial pattern recognition activates a 

signaling cascade via NF-κB which leads to expression of inflammatory cytokine gene, thereby 

regulating the immune response to infection. Abnormal regulation of NF-κB signaling is 

implicated in colitis and cancer (439). Therefore, there is potential for dried plum to protect 

against colon carcinogenesis at initiation and promotion stages; however, the design of our 

experiment precludes our ability to assess the former, but supports the identity of dried plums as 

a mitigator of the pro-inflammatory immune response characteristic of early carcinogenesis. Part 

of these effects could be due to alterations in SCFA production or absorption; however, we did 

not observe a significant effect of dried plum on SCFA transporter expression, which was 

reduced in the distal colon of carcinogen treated animals. Increases in excreted SCFA following 

carcinogen treatment in basal diet animals, but not in plum diet animals, suggests dried plum is 

able to support a steadier pattern of SCFA metabolism following cancer initiation. Dried plum 

animals had lower levels of several SCFA in feces compared to basal diet animals, and the same 

trend was observed in the intestinal lumen of mice fed a dried plum diet. Therefore, it is apparent 
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that dried plum consumption alters the SCFA profile compared to a basal diet, but also enables 

the steady-state maintenance of that profile during colon cancer initiation, when SCFA such as 

butyrate can act early to initiate apoptosis in DNA damaged stem cells (77, 270, 440). This could 

explain, in part, the reduction in pre-neoplastic lesion incidence and multiplicity observed 8 

weeks later at termination. 

 Dried plum induced substantial alterations in the composition of the microbiota and 

colonic metabolome, particularly in the distal colon of rats in the first experiment. However, 

exposure to the chemical carcinogen (Chapter II) or radiation (Chapter III) had minimal impact 

on the composition of the microbiota. Despite no changes in alpha diversity in either experiment, 

rats from Chapter II clustered significantly based on diet in estimates of diversity between 

samples. In mice exposed to radiation and consuming dried plum a significant increase in 

Enterobacteriaceae and Akkermansia bacteria was observed, but only in 40% of animals 

belonging to that treatment group. Taken together, these observations confirm that dried plum 

significantly impacts the composition of the colon microbiota including dramatic shifts in 

dominant bacterial groups; however, it is inappropriate to draw any conclusions regarding the 

mechanism of protection of dried plum consumption on the formation of ACF (Chapter II) solely 

based on the observed changes in microbe composition. Furthermore, differences in the 

composition of gut bacteria between the Sprague Dawley rat (Rattus norvegicus, Chapter II) and 

C57BL/6 (Mus musculus, Chapter III), make comparisons between these experiments difficult as 

the bacteria that dominate their guts belong to different groups in the lower taxonomy.      

 Our analysis of the predicted metagenome and fecal metabolome in Chapter II suggests 

that dried plum consumption results in changes to the functional capacity and metabolism of the 

microbiome, respectively. These observations substantiate the notion that dietary modification of 
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the microbiome can impact the profile and metabolic potential of the gut microbiome as an organ 

system, with implications for affecting cancer and disease risk. Pathway analysis of the 

metabolomic changes implicate several pathway nodes implicated in colon cancer, that can be 

investigated in greater focus in future experiments. 

Sorghum is an extremely versatile grain containing a good source of nutrients and 

bioactive compounds (e.g., 3-deoxyanthocyanins and tannins), and is the fifth most produced 

cereal in the world (441). Like the bioactive compounds found in dried plums, those in sorghum 

have been associated with improvements in parameters related to obesity, inflammation, 

diabetes, and cancer (179, 209, 211, 442, 443). Consumption of sorghum results in changes to 

the composition of the microbiome and microbial-derivatives of sorghum bioactives have been 

detected in urine, feces, and plasma in both humans and animal models (103, 211, 245, 442, 

444). In our experiment, we fed two levels of a bran enriched sumac sorghum puff cereal to 

human subjects predisposed to metabolic syndrome to see if a low or modest level of sorghum 

consumption could impact biomarkers related to lipid and glucose metabolism, and 

inflammation, which are relevant to cardiovascular disease risk, diabetes, obesity, and cancer. 

 Despite no significant changes in these parameters over the relatively short intervention 

periods, significant alterations in gut microbe composition and microbially-derived metabolites 

in feces and plasma were observed. Faecalibacterium was significantly increased and 

Akkermansia displayed a tendency to increase in subjects after consuming sumac sorghum. Both 

of these bacteria are associated with beneficial effects on host health. F. prausnitzii, the sole 

known species of the genus Faecalibacterium, represents more than 5% of the bacteria in a 

healthy human intestine (385, 386). Prior to beginning the experiment, our subjects averaged 

4.5% of total sequences identified as Faecalibacterium; however, the abundance of these 
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sequences increased to 7.2% following sumac sorghum consumption. F. prausnitzii is one of the 

most abundant butyrate producing bacterium in the gastrointestinal tract, and likely contributes 

to the anti-inflammatory properties ascribed to F. prausnitzii (386). In this experiment, no 

significant changes were observed in fecal SCFA levels in response to sumac sorghum 

consumption, although previous work in our lab has indicated that sumac fed animals had the 

lowest concentration of butyrate compared to Black and Hi Tannin sorghum brans, and cellulose 

controls (445). Akkermansia is being studied for its impact on human metabolism and has shown 

protection in against obesity and diabetes (303-305, 307-309, 393, 431). A recent study 

employing twin cohorts reported that a decrease in Akkermansia was associated with an 

increased risk of type 2 diabetes and obesity (446). In our experiment, only a trend for increased 

Akkermansia was observed in response to sumac sorghum consumption (4% average increase in 

sequences), and no improvements were documented in fasting blood glucose levels or plasma 

lipid profiles.           

A major limitation of this experiment was the relatively small sample size, and lack of 

controlled diet and exercise patterns among the subjects. Although subjects were instructed not 

to change their exercise or dietary regimes aside from the dietary intervention, we can only 

assume that subjects complied with these restrictions and that they consumed the dietary 

intervention as prescribed. As subjects were free living, we had no control over the remainder of 

their diet, which can greatly confound our ability to detect changes because diet is such a potent 

modifier of the microbiome. Nevertheless, the changes in microbes and microbial-derived 

metabolites in the plasma and feces, suggest that a longer study and/or one with greater control 

over subject behavior could yield stronger results. Our final analysis of microbiome and plasma 

metabolome data implicate both Faecalibacterium and Akkermansia as bacteria which may be 
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related in some capacity to the changes observed in the plasma metabolome. Targeted 

experiments focused on fully characterizing the metabolic profile of these bacteria, perhaps in 

animal models where the microbiome can be controlled by inoculation of specific bacteria or 

groups of bacteria, will be necessary to elucidate their unique contributions to the 

aforementioned observations.       

Taken together, these experiments suggest that dried plum and sumac sorghum, both 

sources of bioactive polyphenols, are modifiers of the microbiome and its metabolism, with 

important implications for multiple diseases, including cancer, obesity, and diabetes. 

Future Studies 

Each experiment demonstrated that modest modifications to the diet, which should be 

easily achievable for humans to incorporate routinely, can alter the microbiota, mucosal 

environment, and systemic metabolome. Further studies are warranted to better characterize the 

mechanisms by which dried plums and sumac sorghum exert their effects on gut and systemic 

health. In the case of dried plum as a mitigator of azoxymethane-induced colon carcinogenesis, it 

will be important to determine 1) if dried plum interferes with the ability of the carcinogen to 

initiate colon carcinogenesis, and 2) if the protection observed at the ACF stage translates into 

protection at the tumor stage (i.e., reduced tumor size and abundance). The former could easily 

be tested by introducing the experimental diets after treatment with the chemical carcinogen 

rather than before. All animals could begin the study consuming a basal diet until the second 

AOM exposure when then half of the animals would switch to the dried plum diet until 

termination. The ability of dried plum to prevent the induction of colon carcinogenesis by AOM 

should not be taken negatively, however, as the mechanisms of its protection in this regard could 

still be relevant to processes that contribute to spontaneous colon carcinogenesis, which could be 
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explored in additional studies. Therefore, it will depend ultimately on the hypothesis being tested 

by the experiment with careful consideration of the limitations of the model and experimental 

paradigm. Interestingly, Lactobacillus acidophilus has been shown to reduce ACF formation in 

AOM treated Sprague Dawley rats (447); however, in our experiment, bacteria of the genus 

Lactobacillus were reduced in plum diet fed animals, which had lower ACF number and 

multiplicity. 

Although we did not detect many alterations in SCFA or microbe composition in mice 

exposed to an acute dose of HZE radiation, we know that space relevant doses of HZE can 

induce shifts in gut microbial populations (104). The most important hurdle of ground-based 

radiation research for the study of spaceflight, is the difficulty of protracted, low dose-rate 

exposures that more closely mimic spaceflight, versus acute exposures observed in solar flares, 

nuclear reactor incidents or nuclear weapon detonations. Therefore, it will be necessary to 

develop these exposure methodologies to better study the radiation impacts on microbiota and 

the intestinal environment as they occur over time frames similar to an actual mission duration.   

Both dried plum and sumac sorghum require cell culture work to probe for potential 

mechanisms of bioactivity for the polyphenols contained in them. This work should include both 

native compounds and those derived from microbial metabolism. It is known that smaller 

polyphenolic compounds (e.g., monomers and dimers of flavan-3ols) can enter systemic 

circulation; however, these compounds are often modified by enterocytes/colonocytes during 

uptake and transport to the liver where they can be further modified (38). Therefore, distinct 

bioactive profiles are necessary for metabolized and unmetabolized forms of native (i.e., 

occurring naturally in the foodstuff) bioactive molecules and for their microbial-derivatives, 

which also undergo host modification following absorption and uptake. It will be important to 
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distinguish these bioactivities independently of the presence of the microbiota, which is made 

possible by the use of germ-free animals. As an alternative to traditional cell culture work, recent 

advances in cell-microbe co-culture, termed “Gut-On-A-Chip,” present an fruitful opportunity to 

study infinite combinations of cell populations/profiles, substrates, and microbes ex vivo. 

Studies employing germ-free animals and animals with discrete microbial populations, in 

addition to traditional cell culture and co-culture experimentation, will be necessary to dissect the 

mechanisms and co-dependencies of specific diet-host-microbe interactions. The correlation, or 

often lack of correlation, between data from stool versus healthy or diseased tissue samples adds 

enormous complexity to the host-microbe relationship. Therefore, to improve our understanding 

of these relationships, ’omics’ studies should be used to interrogate concomitant changes in the 

diseased mucosa and the stool to maximize the information gathered from passive fecal 

sampling. Experiments should use multiple ’omics’ approaches to identify those biomarkers that 

most accurately and robustly characterize the disease state. Furthermore, it will be necessary to 

assess these relationships throughout the disease process to improve the sensitivity and 

specificity of diagnostic screening approaches for CRC prevention and treatment. 

Future studies attempting to define causal relationships between specific microbiota and 

disease processes would greatly benefit from more precise sampling techniques, such as laser 

capture microdissection (LCM). Application of site-specific sampling techniques in combination 

with more sensitive analytical approaches in future experiments will improve the ability to detect 

diet-induced modifications of host-microbe interactions in colon cancer models. Targeted 

quantification of microbial butyrate producing genes, and protein expression of SCFA 

transporters, would help link our SCFA observations to the microbial populations characterized 
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in this study. Furthermore, true metagenome sequencing would give insight on the function of 

the microbiome and a better characterization of the species present. 
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APPENDIX A 

TABLES AND FIGURES OF RESULTS 

 

Table A-1. Diet ingredients (g/kg) and estimated nutrient composition of both diets (g/100 g). 

Ingredient 
Basal 

(g/kg) 

Plum1 

(g/kg) 

Dextrose2 484.8 436.8 

Casein2 221.6 220.4 

DL-methionine2 3.4 3.4 

AIN-76 mineral mix2 38.8 38.8 

AIN-76A vitamin mix2 11.1 11.1 

Choline bitartrate2 2.2 2.2 

Pectin2 71.9 65.4 

Cellulose2 17.2 15.6 

Corn oil3 149.0 148.9 

Dried plum puree4 0.0 92.3 

Nutrient composition  (g/100 g) 

Total Carbohydrate 57.06 

        Dietary Fiber 6.00 

                      Soluble 4.27 

                      Insoluble 1.73 

Sugar 51.06 

Protein 22.35 

Lipid 15.00 
1Dried plum puree contains water and micronutrients, which causes the Plum (g/kg) column to sum to 1.034 kg. 
2Manufactured by Harlan (CA.160190, CA.160030, CA10850, CA.170915.PWD, CA.40077.PWD, CA.30190, 

CA.160390, SS-62)  
3Provided by Dyets, Inc. (401150) 
4Provided by Sunsweet Growers, Inc. (7045017316) 
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Table A-2. Assay ID for selected gene targets in Chapter II. 
Gene Symbol(s) Gene Alias(es) Assay ID Species Amplicon 

Length 

Tlr2 - Rn02133647_s1 Rat 109 

Tlr4 - Rn00569848_m1 Rat 127 

Tollip - Rn01479669_m1 Rat 64 

18s rRNA - Hs99999901_s1 Human 0 

Slc5a8 RGD1564146 Rn01503812_m1 Rat 60 

Slc16a1 MCT1;RATMCT1;RNMCT1 Rn00562332_m1 Rat 77 

Nfkb1 EBP-1;NF-kB Rn01399583_m1 Rat 63 

Nfkbia RL/IF-1 Rn01473657_g1 Rat 71 

Ptgs2 COX-2;Cox2 Rn01483828_m1 Rat 112 

Acads Scad Rn00574634_m1 Rat 87 

Acadm MCAD Rn00566390_m1 Rat 73 

Gapdh BARS-38;Gapd Rn01775763_g1 Rat 174 

Muc2 HH-Muc Rn01498196_g1 Rat 77 

Nos2 Nos2a;iNos Rn00561646_m1 Rat 77 

Muc4 ASGP-1;Psmc Rn01475265_m1 Rat 63 

Muc5ac - Rn01451270_g1 Rat 83 
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Table A-3. Percent abundances of select genera organized by proximal and distal colon and injection treatment.  

 

 

 

 

 

 

 

 

 

 
Diet groups were combined for this main effect analysis. Proximal and distal colon data were analyzed separately. Data are LSMEANS ± SEM.    

 
 

 

 

 

 

 

 

 

 

 

 

AOM Effects Proximal Colon  Distal Colon 

Genus 
Saline Injected 

(% abundance) 

AOM Injected 

(% abundance) 
P-value 

Saline Injected 

(% abundance) 

AOM Injected 

(% abundance) 
P-value 

Corynebacterium 6.75E-04 ± 7.60E-04 3.12E-03 ± 6.34E-04 0.0172 1.86E-03 ± 8.63E-04 2.52E-03 ± 7.06E-04 0.5558 

Rikenellaceae; g 2.30E-01 ± 5.94E-02 2.70E-01 ± 4.96E-02 0.6003 2.44E-01 ± 5.02E-02 3.94E-01 ± 4.11E-02 0.0255 

Odoribacter 1.76E-04 ± 5.24E-04 7.35E-04 ± 4.38E-04 0.4166 2.46E-04 ± 9.36E-05 0.00 ± 7.66E-05 0.0477 

Elusimicrobiaceae; g 2.75E-02 ± 1.26E-02 6.25E-02 ± 1.05E-02 0.0387 3.84E-02 ± 1.47E-02 6.15E-02± 1.20E-02 0.2295 

Lachnospiraceae; Other 1.68 ± 7.18E-01 3.53 ± 5.99E-01 0.0536 1.20 ± 8.45E-01 4.12 ± 6.91E-01 0.0103 

Ruminococcaceae; Other 4.67E-01 ± 9.32E-02 3.50E-01  ± 7.78E-02 0.3410 5.24E-01 ± 8.66E-02 2.77E-01± 7.09E-02 0.0324 

OPB54; f; g 3.92E-04 ± 1.48E-04 0.00 ± 1.24E-04 0.0482 1.45E-04 ± 1.09E-04 6.80E-05 ± 8.92E-05 0.5873 

Ralstonia 1.24E-04 ± 1.08E-04 7.18E-05 ± 9.01E-05 0.7131 3.64E-04 ± 1.24E-04 3.73E-05 ± 1.02E-04 0.0475 
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Table A-4. Percent abundances of select genera organized by proximal and distal colon and experimental diet.  

Injection groups were combined for this main effect analysis. Proximal and distal colon data were analyzed separately. Data are LSMEANS ± SEM.    

 

 

 

Diet Effects Proximal Colon  Distal Colon 

Genus 
Basal Diet 

(% abundance) 

Plum Diet 

(% abundance) 
P-value 

Basal Diet 

(% abundance) 

Plum Diet 

(% abundance) 
P-value 

CoriobacteriaceaeG 3.60E-03 ± 3.65E-02 4.54E-01 ± 3.49E-02 <.0001 4.32E-03 ± 4.64E-02 4.22E-01 ± 4.52E-02 <.0001 

Adlercreutzia 9.02E-02 ± 9.91E-03 6.53E-02 ± 9.50E-03 0.0759 1.22E-01 ± 1.20E-02 7.59E-02 ± 1.17E-02 0.0092 

Bacteroides 2.01E+01 ± 1.66E+00 1.99E+01 ± 1.59E+00 0.9393 1.58E+01 ± 1.92E+00 2.59E+01 ± 1.87E+00 0.0005 

Parabacteroides 6.46E-01 ± 1.01E-01 9.33E-01 ± 9.67E-02 0.0459 6.79E-01 ± 1.98E-01 1.57 ± 1.93E-01 0.0024 

Porphyromonas n.d. n.d. -- 0.00 ± 2.56E-04 7.44E-04 ± 2.49E-04 0.043 

RikenellaceaeG 2.45E-01 ± 5.59E-02 2.55E-01 ± 5.36E-02 0.8912 1.96E-01 ± 4.64E-02 4.42E-01 ± 4.52E-02 0.0004 

S247G 3.89 ± 3.71E-01 4.79 ± 3.55E-01 0.0895 3.63 ± 3.81E-01 4.85 ± 3.71E-01 0.0268 

BarnesiellaceaeG 1.87E-01 ± 5.22E-02 2.53E-01 ± 5.01E-02  1.42E-01 ± 6.46E-02 3.91E-01 ± 6.29E-02 0.0082 

Butyricimonas 4.51E-02 ± 1.06E-02 7.16E-02 ± 1.02E-02 0.0797 4.11E-02 ± 1.96E-02 1.29E-01 ± 1.91E-02 0.0025 

Paraprevotella 6.55E-02 ± 3.02E-02 3.48E-01 ± 2.89E-02 <.0001 3.40E-02 ± 3.76E-02 4.20E-01 ± 3.66E-02 <.0001 

Mucispirillum 3.17E-02 ± 6.72E-03 9.60E-04 ± 6.44E-03 0.0019 4.24E-02 ± 1.33E-02 0.00 ± 1.29E-02 0.0266 

Lactobacillus 1.58E+01 ± 1.69 1.04E+01 ± 1.62 0.0264 1.54E+01 ± 1.67 7.34 ± 1.63 0.0011 

ClostridialesFG 9.25 ± 1.15 9.81 ± 1.10 0.7288 1.11E+01 ± 8.54E-01 8.63 ± 8.31E-01 0.0429 

ChristensenellaceaeG 1.22E-02 ± 3.74E-03 2.47E-02 ± 3.58E-03 0.0195 1.21E-02 ± 3.10E-03 2.70E-02 ± 3.02E-03 0.0013 

ClostridiaceaeG 3.24 ± 3.23E-01 1.67 ± 3.09E-01 0.001 2.13 ± 1.93E-01 9.71E-01 ± 1.87E-01 <.0001 

LachnospiraceaeOther 9.20E-01 ± 6.75E-01 4.29 ± 6.47E-01 0.0008 7.04E-01 ± 7.82E-01 4.62 ± 7.61E-01 0.0008 

LachnospiraceaeG 2.02 ± 3.82E-01 3.71 ± 3.66E-01 0.0026 1.96 ± 3.98E-01 3.25 ± 3.88E-01 0.0255 

Dorea 5.97E-02 ± 1.68E-01 6.63E-01 ± 1.61E-01 0.0128 1.98E-01 ± 9.24E-02 3.87E-01 ± 9.00E-02 0.1502 

Peptococcaceaerc44G 3.52E-01 ± 5.34E-02 4.68E-01 ± 5.12E-02 0.1238 2.01E-01 ± 5.12E-02 3.62E-01 ± 4.99E-02 0.0299 

ErysipelotrichaceaeOther 9.00E-04 ± 4.25E-04 9.61E-04 ± 4.07E-04 0.9178 1.09E-03 ± 2.56E-04 1.34E-04 ± 2.49E-04 0.0104 

ErysipelotrichaceaeG 1.11E-02 ± 3.77E-03 5.89E-03 ± 3.62E-03 0.3251 2.43E-02 ± 6.14E-03 3.59E-03 ± 5.98E-03 0.0198 

Allobaculum 1.46E+01 ± 2.25 9.74 ± 2.16 0.1227 1.63E+01 ± 2.34 8.49 ± 2.28 0.021 

Coprobacillus 6.20E-04 ± 2.08E-03 7.26E-03 ± 2.00E-03 0.0262 1.50E-03 ± 3.31E-03 1.16E-02 ± 3.22E-03 0.0342 

Holdemania 3.73E-04 ± 4.73E-03 1.48E-02 ± 4.53E-03 0.0332 4.01E-03 ± 5.09E-03 1.89E-02 ± 4.95E-03 0.0416 

DesulfovibrionaceaeG 2.98E-02 ± 6.09E-03 4.43E-02 ± 5.83E-03 0.093 2.15E-02 ± 6.89E-03 5.65E-02 ± 6.71E-03 0.0007 
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Table A-5. Significantly altered metabolites in plasma of human subjects consuming sumac 

sorghum. 

Metabolite Transform Estimate Std. Err. P-value Q-value 

Gamma-glutamylvaline original -0.46956 0.06848 0 0 

Threonate original -0.40669 0.07337 1.00E-05 0.00177 

Catechol sulfate log 0.37786 0.07154 3.00E-05 0.00354 

Gamma-glutamylisoleucine* original -0.37044 0.07652 8.00E-05 0.00708 

Gamma-glutamylmethionine original -0.222 0.05215 0.00032 0.01888 

HWESASXX* log 0.65837 0.1546 0.00032 0.01888 

3-hydroxyhippurate original 1.03108 0.24635 0.00038 0.01922 

Cinnamoylglycine log 0.38459 0.09533 0.00055 0.02434 

Cysteine original -0.24734 0.06412 0.00085 0.03009 

Glutamine original 0.05121 0.01323 0.00083 0.03009 

3-phenylpropionate (hydrocinnamate) log 0.32909 0.09755 0.00274 0.08290 

P- and Q-values, estimates, and standard errors are statistics of the treatment effect (i.e., the average of the response 

to low and high levels of sumac sorghum).   

 

 

 

 

 
 

 

 

Figure A-1 Apoptotic cells/crypt column in rats fed a basal diet (BD) or dried plum diet (DP) 

and exposed to saline (+S) or AOM (+A). No significant differences were observed between any 

group. 
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Figure A-2 Proportion of apoptotic cells/crypt column in rats fed a basal diet (BD) or dried plum 

diet (DP) and exposed to saline (+S) or AOM (+A). No significant differences were observed 

between any group. 
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APPENDIX B 

EXPERIMENTAL PROTOCOLS 

 

Chapter II Animals and Diets 

 Fifty-one male Sprague-Dawley rats (21 d old) were stratified by body weight and 

assigned to one of 2 experimental diets (basal diet n=25, plum diet n=26). The plum diet was a 

slightly modified basal diet containing a dried plum puree incorporated at a level that would 

provide 5% of the total calories in the diet. The contribution of lipid, protein, and carbohydrate, 

as well as the ratio and amount of soluble to insoluble fiber were made equivalent between the 

diets based on the proximate analysis of the plum puree. The calculation for the final diet 

formulation is seen below. The macronutrients contained in the dried plum puree used in the 

experiment was adjusted for in the diet by balancing the inclusion of dextrose, casein and pectin 

added to the diet. The diets were mixed according to the following protocol:    

 

INGREDIENT %/100 g kg 1-Basal Plum

Dextrose 51.06% 100077.60 100.07760 47.84011 43.07847

Casein 22.35% 43806.00 43.80600 21.86754 21.73326

DL-methionine 0.34% 666.40 0.66640 0.33320 0.33320

Mineral mix 3.91% 7663.60 7.66360 3.83180 3.83180

Vitamin mix 1.12% 2195.20 2.19520 1.09760 1.09760

Choline bitartrate 0.22% 431.20 0.43120 0.21560 0.21560

Pectin 4.27% 8369.20 8.36920 7.09250 6.45050

Cellulose 1.73% 3390.80 3.39080 1.69540 1.54152

Lipid - Corn oil 15.00% 29400.00 29.40000 14.70000 14.68179

Test Compounds 0.0000 N/A N/A 0.00000 9.10548

Water

Total wt 1.0000 196000.0 196.0000 98.67375 102.06922

units H2O 2.667905426

units Ash 0.788534505

98.61278

Total Kcal: 411.1306 411.939552

Amount In Total Diet Amount per Diet Group (kg)
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PLUM Diet Mixing Protocol: Preparation Checklist 

 Adequate diet components 

 Plum (thoroughly mixed) 

 Clean and labeled Ziploc bags for diet components 

 Lab personnel 

 Weighing scales (2): 50 g – 5 kg and <50g 

 Measuring tubs and scoops (spatulas) 

 Stirring tool 

 Labeled diet bags and outer bags 

 Colored tapes 

 Sharpies 

 Aluminum foil 

 5L jugs for oil (2-3) 

 Cart, tub for ice and ice 

 Gloves, bench papers, towels, and 70% ethanol 

 Diet specification sheets 

 Mixing bowl and mixer (2) 

 Labeled specimen cups for diet sample 

Note: Each mixing bowl can only contain up to 20kg of diet, thus the total weight of each diet needs to be divided 

up into ~5 portions (referred to as bowls). 

Diet Bowl 1 Bowl 2 Bowl 3 Bowl 4 Bowl 5 

Basal 3 tubs + 1 ziplock 3 tubs + 1 ziplock 3 tubs + 1 ziplock 3 tubs + 1 ziplock 3 tubs + 1 ziplock 

Plum 3 tubs + 1 ziplock 3 tubs + 1 ziplock 3 tubs + 1 ziplock 3 tubs + 1 ziplock 3 tubs + 1 ziplock 

Total 6 tubs + 2 ziplock 6 tubs + 2 ziplock 6 tubs + 2 ziplock 6 tubs + 2 ziplock 6 tubs + 2 ziplock 

 

Diet mixing protocol (BASAL) 

1. Bring diet ingredients and items from previous checklist to basement from lab 

2. Measure out small components (Vitamin/mineral/choline/methionine) as necessary 

per bowl 

3. Measure out corn oil per bowl.  

4. Start with Bowl 1 of a diet group. Mix by hand in large bowl diet components in the 

following sequence: 

1. Vitamin/Mineral/Methionine/Choline 

2. Pectin 

3. Cellulose 

4. Casein  

5. Dextrose 

5. Fit bowl onto electric mixer, cover, and mix dry components for 5 min at #1 setting. 
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6. Still at #1 setting, start mixer for 10 minutes. During this time, pour oil into mix 3 

separate quantities and times. To get it all out from jug, use diet to mop it up. 

7. Scrape sides of bowl and blade. Mix for 5 minutes more.  

8. Lower bowl, scrape sides of bowl and blade, put bowl back into position, and mix for 

another 10 minutes at #2 setting. 

9. Scrape diet off blade, lower and remove bowl. Take a sample from 4 locations in 

bowl and place into 50 mL conical tube w/ appropriate label.  

10. Scoop diet into labeled bags and double bag. Store in freezer. 

11. Repeat the above process for all diets/bowls. 

12. Clean up thoroughly.  

Diet mixing protocol (PLUM) 

1. Bring diet ingredients and items from previous checklist to basement from lab 

2. Measure out small components (Vitamin/mineral/choline/methionine) as necessary 

per bowl 

3. Measure out corn oil per bowl.  

4. Start with Bowl 1 of a diet group. Mix by hand in large container (tub) diet 

components in the following sequence: 

1. Vitamin/Mineral/Methionine/Choline 

2. Pectin 

3. Cellulose 

4. Casein  

5. Dextrose 

5. Weigh out plum (1 bowl) into small mixer bowl. Add corn oil (1 bowl) to plum in 

small mixer bowl. 

6. Mix Plum/Oil for 3 minutes on power level 1 with small mixer. 

7. Transfer Plum/Oil mixture into large mixing bowl. 

8. Fit large mixing bowl onto electric mixer. Set timer to 10 minutes and start mixing at 

power level 1. Over this time, slowly add dry ingredients into Plum/Oil mixture. 

9. After all dry ingredients have been added (10 minutes) lower bowl and scrape mixer 

and sides of bowl with spatula/gloved hand. 

10. Still at #1 setting, start mixer for another 10 minutes.  

11. Scrape sides of bowl and blade. Mix for 5 minutes more at #2 setting.  

12. Scrape diet off blade, lower and remove bowl. Take a sample from 4 locations in 

bowl and place into 50 mL conical tube w/ appropriate label.  

13. Scoop diet into labeled bags and double bag. Store in freezer. 

14. Repeat the above process for all diets/bowls. 

15. Clean up thoroughly.  
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Prior to beginning the experimental diet, animals were maintained on a standard chow 

diet for 7 d in order to overcome shipping stress. After 21 d of experimental diets, 15 animals 

from the basal diet group and 16 animals from the plum diet group received an injection of 

azoxymethane (15 mg/kg body weight). The remaining 10 animals from each diet group received 

an equivalent volume of saline. These treatments were administered a second time, 7 d after the 

initial injection. During the 48 hr following injection, animals were stored in isolation rooms 

with adequate ventilation to exhaust the metabolized (exhaled) carcinogen. Saline animals were 

kept in a separate isolation room from AOM animals to avoid any exposure to the carcinogen. 

Animals were provided 2 d worth of food to last the duration of the isolation period. At the end 

of the isolation period, animals were returned to their normal husbandry room at the animal 

facility. After the second injection, animals continued to consume their experimental diets for 8 

additional weeks until their termination.   

Body weight and food intake was routinely monitored. Animals were weighed (48 h 

average) upon arrival, prior to beginning experimental diets, before each injection, 4 w after the 

second injection, and at termination. Experimental diet intake was averaged over a 48 h period at 

experimental day 20, 55, and 82. On experimental day 91, animals were euthanized by CO2 

asphyxiation and cervical dislocation. The colon was resected, and two 1 cm sections were 

removed from the proximal and distal colon for histological preparations. The contents of the 

colon were collected separately from the proximal and distal colon for microbial and 

metabolomic analyses. The remaining colon was cut in half longitudinally: ½ was used for ACF 

analysis and the other ½ was separated into proximal and distal segments for scraped mucosa 

collection (see below). 
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Chapter II Tissue Collection and Processing 

Tissue fixation for immunohistological processing 

The two, 1 cm segments removed from the distal end of the colon were fixed in either a 

4% PFA (PFA solution was mixed a day before the killing. Fifty ml of 10X PBS was diluted to 

400 ml with ddH2O, and then 100 ml of 20% PFA was added. PFA solution was refrigerated 

overnight.) or 70% EtOH solution prior to embedding in paraffin. Tissue fixed in 70% EtOH was 

stored at room temperature until embedded in paraffin. Tissue fixed in PFA was incubated on ice 

for 4 h in a 4% PFA solution, then rinsed in successive washes of ice cold 50% EtOH ( 1x dip,  4 

x 20 minutes), 70% EtOH (4 x 20 minutes), and stored at 4°C in 70% EtOH until embedded in 

paraffin. 

Luminal contents collection and processing 

 Luminal contents were expressed from the proximal and distal colon separately. Samples 

from each location were aliquoted into tubes for microbial sequencing and metabolomics and 

then placed into liquid nitrogen. At the end of the termination, samples were transferred to the     

-80°C freezer until further processing.  

Scraped mucosa 

After the luminal material was removed from the colon, the colon was washed twice in 

RNase free Phosphate-Buffered Saline (PBS) and opened lengthwise to expose the luminal 

surface. The opened colon was then cut in half longitudinally again to separate it into two pieces. 

One piece was cut into proximal and distal segments for mucosal scraping. The segments were 

scraped on a chilled RNase free surface, and transferred to an RNase free homogenization tube 

along with 300 µl of Denaturation Solution (Ambion, Austin, TX) or 200 µl of protein buffer 

(see below). Scraped mucosa for RNA analysis was homogenized in Denaturation Solution for 6-
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7 strokes and then transferred to a 2 ml epitube for storage at -80°C. Scraped mucosa was placed 

into a homogenizer along with 200 µl of buffer. Protein buffer (10 ml) was mixed on the day of 

the kill, just prior to use. The protein buffer contained: 1 ml of 500 mM Tris-HCl (pH 7.2) 

(Sigma, T1503), 2.5 ml of 1.0 M Sucrose (Sigma, S9378), 100 µl of 200 mM EDTA (pH 7.6) 

(Sigma, ED4SS), 100 µl of 100 mM EGTA (pH 7.5) (Aldrich, 23453-2), 4.793 ml of water, 1 ml 

of 10% Triton X-100 (Sigma, T6878), 7 µl of -mercaptoethanol (Bio-Rad, 161-0710), 400 µl of 

Protease Inhibitor (Sigma), and 100 µl Phosphatase Inhibitor (Pierce). Mucosa and protein buffer 

was homogenized for at least 7 strokes (on ice) and transferred into a 2 ml eppietube. The sample 

was aspirated through a 12 gauge needle twice and then incubated on ice for 30 minutes prior to 

centrifugation at 15,000 g for 20 minutes. The supernatant was transferred, and the volume was 

split amongst the aliquot tubes and then placed into a -80°C freezer for storage. 

ACF fixation 

 The remaining longitudinal half section was laid out flat on a piece of Whatman filter 

paper that had been moistened with PBS. The filter paper was then folded over to ‘sandwich’ the 

colon segment and the ‘sandwich’ was placed into a Tupperware container filled with 70% 

ethanol. A glass (¼ inch thick) plate was placed on top of the ‘sandwich’ so that the colon would 

fix flat. After 48 h in the Tupperware container, each colon was removed and placed into a 50 ml 

scintillation vial filled with fresh 70% ethanol, until processing for ACF measurement.    

Chapter II fecal collections and processing 

Fresh fecal samples were collected for SCFA analysis 3 w post-diet start, 48 h post-AOM 

#2, and for 48 h prior to termination. Luminal contents collected at termination were not used for 

SCFA analysis. Fresh fecal samples were collected within 15 minutes of defecation, placed into 
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appropriately labeled cryotubes and flash frozen in liquid nitrogen. At the end of the collection 

period, samples were transferred into the -80°C freezer until further processing.     

Dry matter analysis 

Fecal samples were thawed and placed into a weighed dry pan prior to drying in a 60°C 

oven for 72 h. Samples were cooled in a vacuum desiccator for 24 h before being weighed. This 

procedure was repeated until weight became static.  

Short chain fatty acid (SCFA) analysis 

Fresh fecal samples were collected immediately following defecation. Samples were 

transferred to sterile cryotubes, snap-frozen in liquid nitrogen, and stored at -80°C. Fecal samples 

were prepared for analysis by grinding in a mortar and pestle chilled by immersion in liquid 

nitrogen. The powdered sample (~0.30 g) was weighed into a 1.5 mL centrifuge tube containing 

750 mL of the internal standard, 2-ethylbutyric acid (Sigma-Aldrich, St. Louis, MO), in 70% 

ethanol. Samples were vigorously vortexed and incubated overnight at 47°C to extract the SCFA. 

To prepare the extracted samples for gas-liquid chromatography, samples were first shaken 

vigorously for 20 min and then centrifuged at 11,500 g for 20 min at 47°C. A 200 µl aliquot of 

the supernatant was removed and combined with 200 µl of the second internal standard, 3 mM 

heptanoic acid prepared in 70% ethanol. Immediately before injection into the gas 

chromatograph (GC), 20 µL of 10% orthophosphoric acid (H3PO4) was added to the sample and 

vortexed. One microliter of sample containing the phosphoric acid was then injected into a 

Varian 3900 gas chromatograph (Walnut Creek, CA) with a splitless capillary inlet and flame 

ionization detector equipped with a 30 m, 0.53 mm internal diameter deactivated glass capillary 

pre-column (Supelco, Bellfonte, PA). Data were integrated and plotted with a Hewlett Packard 

Series II Integrator. The GC conditions used were as follows: injector temperature, 165°C; 
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detector temperature, 220°C; column flow, 2.21 mL/min He; make-up flow, 28 mL/min 

nitrogen; and oven temperature, 185°C (gradient). Samples are concentrated on the column head 

at 60°C for 30 sec. The temperature is increased at 50°C/min to a temperature of 145°C for 5 

minutes. A temperature gradient of 5°C/min is continued until a final temperature of 185°C.  

After the analysis, the column is allowed to regenerate at 220°C for 5 minutes before the 

temperature is reduced for the next run. Standards and a blank were run before and after the daily 

sample runs to facilitate calibration and data calculations.  

Identification and quantification of SCFA 

Short chain fatty acid standards containing 2-ETBA, heptanoic acid and H3PO4 are made 

fresh, stored at -70°C, and chromatographed at the beginning and end of daily sample runs. 

Blanks containing only internal standard solutions in 70% ethanol are also chromatographed 

daily. Response factors and retention times for the individual fatty acids are determined from the 

results of the daily standard runs and fatty acid composition of samples are calculated based on 

the appropriate daily standard response factor. 

Chapter II ACF analysis 

ACF scoring protocol 

I. Staining 

1. Cover sample ID upon retrieval of sample to remain blind to sample  

2. Place transparent grid sheet on microscope plate. Grids make it easier to read and score 

samples. 

3. Remove colon from scintillation vial with forceps. Scooping is preferred over pinching so 

that the tissue isn’t damaged. 

4. Stain the colon with 0.5% methylene blue. Staining time depends on sample thickness, 

but should be as uniform across samples as possible. (~1 minute) 

5. Remove sample from stain, and allow excess stain to drip off. Sample will likely be 

darker than desired—if so place sample in cup containing 70% ethanol until desired 

staining intensity is achieved. 

6. Place sample on transparent grid with distal end on the right and proximal end on the left. 
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7. Verify sample is mucosal side up. Striations in many directions will be visible and the 

resolution of crypts poor if mucosal side is down. 

8. Keep the sample moist with cold PBS on a q-tip. 

9. If mucin is present, remove with EXTREME CARE using a moist (PBS) q-tip. 

II. Morphological characteristics of ACF/AC 

 Are characteristically larger (~2-4 times) and are stained darker than normal crypts 

 Have enlarged/elongated lumens  

 May appear to be raised above the surrounding mucosa 

 May have an enlarged pericryptal zone 

III. Scoring 

1. Establish criteria for determining aberrant crypts (e.g. photo of AC/ACF for which a 

consensus has been reached). 

2. Aberrant crypts are found as single crypts (AC) or multiples (ACF) and should be 

diagramed and tallied accordingly. 

3. Begin at the distal end of the colon (should be to the observers right) and continue pattern 

(described in step 4 below) until the proximal end is reached. 

4. Begin at the top of the distal colon (far edge, right end). Move from top to bottom. When 

done with this field, find a point of reference on the left edge of the field of view. Adjust 

the field of view proximally (left) until point of reference is on the right edge of the field 

of view. Proceed to score the crypt from bottom to top. When top is reached adjust field 

of view proximally as before.  

 

 

 

 

 

5. Once sample is completely scored, reveal and record the sample ID on the scoring sheet.  

 

Protocol for Setup of ACF Microscope (Chapkin) 

1. Turn on Computer and Monitor (Right side) 

2. Turn on black box (Left side) 

3. White box on top of black box (Left side) 

4. Camera on top of microscope 

5. Black box (Right side) 

 

 

 

 

Proximal Distal 

Start 

End 

You 
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Chapter II measurement of apoptosis using TUNEL 

Kit: ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (S7101) 

Manufacturer: EMD Millipore 

Updated: 10/19/2017 

Reagents required: 

Reagent/Kit Manufacturer Catalog # #samples/kit, Qty $ per kit 

ApopTag Plus Kit EMD Millipore S7101 40 Samples (order 6) 551.00 

Proteinase K EMD Millipore 21627 15 ml, 200 ug/ml 102.00 

Filters EMD Millipore SCGP00525 25 each 160.00 

30% H2O2 Sigma-Aldrich H1009-100ML 100 mL 113.00 

Xylene Sigma-Aldrich 534056-4X4L 4 x 4 Liters 323.00 

100% n-butanol Sigma-Aldrich B7906-500ML 500 mL 49.40 

DTT Sigma-Aldrich 43815-1G 1 g 92.30 

DNase I Sigma-Aldrich D7291-.5MG .5 mg 181.00 

Sodium acetate Sigma-Aldrich 71188-1KG 1 kg 98.10 

Acetic acid Sigma-Aldrich 338826-100ML 100 mL 119.00 

MgCl2 Sigma-Aldrich M2670-500G 500 g 69.10 

Permount Electron 

Microscopy 

Sciences 

17986-05 500 mL 80.00 

100% Ethanol Bio/Bio Unknown Unknown Unknown 

Methyl Green (no 

crystal violet) 

In House    

NaH2PO4 In House    

Na2HPO4 In House    

dH2O In House N/A N/A N/A 

Reagent Preparation: 

1) 10X Phosphate Buffered Saline, pH 7.4 (PBS) 

To make 1 L, dissolve the following in 800 mL dH2O: 

 Na2HPO4 55.0 g 

 NaH2PO4 13.5 g 

 NaCl  117.0 g 

Adjust the pH to 7.4 using NaOH or HCl and add dH2O to a final volume of 1000 mL. 

2) 0.1% (w:v) Methyl Green 

a. Prepare 0.1 M sodium acetate, pH 4.0  

1.  Dissolve 1.36 g C2H3O2Na●3H2O in 80 mL of dH2O. 

2.  Adjust pH to 4.0 with acetic acid. Add dH2O to a final volume of 100 mL 

3.  Dissolve 0.1 g of methyl green in 100 mL of 0.1 M sodium acetate, pH 4.0 (last step). 

4.  Filter through a 0.45 or 0.2-micron filter prior to use. 

3) Proteinase K 

a. Dilute the 200 ug/mL stock of Proteinase K (21627) to 20 ug/mL in PBS just before use. 

1. Direct slide application- 100 ul test of diluted stock is required per section. 

4) Working Strength Hydrogen Peroxide (H2O2) 

a. Dilute the 30% H2O2 stock to 3% H2O2 in PBS (i.e. 10-fold dilution).  
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1. Direct slide application- 100 ul is required per 5 cm2 specimen (section). 

5) DN Buffer (30 mM Tris Base, pH 7.2, 4 mM MgCl2, 0.1 mM DTT) 

a. Prepare 1 M Tris Base, pH 7.2 

1.  Dissolve 12.1 g of Tris base in 80 mL of dH2O. Adjust the pH to 7.2 with concentrated 

HCl and add dH2O to a final volume of 100 mL. 

b. Prepare 1 M MgCl2  

1.  Dissolve 20.3 g of MgCl2●6H2O in sufficient dH2O for a final volume of 100 mL. 

c. Prepare DN buffer 

1.  Combine 3 mL of 1.0 M Tris, pH 7.2, 400 uL of 1.0 M MgCl2, 1.54 mg of DTT and 

sufficient dH2O for a final volume of 100 mL.  

Kit Supplied Reagent Preparation 

Reagent Vol/cm2 Vol/5 cm2 

Equilibration Buffer 13 ul 65 ul 

Working Strength TdT 11 ul 55 ul 

Anti-digoxigenin-Peroxidase 13 ul 65 ul 

DAB Peroxidase Substrate 15 ul 75 ul 

1) Working Strength TdT Enzyme 

The concentrated TdT Enzyme provided in the kit is supplied in a stabilization buffer to preserve activity. 

It must be diluted with Reaction Buffer prior to use. Use 1:80 dilution of TdT enzyme in Reaction Buffer. 

To prepare, add in a fresh microcentrifuge tube: 

1. _____ # Sections x 45 uL = _____Total uL  

2. _____ Total uL *.9875 = _____uL REACTION BUFFER 

3. _____ Total uL *.0125 = _____uL TdT ENZYME 

Mix well by vortexing. This reagent may be prepared in advance and stored on ice for no more than 6 

hours. This amount is sufficient to treat two 5 cm2 tissue specimens. 

2) Working Strength Stop/Wash Buffer 

Prepare by adding: 

 1 mL Stop/Wash Buffer (90419) 

 34 mL dH2O 

 35 mL Total 

This amount is sufficient to treat 5 slides in a coplin jar. This reagent may be prepared in advance and 

stored in a glass or plastic container at 4ºC for up to 1 year. Use a fresh aliquot for each experiment. 

3) Working Strength Peroxidase Substrate 

Prepare working strength DAB by mixing in a clean tube: 

 147 uL DAB Dilution Buffer (90424) 

     3 uL DAB Substrate (90423)   

 150 uL Total 

After dilution, warm the mixture to room temperature and store in the dark until use. This amount is 

sufficient to treat two 5 cm2 tissue specimens. After mixing, the solution is stable for 7 days at room 

temperature or up to 14 days at 4°C. 

4) Protocol for Positive Control Preparation using DNase I 
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This step is to be performed on a deparaffinized, rehydrated tissue (Primary protocol step 1), which has 

been treated with Proteinase K (Primary protocol step 2), but prior to Peroxidase quenching (Primary 

protocol step 3). 

1. Pretreat section with DN Buffer (30 mM Trizma base, pH 7.2, 4 mM MgCl2, 0.1 mM DTT) at 

room temperature for 5 minutes. 

2. Dissolve DNase I in DN Buffer to a final concentration of 1.0-0.1 ug/mL (specific activity is 

10,000 U/mL – 1,000 U/mL). 

3.  Apply DNase solution and incubate for 10 minutes at room temperature. 

4.  Rinse with 5 changes of dH2O for 3 minutes each change. 

 

ApopTag Protocol 

***DO NOT ALLOW SAMPLES TO DRY OUT DURING PROCESSING*** 

1) Deparaffinize Tissue Section (in a coplin jar) 

a. ____  ____  ____ XYLENE; 5 min ea. (1-3) 

b. ____ Let XYLENE just dry and circle sections with PAP Pen, dry 1 min. 

c. ____  ____ ABSOLUTE ETOH; 5 min ea. (4-5) 

d. ____ 95% ETOH; 3 min (6) 

e. ____ 70% ETOH; 3 min (7) 

f. ____ 1X PBS; 5 min (8) 

2) Pretreat Tissue 

a. ____ Apply freshly diluted PROTEINASE K (20 ug/mL) to the specimen for 15 min. at 

RT directly on the slide (50 ul/section). 

i. 100 ul/section______(#sections+1) x 100 ul = ______Total Prot. K needed 

ii. Total Prot. K ______ x .1 = ______Prot K stock needed 

iii. Total Prot. K ______ x .9 = ______PBS needed 

b. ____  ____ dH2O; 2 min ea. (9-10) 

3) Perform DNase I treatment if sample is to be used as positive control (Page 3) 

4) Quench Endogenous Peroxidase 

a. ____ Quench in 3% hydrogen peroxide in PBS (Page 2) for 5 min. 

i. 100 ul/section______ (# sections+1) x 100 ul = ______Total ul 3% needed 

ii. Total ul 3% (_______) *.1 =______ul 30% H2O2   

iii. Total ul 3% (_______) *.9 =______ul 1X PBS 

b.  ____  ____ 1X PBS; 5 min ea. (11-12)  

5) Apply Equilibration Buffer 

a. ____ Gently tap off excess liquid and carefully blot or aspirate around section. (Do this 

step and next together, 1 slide at a time, to avoid drying sample) 

b. ____ Apply 60 ul/section of EQUILIBRATION BUFFER directly onto specimen. 

i. ______# sections x 60 ul/section = ______ul total 

c. ____ Incubate for at least 10 seconds at RT. _________Seconds incubated 

6) Apply Working Strength TdT Enzyme 

a. ____ Gently tap off excess liquid and carefully blot or aspirate around section. 

b. ____ Immediately pipette:  

i. ____ 60 ul/section of WORKING STRENGTH TdT ENZYME (1:80) or 
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1. _____ # Sections x 45 uL = _____Total uL  

2. _____ Total uL *.9875 = _____uL REACTION BUFFER 

3. _____ Total uL *.0125 = _____uL TdT ENZYME 

ii. ____ 40 ul REACTION BUFFER (negative controls). 

c. ____ Incubate in humidified chamber at 37°C for 1 hour. 

7) Apply Stop/Wash Buffer 

a. ____ Agitate slides for 15 seconds in WORKING STRENGTH STOP/WASH BUFFER 

in a coplin jar then incubate for 10 min at RT. (13) 

b. ____ Remove an aliquot of ANTI-DIGOXIGENIN CONJUGATE from the stock vial 

sufficient to process the desired number of specimens. Warm the aliquot to RT. 

i. _____ # sections x 60 ul/section = ______Total ul Aliquot 

8) Apply Anti-Digoxigenin Conjugate 

a. ____  ____  ____ 1X PBS; 1 min ea. (14-16) 

b. ____ Gently tap off excess liquid and carefully blot or aspirate around the section. 

c. ____ Apply RT Anti-Digoxigenin Conjugate (60 ul/section). 

d. ____ Incubate in a humidified chamber for 30 min. at RT.  

9) Wash in PBS 

a. ____  ____  ____  ____ 1X PBS; 2 min ea. RT (17-20) 

b. While slides are washing, prepare WORKING STRENGTH PEROXIDASE 

SUBSTRATE. 

i. _____ # Sections x 60 uL = _____Total uL WSPS 

ii. _____Total uL WSPS *.0125 = _____uL DAB Substrate 

iii. _____Total uL WSPS -_____uL DAB Substrate = _____uL DAB Dilution 

Buffer 

10) Develop Color in Peroxidase Substrate 

a. ____ Gently tap off excess liquid and carefully blot or aspirate around the section. 

b. ____ Apply 60 uL/section of PEROXIDASE SUBSTRATE to cover specimen. 

c. ____ Stain for 45 s at RT. Humid chamber not necessary. _____min stained. 

d. In order to obtain optimal staining time, observe under microscope.  

11) Wash Specimen 

a. ____  ____  ____ dH2O; 1 min ea. (21-23) 

b. ____ dH2O; 5 min RT (24) 

12) Counterstain Specimen 

a. ____ 0.1% Methyl green; 15 sec, RT (25) 

b. ____  ____  ____ dH2O; Dip 10 times ea. (1 and 2), 30 secs no agitation (3) (26-28) 

c. ____  ____  ____ N-BUTANOL; Dip 10 times ea. (1 and 2), 30 secs no agitation (3) (29-

31) 

13) Mount Specimen 

a. ____  ____  ____ XYLENE; 2 min ea. (32-34) 

b. Remove slides 1 at a time from jar. Gently tap the side to drain, but do not allow to dry! 

c. Apply Permount and then apply cover glass.  

d. Dry 24 hours before viewing under microscope. 
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Chapter II measurement of gene expression using real-time PCR 

Scraped mucosal samples were obtained at termination, placed into RNA protective 

solution and stored at -80°C until further analysis. Total RNA was isolated from mucosal 

samples using the RNAqueous™ Total RNA Isolation Kit (Invitrogen, AM1912) followed by 

DNase treatment (DNA-free™ Kit, Ambion, AM1906). Eppietubes containing homogenized 

scraped mucosa and Denaturation Solution were removed from -80°C storage and thawed on ice. 

Total RNA was isolated using the following protocol: 

A.  Before Using the Kit for the First Time 

a. Prepare 64% Ethanol Solution—Add 38.4 mL of 100% ethanol (ACS grade or 

equivalent) to the bottle labeled “Water for 64% Ethanol,” which contains 21.6 

mL of RNase-free water. Mix well, and mark the empty box on the label to 

indicate that the ethanol was added.  

b. Prepare Wash Solution #2/3—Add 64 mL of 100% ethanol (ACS grade or 

equivalent) to the bottle labeled “Wash Solution #2/3 Concentrate.” Mix well, and 

mark the empty box on the label to indicate that the ethanol was added.  

B. Work Area and Equipment Preparation 

a. Lab Bench and Pipettors—Before working with RNA, clean the lab bench, and 

pipettors with an RNase decontamination solution such as Ambion RNase Zap. 

b. Gloves and RNase-free technique—Wear laboratory gloves at all times during 

this procedure and change them frequently. They will protect you from the 

reagents, and they will protect the RNA from nucleases that are present on the 

skin.  Use RNase-free pipette tips to handle the kit reagents. 

c. Washing/sterilization of equipment—The equipment used for tissue 

disruption/homogenization should be washed well with detergent and rinsed 

thoroughly. Baking is unnecessary, because the Lysis/Binding Solution will 

inactivate any low level RNase contamination.   

I. As you start procedure: 

1. Heat an aliquot of Elution Solution (typically 50-200 uL per prep) in an RNase-free 

microcentrifuge tube in a heat block set to 70-80°C. 

2. Briefly inspect the filter cartridges before use. Occasionally, the glass fiber filters may 

become dislodged during shipping. If this is the case, gently push the filter down to the 

bottom of the cartridge using the wide end of an RNase-free pipette tip. 

II. Preparation of the lysate for RNA isolation 

1. Ensure lysate is somewhat viscous, but if the solution is very viscous, or contains 

gelatinous material (likely genomic DNA), then it should be sonicated, homogenized in a 

rotor-stator homogenizer, or passed through a 25 gauge syringe needle several times until 

the viscosity is reduced.  
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III. Filter Binding, Washing, and Elution of RNA 

1. Add an equal volume (for PLUM  500 ul) of 64% Ethanol and mix by carefully 

pipetting or vortexing. 

2. Apply up to 700 ul of the lysate/ethanol mixture to a Filter Cartridge assembled in a 

collection tube.  

3. Centrifuge at RCF 10,000-15,000 x g (typically 10,000-14,000 rpm) for ~45 seconds.  

4. Discard the flow-through and, if necessary, add any remaining lysate/ethanol mixture to 

the column. Centrifuge as before and discard flow-through. 

5. Apply 700 ul Wash Solution #1 to the filter cartridge. 

6. Centrifuge at RCF 10,000-15,000 x g (typically 10,000-14,000 rpm) for ~45 seconds. 

Discard flow-through. 

7. Add 500 ul Wash Solution #2/3.  

8. Centrifuge at RCF 10,000-15,000 x g (typically 10,000-14,000 rpm) for ~45 seconds. 

Discard flow-through. 

9. Repeat Step 7 and 8 with a second 500 ul aliquot of Wash Solution #2/3. 

10. Centrifuge at RCF 10,000-15,000 x g (typically 10,000-14,000 rpm) for ~45 seconds. 

This additional drying step ensures no wash solution remains in the filter. 

11. Place Filter Cartridge into a fresh Collection Tube. Discard old Collection Tube. 

12. Pipet preheated Elution Solution to the center of the filter. This step is carried out with 

two sequential elutions. First pipet 40 ul of preheated Elution Solution (1st step of 

sequential elution) onto the center of the column. Recover eluate by centrifugation for 

~30 seconds at room temperature (RCF 10000-15000 x g).  

13. Pipet 20 ul of preheated Elution Solution (2nd step of sequential elution). Recover eluate 

by centrifugation as in step 11.  

14. Proceed to DNase Treatment. 

DNase treatment protocol 

1. Add .1 Volume (for 60 ul elution 6 ul) 10X DNase I Buffer and 1 ul rDNase I to the 

RNA, and mix gently. 

2. Incubate at 37°C for 20-30 min. 

3. Add resuspended DNase Inactivation Reagent (typically 0.1 volume6.7 ul) and mix 

well. 

4. Incubate 2 min at room temperature, mixing occasionally. 

5. Centrifuge at 10,000 x g for 1.5 min and transfer the RNA to a fresh RNase free tube.  

6. Aliquot 4 ul into RNase free PCR tube for Nanodrop and Agilent QC. 

Following DNase treatment, the concentration of the isolated RNA was assessed on the 

Nanodrop instrument and the quality (RIN, RNA integrity number) was assessed on the Agilent 

Bioanalyzer (448). After quantitation and quality assessment of total RNA, 1100 ng of cDNA 

was prepared for each total RNA sample using the SuperScript III First-Strand Synthesis System 
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for RT-PCR kit (Life Technologies, 18080-051). The following protocol was used, which is a 

slightly modified version of the manufacturers’ protocol. 

1) Add the following components to a nuclease-free microcentrifuge tube: 1 µl of 

oligo(dT)20 (50 µM), 50–250 ng of random primers, 10 pg–5 µg total RNA, 1 µl 10 mM 

dNTP Mix (10 mM each dATP, dGTP, dCTP and dTTP at neutral pH), sterile, distilled 

water to 13 µl. 

2) Heat mixture to 65°C for 5 minutes and incubate on ice for at least 1 minute. 

3) Collect the contents of the tube by brief centrifugation and add: 4 µl 5X First-Strand 

Buffer , 1 µl 0.1 M DTT, 1 µl RNaseOUT™ Recombinant RNase Inhibitor (Cat. no. 

10777-019, 40 units/µl), 1 µl of SuperScript™ III RT (200 units/µl). 

4) Mix by pipetting gently up and down. If using random primers, incubate tube at 25°C for 

5 minutes. 

5) Incubate at 50°C for 60 minutes. 

6) Inactivate the reaction by heating at 70°C for 15 minutes.  

7) cDNA was used directly in a PCR reaction or stored at -20°C. 

Real-time PCR was performed on select genes (Tlr2, Tlr4, Tollip, Slc5a8, Slc16a1, Nfkb1, 

Nfkbia, Ptgs2 (Cox2), Acads, Acadm, Muc1, Muc2, Muc3a, Muc4, Muc5ac, 18s rRNA, and 

Gapdh) using Taqman® Array Micro Fluidic Cards (Applied Biosystems, Foster City, CA) and a 

ABI 7900 HT thermocycler (Applied Biosystems, Foster City, CA) using the following protocol: 

1) For each sample, determine the total number of reservoirs to be filled, based on the 

format of your TaqMan Array card. Prepare the PCR reaction mix (cDNA master mix). 

Fill the TaqMan Array card with the reaction mix. Centrifuge the TaqMan Array card. 

Seal the TaqMan Array card. 

2) Calculate the total volume required for each reaction component. 

3) If frozen, thaw the cDNA samples on ice. Resuspend the cDNA samples by inverting the 

tube, then gently vortexing. 

4) Mix the master mix thoroughly by swirling the bottle. 

5) For each sample, label a 1.5-mL microcentrifuge tube, then add the required components 

to the labeled tube. 

6) Cap the microcentrifuge tubes, then gently vortex the tubes to thoroughly mix the 

solution. 

7) Briefly centrifuge the tubes to spin down the contents and eliminate air bubbles. 

8) Fill each fill reservoir with sample-specific PCR mix made from a single cDNA sample 

(1000 ng) + nuclease-free water, 50.0 microliters TaqMan® Gene Expression Master 

Mix. 

9) Allow the TaqMan Array card to reach room temperature, then carefully remove it from 

its packaging. A minimum of 15 minutes at room temperature is required to equilibrate 

the card. 
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10) Place the TaqMan Array card on a lab bench, with the foil side down. 

11) Load 100 μL of the desired sample-specific PCR reaction mix into a 100-μL 

micropipette. 

12) Hold the micropipette at an angled position and place the tip in the fill port (the larger of 

the two holes) IMPORTANT! Do not allow the tip to contact and possibly damage the 

coated foil beneath the fill port. 

13) Dispense the sample-specific PCR reaction mix so that it sweeps in and around the fill 

reservoir toward the vent port. IMPORTANT! Pipette the entire 100 μL into the fill 

reservoir. Be careful when pushing the micropipette plunger to its second stop position 

(to expel the sample-specific PCR reaction mix from the tip). If a large amount of air is 

released, it can push the reaction mix out of the fill reservoir via the vent port or 

introduce bubbles into the fill reservoir. 

14) After the fill reservoirs have been filled with the sample-specific PCR reaction mix, 

centrifuge the TaqMan Array card to distribute the reaction mix to the reaction wells. 

IMPORTANT! You must use a Sorvall® or Heraeus centrifuge with the Sorvall/Heraeus 

Custom Buckets and card holders. The Custom Buckets and card holders are custom-

made for the TaqMan Array cards. Do not use any other centrifuge or bucket/card holder 

system for this procedure.  

15) Place TaqMan Array cards into the Sorvall/Heraeus buckets: 

a. Obtain an empty Sorvall/Heraeus Custom Bucket and card holder. 

b. Place the bucket on a lab bench, with the label facing you. 

c. Insert TaqMan Array cards into the card holder, making sure that the fill 

reservoirs project upwards out of the card holder and the reaction wells face the 

same direction as the “This Side Out” label. You use blank balance cards to fill 

any open positions in the card holder. Use the blank balance cards provided with 

the installation kits. IMPORTANT! Be sure to use the blank balance cards to fill 

any open positions. The blank balance cards will balance the centrifuge and 

prevent damage to the card holder. If the card holder is not completely filled, the 

TaqMan Array card may become displaced during centrifugation, resulting in 

uneven filling.  

d. Place a filled card holder in the bucket so that the “This Side Out” label faces out. 

16) Set the centrifuge: 

a. Power on the centrifuge. 

b. Use the front panel controls to set the bucket type to 15679. IMPORTANT! To 

ensure that the maximum rotational speed stays within the manufacturer’s 

specified limits, be sure to set the correct bucket type. 

c. Use the front panel controls to set the following operations parameters: Parameter 

EASYSet (touchpad), Up ramp rate 9, Down ramp rate 9, Rotational speed 1200 

rpm (331 × g) 1200 rpm, Centrifugation time 2 × 1 min. 

17) Place the buckets into the centrifuge: 

a. Press the Open button on the centrifuge to open the centrifuge cover. 

b. Place each loaded bucket onto an open rotor arm of the centrifuge. Make sure 

each bucket can swing easily within its slotted position on the rotor arm. 

IMPORTANT! The manufacturer recommends running the centrifuge with all 

four buckets. If the buckets are not fully loaded with TaqMan Array cards 
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containing the sample-specific PCR reaction mix, place blank balance cards and 

card holders into the buckets. Make sure the buckets and their contents are 

balanced; opposing buckets should have matching weights. 

c. Close the centrifuge cover. 

18) Run the centrifuge: 

a. Press the Start button. The centrifuge starts, then automatically stops after 1 min, 

per the programmed sequence. 

b. Repeat step a so that the TaqMan Array cards are centrifuged for a total of two 

consecutive, 1minute spins. IMPORTANT! To ensure complete distribution of 

the PCR reaction mix, you must centrifuge the TaqMan Array cards for a total of 

two consecutive, 1-minute spins. 

19) Remove the TaqMan Array cards: 

a. Press the Open button. 

b. When the cover has fully opened, remove the buckets from the centrifuge, then 

remove the card holders from the buckets. 

c. Remove all TaqMan Array cards from the buckets by gently lifting them by their 

carrier sides. 

20) Examine the TaqMan Array cards to be sure filling is complete. The amount of PCR 

reaction mix remaining in the fill reservoirs should be consistent from reservoir to 

reservoir. 

21) Seal the TaqMan Array Card. Position the sealer: 

a. Place the sealer on a sturdy lab bench, approximately waist high so that it can be 

easily used. 

b. Turn the sealer so that the front end (the “starting position” shown below) is 

closest to you and the back end is farthest from you. In the correct position, the 

arrows on the sealer are pointing away from you.  

c. Place the sealer’s carriage in its starting position. IMPORTANT! Never insert a 

TaqMan Array card into the sealer if the carriage is not in its starting position. 

The TaqMan Array card will be irreparably damaged if the carriage is moved 

across it toward its starting position. 

22) Insert a TaqMan Array card into the sealer: 

a. Orient the TaqMan Array card in the proper direction over the sealer’s insert 

plate. The card’s fill reservoir end should be the end closest to the arrows etched 

in the base of the sealer.  

b. Line up the card’s rear pin grooves, foil side up, to the stylus pins on the sealer. 

c. Gently place the card on top of the insert plate and ensure that the front end of the 

card is held securely in place by the spring clips. 

d. Gently push the card until it is seated securely in the insert plate. Note: When 

properly seated, the TaqMan Array card’s foil surface should be level with the 

base of the sealer. The four spring clips ensure that the card is held in the proper 

position.  

e. Push the carriage across the base of the sealer in the direction of the arrows. Use a 

slow, steady, and deliberate motion to push the carriage across the entire length of 

the TaqMan Array card until the carriage reaches the mechanical stops. It is 

important to avoid moving the carriage rapidly across the card. The sealer has 
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mechanical stops at both ends to prevent the carriage from coming off. Therefore, 

do not use excessive force or speed when pushing the carriage. IMPORTANT! 

Do not move the carriage back before removing the TaqMan Array card. 

23) Remove the sealed TaqMan Array card by grasping its sides and lifting it off the sealer’s 

insert plate. In the middle of the sealer’s insert plate, there is a thumb slot to help you 

easily access one side of the card.  

24) Inspect the TaqMan Array card for proper sealing. The indentations from the stylus 

assembly should match up with the card’s main channels. If the indentations do not 

match up, or if the foil is in any way damaged, do not use the TaqMan Array card. 

25) Using scissors, trim the fill strip from the TaqMan Array card. Use the edge of the card’s 

carrier as a guide. After the TaqMan Array cards have been loaded and sealed, they are 

stable for at least 64 hours.  

26) Set Up the SDS Plate Document. Start SDS Software v2.1 or later. 

27) Select File, New. 

28) Complete the New Document dialog box: 

a. From the Assay dropdown menu, select ΔΔCT (RQ) or Relative Quantification. 

b. From the Container dropdown menu, select 384 Wells TaqMan Low Density 

Array. 

c. Complete the remaining fields as shown, then click OK. 

29) Import the SDS Setup File (*.txt) into the new SDS plate document: 

a. In the CD drive, insert the Array Information CD that shipped with your TaqMan 

Array card. 

b. In the SDS software, select FileImport. In the SDS software, set up the 

experiment (SDS plate document), using the SDS Setup File included on the 

Array Information CD (this page). 

c. In the Import dialog box, navigate to the SDS Setup File for your TaqMan Array 

card, then click Import. The SDS software imports information from the SDS 

Setup File into the SDS plate document. Note: The SDS software uses the 

information from the SDS Setup File to automatically configure the plate grid and 

setup table with detector, detector task, marker, and sample data. For details on 

the SDS Setup File, see page 26. IMPORTANT! Modifying the contents of the 

SDS Setup File can corrupt the file, making the file unusable (that is, you will not 

be able to access information for the TaqMan Array card). 

30) Save the SDS plate document: 

a. Select File, Save As. 

b. Navigate to a save location. 

c. Enter a name for the SDS plate document. 

d. For Files of Type, select SDS 7900HT Document (*.sds) or SDS 7900HT 

Template Document (*.sdt). Note: You can save the plate document as an SDS 

plate document (*.sds) or SDS template (*.sdt). Saving the plate document as an 

SDS template is recommended when you want to create duplicate plate 

documents for a series of TaqMan Array cards with identical assay 

configurations. 

e. Click Save. 

31) Open the SDS plate document in the SDS software. 
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32) Select the Instrument tab. 

33) Use the default thermal cycling conditions, as shown in the Thermal Cycler tab. Note: 

When you selected 384 Well TaqMan Low Density Array, the SDS software 

automatically set the appropriate thermal cycling conditions for the TaqMan Array cards. 

34) Select the Real-Time tab. If the software is not connected to the instrument, click 

Connect to Instrument. 

35) If the instrument tray is inside the instrument, click Open/Close to rotate the instrument 

tray to the OUT position. 

36) Verify that the TaqMan Array Micro Fluidic Card Thermal Cycling Block is installed in 

the instrument tray.  

37) Place the prepared TaqMan Array card in the instrument tray with: Well A1at the top left 

corner of the tray and the notched corner at the top right and the barcode toward the front 

of the instrument. 

38) Click Start Run. The instrument tray rotates to the IN position. During the run, the 

instrument displays real-time status information in the Instrument Real-Time tabs and 

records the fluorescence emissions. During the run, you can view the data (as the data are 

generated in real-time). 

39) When the Run Complete dialog box appears, click OK to close the dialog box, click 

Open/Close, then remove the TaqMan Array card from the instrument tray. 

Expression levels were normalized to 18S gene expression. 

Table B-1. Assay ID for selected gene targets in Chapter II. 

Gene Symbol Alias Assay ID 

Tlr2 - Rn02133647_s1 

Tlr4 - Rn00569848_m1 

Tollip - Rn01479669_m1 

18s rRNA - Hs99999901_s1 

Slc5a8 RGD1564146 Rn01503812_m1 

Slc16a1 MCT1;RATMCT1;RNMCT1 Rn00562332_m1 

Nfkb1 NF-kB Rn01399583_m1 

Nfkbia RL/IF-1 Rn01473657_g1 

Ptgs2 COX-2;Cox2 Rn01483828_m1 

Acads Scad Rn00574634_m1 

Acadm MCAD Rn00566390_m1 

Muc1 - Rn01462585_m1 

Muc2 HH-Muc Rn01498196_g1 

Muc3a Muc3 Rn01481134_m1 

Muc4 ASGP-1;Psmc Rn01475265_m1 

Muc5ac - Rn01451270_g1 
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Chapter II microbial DNA isolation and quantification for sequencing 

Luminal contents collected at termination (Chapter II) were immediately transferred to 

sterile cryotubes, placed on ice, then stored at -80°C. DNA was isolated from homogenized fecal 

samples using a FastDNA SPIN kit for Feces according to the manufacturer’s instructions (MP 

Biomedicals, Solon, OH). Fecal samples were weighed and then homogenized in the FastPrep 24 

instrument with kit provided buffers (825 ul Sodium Phosphate Buffer, 275 ul PLS solution, 122 

ul MT Buffer) in Lysing Matrix E tubes. Following homogenization, tubes were centrifuged at 

14,000 x g for 5 min, and the supernatant was transferred to a clean 2.0 ml centrifuge tube. 

Proteins were precipitated from the supernatant by adding 250 ul PPS solution and incubating at 

4°C for 10 min. Solution was centrifuged at 14,000 x g for 2 min, and the supernatant was 

transferred to 15 ml conical tubes containing 1 ml Binding Matrix Solution and placed on a plate 

rocker for 3 min. Following a 2 min centrifugation at 14,000 x g, the supernatant was decanted 

and remaining pellet resuspended with 1 ml Wash Buffer #1. This solution was transferred into a 

kit provided SPIN filter tube and centrifuged for 1 min at 14,000 x g. A 500 ul aliquot of Wash 

Buffer #2 was added to the SPIN filter and all flow through was discarded following a 2 min 

centrifugation at 14,000 x g. The SPIN filter was then transferred to a clean catch tube. To elute 

purified DNA, 50 ul of TES was added to the SPIN filter and the tubes were centrifuged at 

14,000 x g for 2 min. Purified DNA was stored at -80°C. A negative control containing H2O 

instead of sample was purified in parallel to each extraction batch to screen for contamination of 

extraction reagents.  

 Double-stranded DNA was quantified using the Quant-iT™ PicoGreen™ dsDNA Assay 

Kit (Invitrogen, P11496) according to the manufacturers’ protocol. To begin, a ‘high-range’ (1 

ng/ml to 1 µg/ml) standard curve was set up. First, a 2 µg/ml stock solution of dsDNA in TE 
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buffer was made. The lambda DNA standard, provided at 100 μg/mL in the Quant-iT™ 

PicoGreen® Kits, was diluted 50-fold in TE to make the 2 μg/mL working solution. Thirty μL of 

the DNA standard mixed with 1.47 mL of TE was sufficient for the standard curve described 

below.  

Volume (µl) of TE 
Volume (µl)  

of 2 µg/ml DNA Stock 

Volume (µl) of 

Diluted Quant-iT™ 

PicoGreen Reagent 

Final DNA 

Concentration in 

Assay 

0 1000 1000 1 µg/ml 

900 100 1000 100 µg/ml 

990 10 1000 10 ng/ml 

999 1 1000 1 ng/ml 

1000 0 1000 blank 

1) Prepare the Quant-iT™ PicoGreen® Reagent by making a 200-fold dilution of the 

concentrated DMSO solution in TE. To assay 20 samples in a 2 ml final volume, add 100 

µl Quant-iT™ PicoGreen® Reagent to 19.9 mk TE. Cover the vial containing the prepared 

reagent in foil. 

2) Dilute the stock solution into disposable cuvettes (or plastic test tubes) according to the 

table above.  

3) Add 1.0 ml of the aqueous working solution of PicoGreen® reagent. Mix well and 

incubate for 2 to 5 minutes at room temperature, protected from light.  

4) After incubation, measure the sample fluorescence using a fluorescence microplate reader 

and stand fluorescein wavelengths (excitation ~480 nm, emission ~520 nm).  

5) Subtract the fluorescence value of the reagent blank from that of each of the samples. Use 

corrected data to generate a standard curve of fluorescence versus DNA concentration.  

6) Dilute the experimental DNA solution in TE to a final volume of 1.0 ml in disposable 

cuvettes or test tubes.  

7) Add 1.0 ml of the aqueous working solution of the Quant-iT™ PicoGreen® Reagent to 

each sample. Incubate for 2 to 5 minutes at RT, protected from light. 

8) Measure the fluorescence of the sample using instrument parameters that correspond to 

those used when generating your standard curve. To minimize photobleaching effects, 

keep the time for fluorescence measurement constant for all samples.  

9) Subtract the fluorescence value of the reagent blank from that of each of the samples. 

Determine the DNA concentration of the sample from the standard curve generated 

previously.  

10) The assay may be repeated using a different dilution for the sample to confirm the 

quantitation results.   

 

 

 

 

 


