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Abstract 

 

Sex-based differences in immune parameters are well recognized, and recent evidence 

suggests differences in microbiota composition between sexes, necessitating assessment of 

effects of dietary fermentable material (DFM) in both males and females.  Effects of 

consumption of DFM of differing composition (Wheat Bran (WB), Oat Bran (OB), 

Resistant Starch (RS), Fructooligosaccharides (FOS)) on the immune system were 

compared under resting and immunized conditions between sexes. The gut microbiota 

composition and short chain fatty acid profiles differed between rats fed different DFM 

and also differed between sexes following FOS consumption. Immune parameters were 

analyzed for the effect of diet, differences between sexes or interactions (diet x sex), to 

detect the effect of DFM on male and female rats. The kinetics of primary (Day 0, 5, 10, 

15) and secondary antibody responses (Day 21) were measured following immunization 

with a T cell-dependent antigen, Keyhole Limpet Hemocyanin (KLH). Under resting 

conditions, male rats had more FoxP3+ Treg cells in the mesenteric lymph node (MLN) and 

spleen than did females. Levels of the regulatory cytokine TGF-also increased in the 

MLN in a DFM-dependent manner. In contrast, percentages of MLN and splenic CD68+ 

macrophages and levels of gut tissue IL-10 were higher in females than males. These 

results suggest immune regulation at the mucosal level is controlled in a differential manner 

between sexes and was affected by DFM intake only in males. At the systemic level, DFM 

intake delayed the primary anti-KLH IgG antibody response kinetics in male 

(control>>WB>OB>RS>FOS) and female (control> FOS>WB>RS>OB) rats. The 

secondary anti-KLH IgG response in control-fed males was 10-fold higher than in control-
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fed females.  DFM intake in males significantly decreased anti-KLH IgG levels relative to 

control-fed males. Collectively, these findings demonstrate DFM consumption in males 

potentially induces systemic immune regulation leading to a delayed response to immune 

challenge, an effect that was not observed in females. 
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“I long so much to make beautiful things. But beautiful things require effort and 

disappointment and perseverance.” 

-Vincent Van Gogh 
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1. Introduction 

 

According to a 2002 survey the mean dietary fibre intake for Canadians ranged from 

16.5 to 19.4 g/day for men and 14.3 to 16.6 g/day for women, well below the recommended 

amounts of 38 g/day for men and 25 g/day for women by the Institute of Medicine (Health 

Canada, 2010). In contrast to the current intake, our ancestors ingested >100g/day of fibre, 

calculated based on a 50:50 animal-vegetable subsistence ratio (Eaton, 2006).  The 

importance of dietary fibre to gut health was revived in the 1970s by Dennis Burkitt.  Dr. 

Burkitt noted the incidence of colon cancer was the lowest in rural regions of under-

developed countries (Africa, India and Iran) compared to developed Western nations. He 

hypothesized that the rise in gastrointestinal-related diseases was due to alterations in 

bowel behaviour, dictated by the increased fat, protein and sugar and reduced absorbable 

fibres in Western diets (Burkitt, 1973). Since then, interest in the role of dietary fibre in 

maintaining health has increased. Health Canada (2010) defines a dietary fibre as a 

“naturally occurring edible carbohydrate of plant origin that is not digested or absorbed by 

the small intestine” (Health Canada, 2010). The primary acceptance criteria for health 

claims associated with dietary fibres have been based upon beneficial physiological effects 

demonstrated in human subjects (Health Canada, 2010). Widely accepted physiological 

benefits from dietary fibre intake include stool laxation, lowering of serum low density 

lipoproteins (LDL) and glycemic control (Slavin, 2013).  However, Health Canada (2010) 

has acknowledged that the benefits associated with dietary fibre intake may extend beyond 

physiological factors and has included the effects on the gut microbiota and immune 
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changes as parameters requiring more attention to thoroughly evaluate fibre-related health-

claims (Health Canada, 2010).   

The gut microbiota-host interaction is complex and downstream immune changes from 

this interaction are dependent upon a myriad of immune cells that are evolutionarily 

conditioned to integrate multiple gut-derived signals and respond in a manner leading to 

mucosal immune homeostasis. Gut microbiota are critical to the development and 

maturation of the innate and adaptive immune system. In turn the microbiota diversity is 

regulated by the innate and adaptive arms of the immune system (Macpherson and Uhr, 

2000; Peterson et al., 2007; Littman, 2010). Dietary fermentable material (DFM) 

consumption has been shown to change intestinal bacterial community composition 

(Abnous et al., 2009; Kalmokoff et al., 2013). DFM-mediated changes are often claimed 

to affect host immune parameters via a number of different mechanisms such as the 

prebiotic effect (Collins and Gibson, 1999), increases in short chain fatty acid (SCFA) 

outputs (Smith et al., 2013; Conlon et al., 2012) or by direct effects of the substrates 

themselves (Ortega-Gonzalez et al., 2014; Kovacs-Nolan et al., 2013). However, the extent 

to which dietary fibre-mediated effects on the gut microbiota in turn influence the immune 

system would be expected to vary with fibre structure and fermentability along the GI tract, 

potentially resulting in location-dependent effects on the underlying gut associated 

lymphoid tissue (GALT) (Roberfroid, 2000; Artis 2008; Hord, 2008). For example, dietary 

oat -glucan acting via dectin-1 receptors on immune cells (Volman et al., 2008) can 

increase expression of pro-inflammatory cytokines in both the cecum and colon of 

weanling pigs, an effect correlated to total SCFA production (Metzler-Zebli et al., 2012). 

In an in vitro system, oat -glucan enhanced production of innate immune cytokines by 
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intestinal epithelial cells (IEC) (Ramkers et al., 2007). In contrast, others have noted oat -

glucan, depending on the immune cell type it acts upon, reduces the expression of pro-

inflammatory cytokinesChanput et al., 2012). Wheat protein ingestion led to an increase 

in B cell and dendritic cell percentages along with TH1 (T helper 1) activation, in the 

mesenteric lymph node (MLN) of diabetes prone rats (Chakir et al., 2005). Collectively 

these studies show that DFM-mediated alterations in immune parameters not only depend 

upon the physico-chemical and fermentation properties of a fermentable substrate, but that 

the immune cell type and location play an important role in the outcomes.  Many studies 

have focused on immune changes in the colon in relation to DFM intake. However, 

intestinal tissues differ morphologically and immunologically from each other (Schultz and 

Pabst, 2013; Mowat and Agace, 2014) and fibre intake would thus be anticipated to 

demonstrate differential effects along the GI tract, especially considering the varied ways 

in which dietary fibre can engage the immune system.            

Rodents are of particular significance in diet-related mechanistic studies (Brooks and 

Kalmokoff, 2012).  However, in order to avoid confounding effects from the estrus cycle, 

these studies are typically carried out using males only, limiting insight into potential sex 

differences.  Sexual dimorphism in immune parameters is well documented (Ahmed et al., 

1985; Ahmed et al., 1990; Verthelyi, 2006).  Recently, sex-based differences in certain 

genes associated with histone-modifying activity, and of genes associated with control of 

infection and inflammation, were observed in the small intestine and colon of prepubescent 

C47BL/6 mice (Steegenga et al., 2014).  Evidence also supports sex-based differences in 

gut community composition (Merkle et al., 2013; Bernbom et al., 2006; Li et al., 2008), 

gut community metabolic activity (McOrist et al., 2011) and in the effects induced by diet 
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on the gut microbiota across different species. While diet-associated changes in microbiota 

composition may correlate with the sex-diet interaction, the mechanism(s) underlying these 

compositional changes have yet to be elucidated (Bolnick, et al., 2014). However, these 

differences demonstrate potential limitations in extrapolating from studies of effects of 

DFM on males to effects on females. 

Immune events at the gut mucosa would be expected to induce systemic changes via the 

gut-liver axis, and the liver is an important location for systemic immune regulation. 

Relatively few studies have examined fibre-mediated immune effects at the systemic level 

(Nofrarias et al., 2007; Ryz et al., 2009; Buddington et al., 2002), and even fewer have 

focused on the liver. Changes in immune parameters at the liver can thus serve as a 

downstream indicator of effects of DFM at the intestinal mucosal level.  

The animal studies described here were designed in collaboration with researchers at 

Health Canada and Agriculture and Agri-Food Canada to examine the effects of different 

types of DFM on mucosal and systemic immune changes between male and female rodents 

under resting and immunized conditions, and are complemented by in vitro experiments 

focusing on effects of microbial products at the IEC level. Overall, the findings suggest 

DFM-mediated effects on immune parameters under resting and immunized conditions 

differ between sexes. 
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2. Background 

 

     Properties of DFM   

 

DFM are classified as non-starch carbohydrates, consisting of monomeric sugar 

moieties. The variation in the linkage of monosaccharides and polymer chain length make 

DFM the most diverse and heterogenous group of molecules on earth (Hamaker and Tuncil, 

2014). The physico-chemical aspects of DFM determine how readily it can breakdown into 

simple sugars by the gut microbiota. The degree of susceptibility of a carbohydrate to 

bacterial digestion is termed “fermentability” and varies between different types of fibres 

(Hamaker and Tuncil, 2014; Mugdil and Barak, 2013).  

Dietary fibres are made up of hemicellulose, which maintains plant cell wall integrity 

by binding to cellulose and lignin and include arabinoxylans, xyloglucans, glucomannans, 

galactomannans and -glucans. The present study evaluated the effects of different types 

of fibres, including wheat bran (WB) and oat bran (OB), which contain arabinoxylan and 

-glucan, respectively. Arabinoxylan has a xylose backbone and arabinose side chain, 

configured in a 1-4 linkage and is an insoluble complex structure (Lattimer and Haub, 

2010; Hamaker and Tuncil, 2014).  OB consists of -glucans, made up of glucose 

molecules in a linear unbranched chain consisting of both 1-4 and 1-3 linkages in its 

backbone (Butt et al., 2008). OB is a soluble fibre that forms a viscous gel. This facet of 

OB helps prolong its transit time in the gut and helps soften stool. In contrast, insoluble 

WB has a large water holding capacity which helps in fecal bulking but shortens its transit 

time in the small intestine. Soluble fibres are also completely fermented by the colonic 

microbiota, whereas insoluble fibres are slowly fermented along the gut and this 
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contributes to the increase in fecal mass (James et al., 2003; Lattimer and Haub 2010; 

Stevenson et al., 2012; Mudgil and Barak, 2013). 

Non-digestible fibres contain plant oligosaccharides which include fructo-

oligosaccharides (FOS). FOS are fructose polymers linked by β (1-2) glycosidic bonds and 

often terminate in a glucose molecule (Singh and Singh, 2010). FOS are rapidly fermented 

in the proximal colon and due to their fermentation characteristics are classified as a 

prebiotic. Prebiotics are defined as “non-digestible food ingredients that beneficially affect 

the host by selectively promoting the growth and or activity of a limited number of colonic 

bacteria that promote health” (Roberfroid, 2007). Prebiotics are considered to be both 

soluble and fermentable and are unique in their solubility as they do not gel nor modify 

viscosity in the gut (Parnell and Reimer, 2009).  

Resistant starch (RS), is a type of starch that is resistant to digestion and absorption in 

the small intestine, the bulk of which enters the large colon to be fermented. The large 

intestinal fermentation of resistant starch purportedly makes it beneficial to colonic health. 

Starch is mainly found in two forms: amylose and amylopectin. Amylose is a linear 

polymer consisting of glucose monomers linked by linkages, while amylopectin is 

a large glucose polymer that is branched with  (1-6) linkages. There are four types of 

resistant starches (RS1, RS2, RS3 and RS4), classified based on their amylose: amylopectin 

ratio and the manner in which they are processed. The current study evaluated the effect of 

RS2 or high amylose maize starch, which is found in green bananas and raw potato (Bird 

et al., 2010; Hamaker and Tuncil, 2014).  
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Table 1: Structural properties of different DFM 

Fibre Main 

Monomer 

Physico-chemical 

structure 

Solubility Degree & Location of 

Fermentation  

References 

Wheat bran Arabinoxylan Branched chain polymer 

  linkage 

Insoluble Low fermentability  

Distal colon 

Stevenson et al., 

2012; James et 

al., 2003 

Oat bran glucan Branched chain polymer  

 (1-3) and (1-4) 

linkages 

Soluble Fermentable  

proximal colon 

Butt et al., 2010; 

James et al., 

2003 

Fructo-

oligosaccharide 

Fructose Short length chains 

glycosidic 

bonds 

Soluble High fermentability 

 Proximal colon 

Singh & Singh, 

2010; Parnell & 

Reimer 2011 

Type 2 resistant 

starch  

Amylose Linear polymer 

 (1-4) linkages 

Soluble High fermentability 

Cecum  

Bird et al., 2010 



8 
 

DFM and gut microbiota  

 

The microbial community is varied between different mammals, but similarities exist 

as the process of acquisition of the microbiota is comparable. Colonization, being time 

dependent (Topping and Clifton, 2001), is dictated by the sequential introduction of 

microbes that evolve into a stable trophic structure. Gut microbiota diversity is more 

evident at the strain level than the genus level, a factor that contributes to functional 

redundancy by colonizing microbes. This is believed to be an evolutionary attribute 

selected for by the host to help shape and maintain the stability of the microbial community 

(Ley et al., 2006). Differences in the structure of gut microbiota community profiles in 

homogenous animals occur because of changes over time at a functional level, which leads 

to metabolically diverse phenotypes (Li et al., 2008; Bernbom et al., 2006). Weaning, host 

genetics, microbiome (collective genome of the microbiota) and diet play important roles 

in the succession and shift towards the high density of colonization in the mammalian GI 

tract (Gaskins et al., 2008). A study involving 106 individual mammals representing 60 

species, including Wistar rats, was conducted to assess the link between gut bacterial 

composition and diet. The results of the study showed mammalian microbiota varied across 

phylogeny and diet (Ley et al., 2008). More recently, findings by Carmody et al., (2015) 

revealed different types of diets consistently reshaped the gut microbiota community 

despite differences in host genotype (Carmody et al., 2015).   

The selective stimulation of a specific genus or group of gut bacteria and/or a 

metabolic activity linked with these bacteria is often claimed to be a benefit associated with 

consumption of DFM. In rats, fructans appear to stimulate the growth of bifidobacteria, 

lactobacilli and other lactic acid bacteria (Howard et al., 1995; Sghir et al., 1998; Le Blay 
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et al., 2003), well known for their immuno-modulatory activities (Schley and Fields, 2008; 

Lebeer, 2010). The fecal microbiota composition of Wistar rats using comparative 

sequence analysis of 16s rDNA showed the percentage of total clones were divided 

amongst lactobacilli (most abundant at 23%), Clostridium coccoides group (18%), 

Clostridium leptum subgroup (9%), low GC content Gram positive bacteria (13%) and 

clones for Gram negative bacteria aligned within the Bacteroides-Cytophaga lineage 

(36%) (Brooks et al., 2003). However, the composition of the mammalian gut microbiota 

remains largely unknown as the majority of bacterial sequences are that of uncultivable 

and or novel bacteria (Quigley, 2010) and analysis is further complicated because microbial 

ecology varies along regions in the gastrointestinal tract of most mammals (Zoentendal et 

al., 2004). Correlating DFM-mediated effects on select bacteria to downstream immune 

changes can be misleading for two reasons 1) the immune changes would be regionally 

biased 2) immune cell function is diverse and location dependent in the gut (explained in 

detail further below).  

Our collaborators examined the shift in gut bacterial community structure as a whole 

in rats fed different dietary fibres (Abnous et al., 2009; Kalmokoff et al., 2013).  They 

noted that major changes in fecal community richness in OB and WB-fed male rats 

occurred within the Clostridium coccoides and Clostridium leptum groups relative to rats 

fed the control diet (Abnous et al., 2009).  In contrast, high amylose maize starch (RS2) 

reduced species richness in both the cecum and feces, resulting in a gut community 

dominated by Bacteroidetes (Kalmokoff et al., 2013). FOS supplementation not only 

affected the fecal community differently from the other DFMs, but also changed the 

microbiota structure differently between sexes. In males FOS intake increased the 
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abundance of faecal Lachnospiraceae, while in female rats FOS intake altered the 

community structure by increasing abundance in the Phylum Bacteroidetes and reducing 

abundance of the Family Lachnospiraceae (manuscript in preparation). Others have noted 

microbiota compositional differences between male and female mice fed a basal diet 

(Markle et al., 2014). Bolnick et al. (2014) were the first to show that diet-induced 

microbiota changes among vertebrate populations including fish in the wild, mice housed 

in labs and humans differed between the sexes (Bolnick et al., 2014). These findings 

illustrate DFM with different physicochemical characteristics can impact fecal microbiota 

composition and that the compositional changes induced by the same diet can be different 

between sexes, leading to potential differences in secreted microbial metabolites.  

DFM and fermentation metabolites  

 

Microbial fermentation of carbohydrates in the intestine results in production of large 

quantities of metabolites, including short chain fatty acids (SCFA).  SCFA production is 

dependent upon the microbiota composition, transit time and fermentation characteristics 

of the carbohydrate (Flint et al., 2007). SCFA reach concentrations >80 millimolar in the 

colon of humans and their quantity is dependent upon the balance between production and 

absorption rates and the transit time through the gut (Miller, 2004). Organic acids reduce 

the intra-luminal pH and increase the concentration of ionized minerals (Ca+2 and Mg+2) 

which favours the passive diffusion of SCFA into IEC (Roberfroid, 2007; Perez de la Cruz, 

2006).  SCFA stimulate the absorption of water and salt, which increases the moisture of 

the cecal digesta, leading to an increase in intestinal motility (Sabater-Molina et al., 2009).  

Acetate, butyrate and propionate, the main types of SCFA, are usually present in molar 

concentrations of 3:1:1 and have been shown to be important to colonic health (Miller, 
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2004).  RS intake in humans can induce butyrate production, however this was shown to 

vary between individuals, leading to a higher rate of production and excretion of butyrate 

in males compared to females (McOrist et al., 2011).  Rats fed the RS-supplemented diet 

used in this study also had high concentrations of total SCFA and butyrate in their cecal 

and fecal matter (Kalmokoff et al., 2013). WB, being highly lignified, would be anticipated 

to support only low amounts of SCFA production, however wheat bran intake can increase 

the levels of total SCFA and butyrate in the cecum of rats (Chen et al., 2011).   

Butyrate is preferred over glucose to undergo -oxidation by colonocytes for energy, 

influencing IEC growth, differentiation and apoptosis (Marteau et al., 2004, Miller, 2004; 

Singh et al., 1997; Barnard and Warwick, 1993; Bailon et al., 2010).  Cummings et al., 

(1987) noted that the molar ratios of acetate, butyrate and propionate changed from colonic 

contents to portal blood to hepatic vein, and that butyrate levels were the lowest outside of 

the gut (Cummings et al., 1987). Butyrate’s straight chain 4-carbon monocarboxylic 

configuration may play a role in its quick absorption and metabolism by gut epithelial cells 

(Miller, 2004). Butyrate is also well characterized as a histone-deacetylase (HDAC) 

inhibitor. It can increase the acetylation of histone and non-histone proteins allowing it 

control over gene expression.  However, butyrate’s HDAC property induces a paradoxical 

effect on neoplastic versus normal colonocytes (Vinolo et al., 2011; Wu et al., 2012; 

Schilderink et al., 2013). 

The effect of butyrate on colonocytes has been shown to vary depending upon the type 

of fibre serving as the substrate for butyrate production.  For example, Zoran et al. (1997) 

compared the effect of oat bran and wheat bran ingestion on azoxymethane-induced 

colonic tumor growth in rats. Wheat bran feeding induced higher butyrate levels over 
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propionate levels, but it was the significant increase in distal butyrate concentrations from 

oat bran-intake that induced the development of more tumors in the rat colon (Zoran et al., 

1997).  In contrast, high butyrate concentrations in rats fed a high amylose starch diet 

correlated negatively to colonocyte DNA damage (measured as single strand breaks) 

relative to rats fed a Western-type diet (Conlon et al., 2012). These results illustrate how 

different types of fermentable substrates modulate host biology differently and that DFM-

mediated effects may potentially extend beyond those induced by SCFA alone.  

 

The gut epithelium  

 

The intestinal lumen has the highest burden of microbes and secreted microbial-

metabolites and as such, defences are required by the host to protect internal tissue from 

invasion and subsequent sepsis. Innate responses start with tight barrier protection provided 

by IEC. IEC join together through the action of tight junction proteins (occludins, claudins 

and zona occludins) to form a monolayer that is usually impenetrable by both commensal 

and pathogenic microbes (Kunisawa and Kiyono, 2005; Neish, 2002; Ismail and Hooper, 

2005). The epithelium not only acts as a physical barrier but employs surveillance tactics 

that allow it to interact with the luminal environment. The duality in epithelium activity 

helps to cement the central idea of gut immunity: immune tolerance.  

Immune responses in the gut lead to neutralizing a foreign presence rather than clearing 

the intruder via an inflammatory process. Inflammation is counter-productive in the gut 

unless required for dealing with infection, as the antigenic load from the microbiota and 

food particles would otherwise constantly trigger inflammatory responses, as the innate 

arm of the immune system lacks memory. Instead IEC interactions with luminal microbes 
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induces a state of “physiological inflammation” that is both transient and self-limiting, and 

is modulated by immune cells in the underlying gut associated lymphoid tissues (GALT), 

such as macrophages and dendritic cells. The microbial composition helps determine 

whether the epithelium responds in an inflammatory manner or non-inflammatory manner 

(Schiffrin and Blum, 2002).  A loss in specific gut microbial populations and/or loss of 

immune regulation at the host level, leads to intestinal disorders and disease and is termed 

dysbiosis. For example, one of the most abundant bacterium within the Clostridium leptum 

group, Faecalibacterium prausnitzii, has been found to be defective in the microbiota of 

patients suffering from Crohn’s disease (Sokol et al., 2008). The host-microbiota 

relationship is bi-directional and the communication is maintained by a dynamic epithelial 

barrier that also acts as the first line of defense.   

 

Activation of epithelial innate mechanisms 

 

IECs can detect microbe-associated molecular patterns (MAMPs) through various types 

of innate immune sensors that are collectively known as pattern recognition receptors 

(PRR).  Upon sensing either a commensal or pathogenic microbe, PRRs start a signalling 

cascade, activating MAP kinases and downstream transcription factors, including nuclear 

factor-B (NF-B) (Neish, 2002; Parhar et al., 2003).  NF-B is held in an inactive form 

in the cytosol, by the inhibitory protein The events leading to transcription of pro-

inflammatory mediators are preceded by the phosphorylation of as a result of PRR 

activation. Following phosphorylation,  is ubiquitinated, which tags it for rapid 

proteosome degradation, and leads to the release of NF-B. Free NF-B translocates into 

the nucleus and binds to DNA to start transcription of genes encoding several 
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proinflammatory mediators (Neish, 2002; Ismail and Hooper, 2005). The expression of rat 

chemokine cytokine induced neutrophil chemoattractant (CINC)-1, a homologue of human 

IL-8, is controlled by NF-B (Reed, 2005). The transcription of chemokines, such as 

CINC-1, leads to the recruitment of cytokine-releasing T cells, dendritic cells, natural killer 

cells, neutrophils and basophils that mount an inflammatory response that helps clear the 

microbe (Hooper and Macpherson, 2010; De Palma et al., 2009).  CINC-1 can be secreted 

by macrophages or IECs (Alonso, 1996; Yoshida, 2002) and CINC-1 concentrations form 

a gradient for neutrophil infiltration in areas of inflammation (Takaishi, 2000).  

NF-B also mediates the transcription of several other pro-inflammatory cytokines. 

Cytokines are soluble proteins that are by far the most important orchestrators of immune 

activity and are secreted, by a variety of different immune cell types. They can be generally 

classified on the basis of their activity as lymphocyte growth factors, pro-inflammatory, 

anti-inflammatory or regulatory mediators. However, these effector molecules tend to be 

pleiotropic in nature, examples of which are detailed below. Cytokines evolved from early 

intracellular signalling molecules before the appearance of receptors and were first detected 

as a “soluble factor” in pus exudates. Their mode of action is comparable to that of 

hormones, in that they perform in an autocrine or paracrine manner, however their key role 

is in directing immune activity (Dinarello, 2007). 

SCFA can act on IEC through G-coupled protein receptors GPR43 and GPR41 to induce 

cytokine and chemokine production through mitogen-activated protein kinase (MAPK) 

signalling (Kim et al., 2013). Butyrate down-regulates NF-B mediated proinflammatory 

cytokine production in IECs, potentially via apical GRPR109A (Kumar et al., 2009; Cox 

et al., 2009; Thangaraju et al., 2009).  Kumar et al., (2009) demonstrated physiological 
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concentrations of butyrate de-neddylated Cullin-1, a subunit of the ubiquitin ligase, thus 

suppressing the release of NF-B. They noted the de-neddylation was linked to butyrate-

induced increase of reactive oxygen species (ROS) by IEC (Kumar et al., 2009). However 

an earlier study by Nenci et al., (2007) showed NEMO (NF-B essential modulator) 

knockout mice spontaneously developed chronic intestinal inflammation. NEMO-/- mice 

displayed a compromised epithelial barrier, allowing tumor necrosis factor (TNF), a potent 

immune stimulant, to evoke epithelial apoptosis (Nenci et al., 2007). Collectively these 

findings establish that epithelial barrier integrity is linked to NF-B activation and point to 

a role for butyrate in influencing barrier integrity through down-regulatory effects on NF-

B activation.  Rats fed different types of DFM would have a differential SCFA profiles 

and levels of butyric acid production, which may in turn produce DFM-associated 

alterations to gut epithelial integrity 

 

Pathogen Recognition Receptors: The surveillance team 

 

The most important PRRs are the Toll Like receptors (TLRs) that were first discovered 

in Drosophila (Medzhitov, 2007) and were later shown to play an important role in 

epithelial homeostasis through interactions with commensal bacteria (Rakoff-Nahoum et 

al., 2004). TLRs are present on both the apical and basolateral side of IECs and other 

immune cells, especially dendritic cells and macrophages, and their expression varies along 

the gut (Abreu, 2010). Thirteen TLR have been identified in mammals, of which TLR 1, 

2, 4, 5, 6 and 9 recognize bacterial constituents (Schiffrin and Bloom, 2002). TLR4 detects 

the presence of lipopolysaccharides (specifically hexa-acylated LPS) of Gram-negative 

bacteria and TLR5 recognizes bacterial flagellin (Ismail and Hooper, 2005). TLR2 
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recognizes lipotechoic acids within the peptidoglycan of Gram-positive bacteria (Abreu, 

2010). TLR2 is also known to hetrodimerize with TLR1 and TLR6, when activated by 

triacylated or diacylated lipoproteins, respectively (Takeuchi et al., 2002). A recent study 

by Hayashi et al. (2013) demonstrated that Clostridium butyricum induced IL-10 

production in intestinal macrophages via TLR2 in mice with experimental colitis (Hayashi 

et al., 2013). Resident microbiota also participate in maintaining basal level inflammation 

through TLR2 interaction, which leads to the transcription of antimicrobials and defensin 

peptides, resulting in homeostasis (Mazmanian, 2005). TLR9 is expressed in the endosome 

membrane and recognizes particular unmethylated CpG DNA motifs of native bacterial 

cells (Verthelyi and Zeuner, 2003; Courthesy and Gaskins, 2007) and thus is a critical 

player in the downregulation of inflammatory responses.  

The highly conserved Toll/Interleukin-1 domains of TLRs, when bound to their ligands, 

interact with the adaptor protein MYD88 (myeloid differentiation primary-response 

protein) and start the signalling cascade for nuclear factor-B (NF-B) activation (Lebeer 

et al., 2010; Ismail and Hooper, 2005). While most TLRs primarily act through the MYD88 

pathway, TLR3, which detects viral double stranded RNA, instead triggers the MYD88-

independent pathway. This was ascertained from studies utilizing MYD88-/- knockout 

mice, where TLR3 stimulation was noted to still activate NF-B. TLR3 activation does not 

involve the Toll/ Interleukin 1-MYD88 interaction, but instead utilizes the adaptor protein 

TRIF (Toll/Interleukin1 domain containing adaptor inducing IFN- TRIF in turn induces 

the transcription factor IRF-3 which associates with IB kinases leading to NF-B 

activation. The MYD88 independent pathway also leads to the transcription of IFN-

inducible genes such as IP-10 (Takeda and Akira, 2004).  
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Another means of NF-B activation is through the nucleotide binding oligomerization 

domains (NOD1 and NOD2), pattern recognition receptors found in the cytoplasm which 

also recognize peptidoglycans (Tlaskalova-Hogenova, 2005). NOD1 and NOD2 are 

expressed by IEC and antigen presenting cells (APC), such as dendritic cells, but are not 

expressed by lymphocytes. NOD 1 binds to Gram negative bacterial ligands and NOD2 

recognize ligands of both Gram positive and Gram negative bacteria. Their activation 

through ligand binding leads to NF-B activation and pro-inflammatory gene upregulation 

(Strober et al., 2006). 

Carbohydrate-specific receptors, a separate category of PRRs, recognize carbohydrate 

domains. These receptors are a reflection of convergent evolution, as they have been 

identified in animals, yeast and bacteria and are dependent on Ca2+ binding for their 

activation (Taylor and Drickamer, 2014). PRRs such as C-type lectin receptors (CLR), 

including dectin-1, can recognize carbohydrate sugar moieties. Dietary oat -glucan acting 

via dectin-1 receptors on immune cells (Volman et al., 2010) has been shown to reduce the 

expression of pro-inflammatory cytokinesChanput et al., 2012). Many dietary 

components demonstrate direct immune-modulatory effects via different types of CLRs 

(Ortega-Gonzalez et al., 2014; Kovacs-Nolan et al., 2013). For example, 

fructooligosaccharides (FOS) can act through Peptidoglycan Recognition Proteins on IEC, 

affecting cytokine production (Zenhom et al., 2011). However, MYD88 and TLR4 gene 

knock down in IEC-18 cells was shown to decrease the production of MIP-2 (macrophage 

inflammatory protein-2) and GRO-growth-related oncogene) when stimulated with 

oligosaccharides. These findings suggest oligosaccharides could induce proinflammatory 

cytokine production directly via interactions with TLR4 (Ortega et al., 2014). Taken 
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together these studies show that DFM also can directly influence immune parameters 

independent of microbiota changes or fermentation-related activity and that these effects 

are based on the ability of DFM components to engage PRR. 

Sex hormone-mediated effects on cells of the immune system are well documented 

(Fish, 2008; Verthelyi, 2006) although few studies have examined their effects on TLR-

mediated immune activity. Testosterone has been shown to decrease TLR4 expression, and 

this is speculated to be a possible mechanism for immune suppression in males (Fish, 

2008).  Expression of peripheral TLR-induced pro-inflammatory cytokines has been shown 

to be dependent upon the menstrual cycle (Dennison et al., 2012).  Recently the expression 

of TLR 2 and 4 has been reported to be sex-biased in mice affected with Coxsackie virus 

(Roberts et al., 2013), with male mice being more susceptible to virus-induced myocarditis 

due to a suppression in regulatory T cells via TLR signaling (Roberts et al., 2013). In 

contrast, rodent astrocytes stimulated with LPS did not demonstrate a difference in TLR4 

expression between sexes. Taken together DFM intake may have differential effects on 

TLR activation between sexes at the level of the gut epithelium.   

Mucin: Epithelial protector and microbiota fodder 

 

Mucin is a gelatinous glycoprotein secreted by goblet cells of the intestine. It is a 

major barrier that separates the microbiota in the lumen from the intestinal epithelial 

surface (Deplancke and Gaskins, 2001; Neish, 2002; Hooper and Macpherson, 2010). Early 

studies of the actions of dietary fibres and resistant starch used changes in intestinal mucin 

as a physiological measure to understand the effects of fibre. For example, Satchitanandam 

et al. (1990) compared the effect of feeding two types of fibres (citrus fibre and guar gum) 
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on tissue versus luminal mucin. They measured mucin from the stomach, small intestine 

and colon of male rats.  Rats fed 5% citrus fibre had the highest amount of luminal mucin 

in the small intestine relative to rats fed either the fibre free diet or the 5% guar gum diet; 

no changes in tissue mucin levels were noted. The authors hypothesized that the change in 

luminal mucin may result in alterations to nutrient absorption (Satchitanandam et al., 

1989). Years later Morita et al. (2008) followed up by confirming that adding an insoluble 

fibre (polystyrene foam) to the diet  increased luminal mucin content in male rats 

independent of nutrient absorption and that consumption of insoluble fibres stimulated 

continuous mucin secretion even after food depletion (Morita et al., 2008). Besides 

providing additional barrier protection, mucin is a source of nutrition provided by the host 

to maintain the local gut microbiota populations. A regional bias to the pattern of mucin 

glycosyl modifications has been suggested as a strategic response to accommodate the 

nutritional needs of resident microbiota (Van Tassell, 2011). Studies have focused on 

understanding the regional bias in mucin secretion with particular fibre diets, as a way to 

evaluate host-microbiota interactions, and to correlate mucin production to potential health 

benefits to the host. For example, long chain arabinoxylan and inulin  feeding in germ free 

mice inoculated with human gut microbiota led to an increase in cecal mucin relative to 

control fed mice, and shifted mucin degradation to the distal colon. The authors noted the 

prebiotic-supplemented diets changed the microbiota structure by inducing the growth of 

butyrate and propionate producers and altering the population of Akkermansia muciniphila, 

a mucin degrader found primarily in the human gut. The shift in mucin degradation to the 

distal colon was speculated to be due to a lessening in the utilization of host-derived 

nutrients by local microbiota following prebiotic-intake, allowing for a more balanced 
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metabolism of mucin along the entire length of the gut (van den Abbelee et al., 2011).  

Insoluble and soluble fibres have also been noted to alter the type of mucin produced by 

the host. Mucin glycoproteins terminate in either sialic acid or sulfate sugar residues and 

the terminal moiety dictates their utilization by bacteria.  The presence of a sulfate group 

makes the mucin less accessible to bacterial mucinases. Rats fed different types of 

insoluble and soluble fibres demonstrated an increase in goblet cell proliferation in the 

ileum, accompanied by sialylated mucin production (Hino et al., 2012), while pigs fed RS2 

demonstrated an increase in hindgut mucin sulfation (Nofrarias et al., 2007), illustrating 

the potential for different substrates to influence mucin sulfation profiles and accessibility 

of this substrate to gut microbes.  

Besides its relevance to gut physiology, mucin plays a role in gut immune 

regulation. Secreted mucin (MUC2) can act as a molecular signal that circulating dendritic 

cells in the underlying gut-associated lymphoid tissue (GALT) actively detect. MUC2 can 

assemble a signal transducing complex on dendritic cells that can block NF-B activation 

and induce the secretion of IL-10 (a regulatory cytokine), effectively suppressing the 

transcription of pro-inflammatory mediators (Shan et al., 2013). Thus it is reasonable to 

expect changes in local mucin production from fibre intake could induce measurable 

alterations to local tissue cytokines under resting conditions. 

Gut Associated Lymphoid Tissue (GALT): Where decisions are made 

 

To understand the potential effect fibre consumption may have on the gut mucosal 

immune system it is necessary to understand the architecture of the GALT. The GALT lies 

underneath the gut epithelium and can be partitioned based on inductive and effector 
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immune functions. The inductive sites of the GALT include the Peyer’s patches (PP) and 

the intestinal lymphoid follicles (ILF), while the lamina propria is the main effector site 

(Tsuji et al., 2008). The population density and organization of immune cells varies 

between the organized inductive sites of the Peyer’s Patches in the ileum and the 

morphologically heterogenous intestinal lymphoid follicles (ILF) of the colon, to the more 

diffuse effector site of the lamina propria located beneath the intestinal mucosa (Brandtzeg, 

2010).  

Adaptive immune responses in the GALT are carried out by T and B lymphocytes. For 

an effective adaptive immune response to occur, APC need to be activated. APC bearing 

the marker CX3CR1+ sample pathogenic and non-pathogenic bacteria from the lumen by 

expressing receptors for tight junction proteins that allows them to extend their dendrites 

between enterocytes (Smith and Nagler-Anderson, 2005). However, recent evidence 

demonstrates that CX3CR1+ APC, previously thought to be dendritic cells (DC), are 

actually gut tissue macrophages, as these cells do not migrate to peripheral lymph nodes 

and are poor at priming naïve T cells to differentiate into effector T cells (Denning et al., 

2007; Mann et al., 2013). APC present processed antigen to T cells via the major 

histocompatibility complex (MHC). There are two classes of MHC molecules: MHC class 

I and MHC class IIExpression of MHC I on APC initiates CD8+ T cell engagement, while 

MHC II presents antigen to CD4+ T cells. The differentiation and proliferation of naïve T 

cells is also dependent upon the cytokine milieu and expression of co-stimulatory surface 

molecules on APC (CD40, CD80 and CD86). The alterations in spatial distribution and the 

phenotypic character of DC and lymphocytes in the follicular epithelium of 
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conventionalized rats versus germ-free rats was shown to reflect location-specific 

interactions of the gut microbiota with the underlying GALT (Yamanaka et al., 2003).  

The gut T cell population includes intestinal intraepithelial lymphoid (IEL) cells and 

naïve T cells that migrate from the periphery. IELs are considered extra-thymic as their 

presence was first discovered in athymic mice and they were noted to be different from 

thymus selected T cells, which make up a substantial cohort of peripheral T cells. Thymic-

derived T cells predominantly express  T cell receptors (TCR) and are deleted in the 

thymus if they respond to self-antigens through a process of negative selection.  In contrast, 

IELs are a mixed population of T cells that contain a sub-population that expresses the 

TCR and require self-antigen presentation to be selected. Recognition of self-antigens 

by  T cells help maintain oral tolerance in gut mucosal tissues (Rocha et al., 1992; Kapp 

et al., 2004).  Resident microbiota, sloughed epithelial cells (renewed every 4-5 days) and 

mucin proteins are a sources of “self-antigens”. These “self-antigens” can be captured 

directly by circulating DCs in the Peyer’s patches or can be passed on to the DCs by 

microfold (M) cells present in the follicular epithelium.  

DC can induce the differentiation of CD4+ T cells into effector regulatory T cells (Treg) 

and this T cell phenotype is key to modulating gut mucosal immune responses. Under 

homeostatic conditions, the milieu in the gut associated lymphoid tissue has a continuous 

background activation of Treg cells, leading to the release of IL-10 and transforming growth 

factor (TGF)-, which help maintain an environment of immune tolerance (Christensen, 

2002; Mowat, 2003; Rook and Burnet, 2004). The Treg subtype CD4+ CD25+ is regulated 

by a critical lineage-specific transcription factor: FoxP3 (Kang et al., 2007).   DCs positive 
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for the surface receptor CD103 migrate from the PP to the mesenteric lymph node (MLN) 

and present antigen from commensal bacteria to naïve T cells, differentiating them into 

FoxP3+ Treg cells. In contrast, macrophage populations support the maintenance of FoxP3+ 

Treg cells in the lamina propria, where macrophage numbers are higher (Coombes and 

Powrie, 2008). IL-10, an important regulatory cytokine, is not only secreted by Tregs 

(Atarashi et al., 2011) but also by intestinal macrophages under steady state conditions 

(Mantovani et al., 2004; Takada et al., 2010).  FOXP3 is constitutively expressed by Treg 

cells and mutations in the FOXP3 gene cause an X-linked autoimmune condition (immune 

dysregulation, polyendocrinopathy, enteropathy X-linked (IPEX) syndrome), whereby Treg 

cells cannot produce the cytokine environment necessary for immune regulation in affected 

male infants (Fish, 2008). FOXP3 stimulation is dependent upon TGF- (Izcue et al., 

2006); for instance, in vitro stimulation of CD4+CD25-FoxP3- T effector cells in the 

presence of TGF- resulted in FOXP3 upregulation, generating CD4+CD25+FoxP3+ T cells 

with regulatory properties (Kang et al., 2007). 

Both the microbiota and microbial-derived antigens help maintain the regulatory milieu 

in the gut. For example, both Clostridia-related segmented filamentous bacteria and 

polysaccharide A of Bacteroides have been shown to induce Treg populations essential for 

mediating tolerance in the intestine (Izcue et al., 2006; Hooper and Macpherson, 2010).  

Bacteroides fragilis release zwitterionic polysaccharides that induce the production of 

CD4+ T cells via TLR2 and can correct certain immune defects (Mazmanian et al., 2005).  

F. prausnitzii when administered orally can increase IL-10 production by peripheral blood 

mononuclear cells (Round and Mazmanian, 2009), however culture supernatants from F. 

prausnitzii  have also demonstrated this effect, suggesting a secreted component is involved 
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in increasing IL-10 production (Sokol et al., 2008). Another key study showed that 

indigenous gut populations of Clostridium clusters IV and XIVa promoted the 

accumulation of TGF--secreting FoxP3+ Treg cells in the colonic lamina propria (Atarashi 

et al., 2011). The study demonstrated specific pathogen free (SPF) mice treated with the 

antibiotic vancomycin, which targets Gram-positive bacteria, showed lower Treg 

frequencies in the colon compared to the control mice. They also noted a significant 

increase in TGF- levels in the colon and IEC of germ-free mice inoculated with 

Clostridium (Atarshi et al., 2011).  

Although TGF- is an integral Treg regulator, IL-6 is known to synergize with low 

concentrations of TGF- to induce naïve T cells into pro-inflammatory TH17 cells, 

illustrating the versatile function of TGF- in the gut (Veldhoen, 2006; Hu, 2011).  TH17 

cells are rare in the GALT; their numbers decline from duodenum to ileum and they are 

barely found in the healthy colon (Denning et al., 2011). Although there is as yet no 

conclusive evidence about the type of APC that induces TH17 differentiation, recent 

evidence suggests the T cell/APC ratio in the lamina propria dictates DCs to efficiently 

promote the TH17 lineage in a location-specific manner (Denning et al., 2011).  Microbial 

ATP has also been shown to activate CX3CR1+ APCs to promote TH17 differentiation 

(Atarashi et al., 2008). In addition, ATP can induce IECs to secrete IL-6 by influencing 

their response to TLR ligands (Yao et al., 2012), which may help facilitate TH17 

differentiation in vivo. The TH17 lineage can also be induced by segmented filamentous 

bacteria, which adhere to the small intestinal epithelium of mice (Ivanov et al., 2009).   
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Mucosal immune changes resulting from DFM ingestion can influence different 

elements of the GALT.  For example, in vivo, inulin or FOS consumption can increase 

lymphocyte numbers in the Peyer’s patches of female rodents under healthy and 

endotoxemic conditions, impacting the main inductive portion of GALT in the small 

intestine (Manhart et al., 2003; Ryz et al., 2009).  In contrast, Smith et al. (2013) recently 

demonstrated that the microbiota-derived SCFA propionate induced an increase in colonic 

Treg numbers, along with increased expression of FoxP3+ and IL-10, but not TGF-. Treg 

frequency or number in the MLN of SPF mice were unaffected by SCFA administration. 

The authors determined SCFAs acted on free fatty acid receptor (FFAR) 2 to affect colonic 

Treg activity by HDAC inhibition (Smith et al., 2013). 

Taken together these studies illustrate the GALT responses are a) constantly evoked by 

multiple gut-derived factors b) driven by the co-ordinated activity of various cell types and 

cytokines in a location-dependent manner c) geared towards maintaining an environment 

that supports immune regulation and d) possibly different between sexes.  

IgA: The adaptive immune response of the GALT in action 

 

It has been suggested that adaptive immunity has been evolutionarily selected in 

vertebrates to manage varied microbial symbionts (Neish, 2009). The gut microbiota is 

crucial for the induction of 75% of secreted IgA (Macpherson and Slack, 2007). Secretory 

IgA, besides forming a barrier against invasion, neutralizes pathogens through non-

inflammatory high affinity binding (Cerutti, 2008). Gut microbiota signaling drives IgA 

synthesis by engaging the innate immune system at the epithelial interface (Macpherson 

and Uhr, 2004).  Microbiota-driven IgA production occurs through a recurrent process in 
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which the innate immune system is activated, initiating an inflammatory response, 

following IgA production that dampens the inflammatory response by neutralizing the 

microbe. Successful commensal microbes maintain the cyclical process by constantly 

changing their antigenic determinants so as to engage the adaptive immune system of the 

gut to induce tolerance and evade the memory response against them (Peterson et al., 

2007). However under TLR deficient conditions the adaptive system has been shown to 

effectively clear translocated commensal bacteria at the systemic level, illustrating the host 

immune system is capable of maintaining regulation against resident gut microbes in the 

absence of innate input (Slack et al., 2009). In addition, using a reverse germ free 

colonization model it was discovered that microbiota-mediated IgA synthesis is dependent 

upon a population threshold of 108-109 bacteria and that the concentration of secreted IgA 

constantly adapts to the microbial population (Hapfelmeier et al., 2010). These studies 

establish that mucosal adaptive immune responses are very susceptible to changes in the 

microbiota, which would in turn vary depending on diet and host genotype, potentially 

resulting in differential outcomes between male and female rats fed different types of DFM.  

 

A number of studies have shown FOS intake up-regulates secretion of IgA in cecal 

and fecal contents of rodents (Hosono et al., 2003; Nakamura, 2004; Manhart, 2009). Fecal 

IgA levels increased in rats fed a WB supplement relative to their control fed counterparts 

(Gannon, 2009). In contrast, Stillie et al., (2005) noted rats weaned on a diet with a 

fermentable substrate (inulin) showed no change in the percentage of IgA+ B cells in the 

lamina propria (Stillie et al., 2005). A recent fibre feeding trial in pigs which included 

wheat bran also showed no diet-induced changes to either ileal or colonic secretory IgA 
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levels (Chen et al., 2015). These findings underscore the variation in mucosal IgA secretion 

depending on type of DFM, but also highlight location-based differences in mucosal IgA 

levels. Sex-associated variations in secretory IgA levels have also been noted in specific 

mucosal locations (Dahlgren et al., 1991).  

Secretory IgA production can occur through either a T cell-dependent or a T cell-

independent pathway (Mora et al., 2006; Artis, 2008; Cerutti, 2008) and is directed by a 

suite of different cytokines including IL-4, TGF-, IL-10 and IL-6 (Bradtzaeg, 2009).   In 

the T cell-dependent pathway, APC present antigen to CD4+ T cells and activate them to 

express CD40 ligand (CD40L). Mature antigen-specific B cells, expressing CD40, in the 

germinal centers of the Peyer’s patch undergo class switching in response to T cell signals 

delivered through CD40L-CD40 interaction (He et al., 2007).  

The T cell-independent pathway can be activated under steady state conditions 

(Kunisawa and Kiyono, 2005).  The T cell-independent pathway helps produce polyclonal 

IgA quickly against commensal microbiota and is facilitated by IEC. Bacterial ligands bind 

to TLR expressed on IECs, initiating the secretion of retinoic acid, which stimulates lamina 

propria DC.  The lamina propria DCs are stimulated to secrete B cell Activating Factor 

(BAFF) and A Proliferation Inducing Ligand (APRIL), two B cell stimulating factors of 

the TNF family that are similar in structure and function to CD40L. IL-4, TGF-, IL-10 

and IL-6 trigger DNA-editing enzyme activation induced cytidine-deaminase (AID) 

induces somatic hypermutation and class switch recombination in B cells at the lamina 

propria. AID then directs a class switch from the IgM isotype to the IgA isotype (He et al., 

2007; Cerutti, 2008; Macpherson and Slack, 2007). Macpherson et al. (2000) showed IgA 

synthesis against commensal bacteria was mainly induced via the T cell-independent 
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pathway, and that T cell-independent IgA synthesis did not need to occur in organized 

follicular regions such as the PP, which has germinal centres with B and T cell regions. In 

their study, anti-commensal IgA produced in mice deficient in the T cell receptor (TCR-/-) 

and normal control mice were identical, highlighting the lack of T-B cell interaction in T 

cell-independent IgA production (Macpherson et al., 2000). 

 

 

Figure IA, adapted from Macpherson and Harris (2004). Gut microbiota and gut-derived 

metabolites interact with immune cells of the GALT to induce the production of IgA-

secreting plasma B cells.  IgA-bearing plasma B cells drain from the MLN into the 

circulation via the thoracic duct. Plasma B cells, home to the lamina propria to secrete IgA. 

Secreted IgA is transcytosed across the epithelium and adheres to the mucin lining, 

allowing IgA to form a protective layer while neutralizing invading microbes.  
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IgG: The systemic adaptive immune response 

A major difference between the adaptive immune response in the mucosal 

compartment versus the systemic compartment is the isotype (class) of antibody produced. 

Immune tolerance in mucosal sites is facilitated by IgA, which neutralizes invading 

microbes without additional inflammation. In contrast, a systemic adaptive response leads 

to pathogen clearance by IgG, an antibody that fixes complement via the classical pathway 

for effective clearing by macrophages (Janeway, 2001).   

Keyhole limpet hemocyanin (KLH), a copper-containing respiratory protein from 

the marine gastropod Megathura crenulata, is a potent T cell-dependent antigen that has 

been extensively used in immune studies due to its robust induction of cellular and humoral 

immune responses in different mammals including humans and rodents. KLH is made up 

of two subunits (KLH1 (390 KDa), KLH2 (360 KDa) and 4% oligosaccharides. The 

carbohydrate portion has been thought to contribute to the protein’s antigenic properties 

(Harris and Markl, 1999; Kawai et al., 2013; Fujihara et al., 2014).  Parenteral 

administration of KLH initiates a primary response in the spleen, a peripheral lymphoid 

organ that filters circulating antigen directly from the blood.   

In addition to B and T cells that enter the spleen from the periphery in search of 

cognate antigen, the splenic environment is rich in APCs. Antigen from the blood is 

captured and processed by APCs and presented to T cells via MHC.  The differentiation 

and proliferation of naïve CD4+ T cells is dependent upon the cytokine milieu: IL-12 and 

IL-4 induce TH1 and TH2 effector T cells respectively. TH1 cells produce IFN and are 

activated during infections with intracellular pathogens, while TH2 cells produce IL-4, a 

cytokine that is upregulated during helminth infections and allergic reactions, but is also 
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necessary for B cell class switching. TH cells provide help to B cells through co-stimulatory 

molecules and cytokines, inducing antibody-secreting plasma B cells. A successful 

immunization response is achieved when there is balance between TH1 and TH2 activity, 

leading to IgG secreting plasma B cells (Janeway, 2001; Bronte and Pillet, 2014).   

The gut-systemic axis  

It is generally understood that commensal bacteria and gut-derived antigens that 

cross the epithelial barrier and enter underlying gut tissues, to a large extent, are 

compartmentalized from systemic sites by the mesenteric lymph node (MLN). The MLN 

resides outside of the GALT and acts as a sieve for GALT drainage. The MLN has been 

characterized as the “firewall” of the GALT as it provides an important location for T cell 

tolerization, through Treg activation, leading to the production of regulatory cytokines TGF-

 and IL-10. IgA production in the MLN is another means by which translocation of 

commensal bacteria into underlying systemic tissues is blocked (Macpherson and Uhr, 

2004). Macrophages in the MLN phagocytose stray microbes, preserving systemic 

ignorance to commensals, and preventing systemic tolerance which would prove fatal in 

case of commensal-induced sepsis (Macpherson and Uhr, 2004).   

However, recent studies have shown that some microbes and microbiota-derived 

components do enter into the circulation and affect systemic immune activity. For example, 

the bacterial cell wall component peptidoglycan primes the innate immune system 

systemically under basal conditions, acting through NOD1 receptors to enhance neutrophil 

activity (Clarke et al., 2010). Recent evidence also shows the liver serves as the vascular 

“firewall” at the systemic level to help capture gut bacteria that have entered into venous 

blood circulation during pathological conditions (Balmer et al., 2014). These findings 
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suggest that the gut is not completely compartmentalized from the systemic system as 

initially thought, and that DFM-intake induced alterations to the gut microbiota community 

could in turn effect changes to systemic immune parameters. Rats fed an inulin-

supplemented diet demonstrated a decrease in splenic CD8+ T cells and  T cells 

numbers relative to control-fed rats (Ryz et al., 2009). Splenic T helper lymphocyte 

numbers were also observed to decrease in pigs fed resistant starch (Nofrarias et al., 2007).  

However, the number of DFM-related studies that have focused on the liver as a site of 

systemic immune change are limited.   

Kupffer cells (liver macrophages), hepatocytes and endothelial cells also help 

maintain immune regulation at the liver by inducing tolerance to gut-derived antigens 

(Crispe, 2008; Yu et al., 2008; Thomson and Knolle, 2010).  Dahlgren et al. (1991) 

demonstrated in oophorectomized rat’s treated with estradiol,  immunization in the PP with 

E.coli O6 led to an increase in levels of biliary total IgM and anti-LPS IgM relative to 

sham-operated control rats. These findings illustrate the effect of sex-hormones on gut-

derived antigen stimulated liver B cells (Dahlgren et al., 1991). In mice, liver immune 

defense-related gene expression was shown to differ between sexes (Yang et al., 

2006). Sexual dimorphism has also been noted in rat liver gene expression (Ahluwalia et 

al., 2004). Therefore, changes in liver immune markers could serve as a downstream 

indicator of effects of DFM intake at the mucosal level between sexes.   
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3. Study Objectives 

 

This study examined changes in mucosal and systemic immune measures arising from 

gut microbiota community and SCFA profile alterations in rats fed different DFM. For 

some diets the gut microbiota community analysis was conducted by our collaborators at 

Health Canada and Agriculture and Agri-Food Canada, as another aspect of this study but 

these data are not included here. In vitro approaches were also utilized to examine timing 

and dose-dependent effects of the SCFA butyric acid on chemokine production by TLR 

agonist-challenged IEC to gain insight into potential mechanisms of action.       

Objective 1: To compare the effects of different types of DFM on mucosal and systemic 

immune parameters under steady state conditions  

 

 Although several studies have demonstrated the effects of DFM on immune parameters, 

these have mainly focused on the anti-inflammatory immune effects mediated by fibre 

(Cavaglieri et al., 2000; Cavaglieri et al., 2003; Qu et al., 2005; Bassaganya-Reiera et al., 

2011; Fan et al., 2012). In addition, many of these observations pertained to changes 

observed in immune-stimulated rodent models or in animals exposed to pro-inflammatory 

or carcinogenic stimuli (Zoran et al., 1997; Perrin et al., 2000; Clarke et al., 2008; Cao et 

al., 2011).  In contrast, a variety of carbohydrates are routinely consumed by healthy 

subjects, who would not necessarily be subject to these types of immune challenges.  The 

initial aim of this work was to assess the impact of fermentable substrates (wheat bran 

(WB), oat bran (OB) and resistant starch (RS)), with distinct physico-chemical structures, 

fermentative characteristics and effects on gut community composition and mucosal and 

systemic immune cell population percentages and tissue cytokine levels under unperturbed 
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immune conditions. Analysis of serum biochemical measures and short-chain fatty acid 

profiles was also conducted. 

Objective 2: To compare the effects of DFM on mucosal and systemic immune measures 

under steady state conditions between male and female rats 

 

The effects of dietary fibre intake have predominantly been examined in male 

animal models, while health claims are often extrapolated to both sexes. The inclusion of 

females in this animal study was initiated by the animal care committee at Health Canada. 

However, recently the National Institutes of Heath also mandated the inclusion of females 

in animal studies to redress the over-reliance on male animals in pre-clinical trials 

(McCullough et al., 2014). Considering that sex-based differences in immune parameters 

are well recognized (Ahmed et al., 1985; Klein, 2004; Verthelyi, 2006), and that recent 

evidence suggests differences in microbiota composition between sexes are dependent 

upon interactions between sex and diet (Markle et al., 2014; Bolnick et al., 2014), we 

anticipated sex-based differences would also affect gut microbiota composition and SCFA 

profiles, leading to differential downstream immune outcomes. We thus examined the 

impact of a highly fermentable prebiotic, fructo-oligosaccharide (FOS), and the slowly 

fermented fibre WB, on serum biochemical measures including blood urea nitrogen, serum 

lipopolysaccharide concentration and fecal short chain fatty acid profiles, along with gut 

mucosal and systemic immune parameters, between male and female rats. 
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Objective 3: To compare the effects of DFM on systemic adaptive immune responses to 

immunization between male and female rats 

 

In the work described in trials 1 and 2, liver IgA and cytokine levels were altered 

in male rats fed either FOS, RS or OB supplemented-diets, while WB consumption affected 

splenic immune measures in both sexes. This suggested that gut-derived components are 

capable of extending their influence on immune parameters to systemic sites. The immune 

profile generated within local mucosal and systemic microenvironments under steady state 

conditions would be better understood in the context of overall health by comprehensively 

examining the influence of fibre on the host response to immunogenic stimuli. We explored 

this idea by immunizing male and female rats, two weeks into their feeding trial with the 

aforementioned DFM. A standard T cell-dependent antigen, KLH, was administered 

parenterally to evaluate primary (Day 0) and secondary (Day 15) antibody responses to 

KLH immunization over a three-week time course. Mucosal and systemic tissue immune 

changes were measured at the end of the 10 week trial in order to thoroughly understand 

the effects of DFM on immune status. 

Objective 4: To evaluate the time and dose-dependent effects of butyric acid on TLR-

challenged IEC in the absence or presence of -estradiol 

 

Butyric acid, a microbial fermentation metabolite, is the preferred energy source for 

colonocytes and suppresses intestinal epithelial-induced chemokine production (Vinolo et 

al., 2011; Kumar et al., 2009). However in our in vivo findings, rats fed DFM demonstrated 

an increase in the levels of pro-inflammatory cytokines in mucosal tissues, concurrent with 

high cecal and fecal butyric acid concentrations. We were interested in understanding 

whether the concentration of, and time of contact with, butyric acid affected the intestinal 
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epithelial response to immune stimulants. An in vitro approach was designed to test the 

effect of varying concentrations of butyric acid (10 and 25 mM) administered at different 

times (co or pre-incubation) in the presence of different TLR agonists on chemokine 

production using IEC-6, a non-transformed rat IEC line. Production of the chemokine 

cytokine-induced chemoattractant (CINC)-1 by IEC-6 was induced by treatment with 

either the TLR4 agonist lipopolysaccharide (LPS), a strong pro-inflammatory stimulus 

frequently encountered in the gut, or the TLR3 agonist poly (I:C), a synthetic variant of 

viral dsRNA. The methodology was also applied to examine the effects on the production 

of the chemokine IL-8 by HT-29, a commonly used human IEC line model. The influence 

of -estradiol on the effects of butyric acid was also examined using TLR agonist 

challenged IEC-6 and HT-29 IEC to gain insight into potential effects of this sex hormone 

on SCFA activity, at the IEC level. 

Objective 5: To examine the effects of butyric acid and Pam3CysK4 on TLR agonist-

induced IL-8 production via the p38 pathway 

 

In vivo, rats fed the WB-supplemented diet demonstrated a significant increase in the 

percentage of butyric acid, however rats fed the RS-supplemented diet had increased 

percentage of propionic acid in both cecal and fecal contents. However, the mucosal 

immune effects were different between rats fed either DFM. We speculated this could be 

due to WB intake inducing a fecal microbiota community enriched with Clostridial 

phylotypes (Gram-positive bacteria) (Abnous et al., 2009). TLR2 is an innate immune 

receptor present on gut epithelial cells that recognizes Gram positive microbial-derived cell 

wall component peptidoglycan and/or lipoproteins, frequently encountered in the gut along 

with other microbial components. We therefore wanted to investigate whether butyric acid 
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effects on chemokine production by HT-29 IEC-challenged with a TLR agonist altered in 

the presence of TLR2. The effect of butyric acid was examined on IL-8 and IP-10 

production by HT-29 IEC challenged with the combination of TLR2 agonist (Pam3Cys-

triacetylated lipoprotein) and TLR3 agonist poly (I:C).  The chemokine IP-10 was included 

in our measures because TLR3, unlike TLR2, acts through a MYD88-independent pathway 

inducing interferon inducible genes such as IP-10, allowing us to also examine whether 

butyric acid modulation is limited to MYD88-dependent pathways. Ligand binding to 

TLR3 induces the downstream activation of transcription factors such as NF-B and AP-

1. In IEC, IL-1can activate p38-induced IL-8 production, independent of NF-B 

activation (Parhar et al., 2003). However, few studies have examined the effect of butyric 

acid on TLR-induced p38 activation in HT-29 IEC.  For these reasons, the production of 

IL-8 by HT-29 IEC stimulated with TLR2 and/or TLR3 in the presence of butyric acid was 

evaluated following p38 inhibition. 

These in vitro approaches complemented our in vivo studies and aimed to further our 

understanding of the effects of DFM intake on both mucosal and systemic immune 

measures between male and female rats.  
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4. Materials and Methods 

 

Rats and feeding trial under resting conditions 

 

A total of 132 weanling (28-42 day old) BioBreeding rats, a Wistar-derived breed, were 

obtained from the Animal Resource Division of Health Canada. Rats had free access to 

reverse-osmosis treated water, were separately housed within individual mesh bottomed-

stainless steel cages and subjected to a 12 hr light/dark cycle. A two-week acclimatization 

period (control diet) preceded the 6-week experimental feeding trial, after which the rats 

were euthanized and tissues were collected and flash frozen for subsequent cytokine 

analysis. This study was approved by the Health Canada Animal Care Committee and the 

University of Ontario Institute of Technology Animal Care Committee.  Six animals from 

each treatment group were randomly selected for cytokine analysis, and the remaining six 

used for immunophenotyping. The first feeding trial was set up to examine three 

experimental outcome: as explained below. 

 

a)  Male rats (n=12/feed) were divided into four separate feeding groups: control diet (AIN-

93-G), 5% wheat bran (WB), 5% oat bran (OB), or 5% resistant starch (RS) for 6 weeks, 

to evaluate effects of different DFM on SCFA profiles and on mucosal and systemic 

immune parameters in male rats. 

b) Female rats (n=12/diet) were fed either the AIN-93G or the 5% WB supplemented diet, to 

compare the effects of WB consumption on SCFA profiles and immune parameters 

between sexes.  
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c) The effects of fructo-oligosaccharide (FOS) intake were also compared between male 

(n=12/diet) and female (n=12/diet) rats. Rats were fed a control diet (Purina 5001 rodent 

chow) or rodent chow supplemented with 5% (w/w) FOS (dp 2-8, Orafti, Pemuco, Chile) 

for 6 weeks and mucosal and systemic immune parameters, along with SCFA profiles were 

evaluated.  

Rats and feeding trial under immunized conditions 

 

A total of 100 weanling (40 day old) Wistar rats were obtained from the Animal Resource 

Division of Health Canada. Rats were pair housed in wire bottomed cages with metal plates 

covering a portion of the bottom.  Rats had free access to reverse-osmosis treated water 

and subjected to a 12 hr light/dark cycle. Rats were acclimatized on the AIN-93G diet for 

1 week before separating them into different feeding groups (AIN-93G, RS, WB, OB or 

FOS) for 6 weeks. There were 10 animals per diet and sex in each feeding group. Animals 

were weighed at the end of the 6 weeks to ensure sufficient weight for blood sampling (≥ 

200 g).  Rats were immunized intravenously with 300 μg/kg soluble KLH in 0.5 mL of 

sterile saline.  The dosage is based on several studies examining the kinetics of anti-KLH 

response (Smith et al., 2003; Kawai et al., 2013).  

A preliminary trial was conducted to confirm the kinetics of the response, 

examining anti-KLH production over 21 days. Tail vein blood samples (300 μL) were 

collected to provide baseline parameters. On the day of immunization serum was collected 

(via tail vein) was then carried out on day 5, 10 and 15 to determine the effects of dietary 

fibre on the primary immune response to KLH challenge. Secondary immunization was 

carried out two weeks after primary immunization, and the experiment ended 7 days later 
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with exsanguination for total serum collection at the end of the study. Six animals from 

each treatment group were randomly selected for tissue cytokine analysis, and the 

remaining six used for immunophenotyping. Mucosal and systemic tissues were also 

collected and flash frozen for subsequent cytokine analysis and immunophenotyping by 

flow cytometry was conducted in spleen and MLN. Rats were anaesthetized using inhaled 

isofluorane during immunization and blood collection procedures. This study was 

approved by the Health Canada Animal Care Committee and the University of Ontario 

Institute of Technology Animal Care Committee (AUP 12-003).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Schematic of the immunization time line  
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Gas chromatography 

 

 Cecal and fecal short chain fatty acids (SCFAs) were determined as previously described 

(Weaver et al., 1997) and the analysis was conducted at Health Canada. Chromatographic 

analysis was performed on an Agilent 6890A gas chromatograph, which utilized a flame 

ionization detector (FID) and a 7683 automatic liquid sampler (Agilent, USA). A NUKOL 

24108 fused silica capillary column (60m x 0.25mm) with a coated thickness of 0.25 m 

(SUPLECO, Sigma Aldrich) was used. Helium supplied at a flow rate of 0.75 ml/min acted 

as the gas carrier. The oven temperature was ramped from 500C to 2000C at 80C/min. GC 

analysis on each sample was conducted on 1l of injected sample volume with a run time 

of 17.5 min. Data analysis was performed using the MSD Chemstation software (Agilent).  

 

Serum biochemistry 

 

Individual serum samples were analyzed for blood urea nitrogen (BUN), alanine amino 

transferase (ALT), alkaline phosphatase (ALP), aspartate amino transferase (AST) and 

lactate dehydrogenase (LDH). Serum biochemical analysis was conducted by technical 

personnel at Health Canada. BUN levels were measured using the urease-glutamate 

dehydrogenase method (Talke and Schubert, 1965). ALP and LDH levels were analyzed 

using the method outlined by IFCC (International Federation of Clinical Chemistry), while 

the modified IFCC method (1985) without pyridoxal phosphate was used to analyze serum 

ALT and AST levels.  Serum enzyme levels were determined using the ABX Pentra 

400Automated clinical chemistry analyzer and ABX Pentra test kits for each analyte 

(Horiba Canada Inc., Burlington, Ontario). 
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Flow cytometry  

 

 Immunophenotyping analysis was performed by direct immunofluorescence and Flow 

cytometry on cells from the MLN, spleen and Peyer’s patches. PP were isolated from 10-

12 cm piece of ileum. The tissues were placed into a 70 m cell strainer in a 50 ml Falcon 

tube, and tissues were dispersed in 5 ml ice cold RPMI-1640 medium + 10% FBS using a 

3ml syringe plunger. Cell suspensions were centrifuged at 340 x g for 6 min. The pellets 

were re-suspended in 1ml D-PBS (PBS w/o calcium and magnesium) and diluted to obtain 

1 x107 cells/ml with D-PBS. FC was done at Health Canada using a standard configuration 

Becton Dickinson FACSCalibur flow cytometer (San Jose, California), equipped with 488 

nm and 635 nm lasers. Gating techniques were standard and similar to those used by 

Shingadia et al. (2001). Fluorescent antibodies against standard cell surface markers were 

initially titrated to determine concentrations for optimal detection.  

Antibodies used were anti-CD45 (PE-Cy5, Clone OX-1) (Leukocyte Common 

Antigen),  anti-CD3 (APC, Clone 1F4) (total T cell), anti-CD62L (PE, Clone HRL1) (L-

selectin), anti-CD4 (PE, Clone OX-35) (T helper), anti-CD25 (FITC, Clone OX-39) (Treg), 

anti-Foxp3 (PE, Clone FJK-16s) (Treg transcription factor) was analyzed by intracellular 

staining, anti-CD8a (FITC, Clone OX-8) (cytotoxic T cell), anti- TCR (FITC, Clone 

V65), anti-CD103 (Alexa Fluor 647, Clone OX-62) (DC marker), anti-CD45RA (FITC, 

Clone OX-33) (B cell), anti-CD161a (PE, Clone 10/78) (Natural Killer cell).  Anti-HIS36 

(PE, Clone HIS36) (macrophage cell surface marker) and intracellular staining for anti-

CD68 (Alexa Fluor 488, ED1 clone) were used to enumerate macrophage populations. 

Intensity of macrophage CD68 expression was analyzed as an indicator of macrophage 

activation (Onodera et al., 1997).  Fluorochrome-matched isotype controls were used to 
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assess non-specific binding. All antibodies were obtained from BD Biosciences, except for 

anti-CD68, purchased from AbD Serotec, anti-CD25 and anti-Foxp3 from eBioscience, 

and anti-CD103 from BioLegend. Table 2 (below) summarizes the surface markers 

associated with each immune cell phenotype examined. 

 

Table 2: Surface or intracellular marker associated with each immune cell type 

Surface/Intracellular 

Marker 

                     Cell type 

CD3 Total T cell 

CD4+ T helper (TH) cell 

CD25+ Treg cells 

Foxp3+ Treg Transcriptional factor 

(intracellular) 

CD62L Lymphocyte homing receptor 

CD8a+ Cytotoxic T cell 

TCR Athymic T cell 

CD45RA+ B cell 

CD103+ Dendritic cell (DC) 

CD161a+ Natural Killer cell 

HIS36+ Macrophage 

CD68+ 

 

Macrophage intensity 

(intracellular) 
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Tissue preparation  

 

Ileum, cecum, colon, Peyer’s patches, MLN, spleen and liver were collected at the end of 

the feeding trial, snap frozen and stored at -80°C. Blood was collected during necropsy 

from the portal vein of the liver in order to obtain serum and plasma. Tissue 

homogenization was performed according to the method of Hoentjen et al. (2005). Tissues 

were suspended in 1 g/5ml phosphate buffered saline containing 1% protease inhibitor 

cocktail (Sigma-Aldrich, USA), and homogenized using a Tissuemiser (Fisher Scientific, 

USA). Homogenized tissues were centrifuged for 30 minutes at 16,100 x g at 4º C. The 

liver and spleen were centrifuged twice to remove fat and tissue debris. Supernatants were 

then removed and stored at -80°C for cytokine and immunoglobulin analysis. 

 

Cytokine and antibody analysis 

 

IL-10, TGF-β1, IL-6, CINC-1, IL-4, IFN-and IL-17A concentrations were measured 

from tissues and serum using enzyme-linked immunosorbent assay (ELISA) and following 

manufacturer’s protocols (R&D Systems, USA). Immunoglobulin A (IgA) was also 

measured by ELISA (Bethyl Laboratories, USA). ELISAs were performed in 96 well clear 

plates (Biogreiner) using streptavidin conjugated to horseradish-peroxidase and 3,3’,5,5’ 

Tetramethylbenzadine as the substrate and the reactions were stopped with 2N H2SO4.  

Plates were read at a wavelength of 450 nm on a Synergy HTTR microplate reader (Bio-

Tek, USA). Results for cytokines and IgA were expressed as pg/g or µg/g of tissue, 

respectively, unless otherwise stated.  
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Anti-KLH antibody analysis 

 

96 well clear high-binding ELISA plates (Biogreiner) were coated with KLH (Sigma) at a 

final concentration of 10 g/ml in coating buffer (carbonate-bicarbonate, pH 9.6) and 

incubated overnight at 4ºC prior to antibody analysis. Serum samples (day 0, 5, 10, 15 and 

21) were diluted in the assay diluent (50 mM Tris, 0.14 M NaCl, 1% bovine serum albumin, 

0.05% Tween 20, pH 8)  to obtain an analyte concentration within the range of the standard 

curve for each immunoglobulin isotype. A rat Ig standard curve (4-parameter logistic 

model) was used to determine Ig concentrations. The anti-KLH (IgG, IgM, IgA, IgG2a and 

IgG2b) and total antibody concentrations for each time point were measured by ELISA, 

following the use of horseradish peroxidase conjugated goat anti-rat detection antibodies 

specific for each immunoglobulin isotype (Bethyl laboratories, USA). ELISAs were read 

at a wavelength of 450 nm on a Synergy HTTR microplate reader (Bio-Tek, USA).  

 

Stimulation of whole blood cultures with TLR agonists and KLH 

 

An ex-vivo measure was utilized to evaluate responses in whole blood cultures to TLR-

agonist and/or KLH stimulation (Ida et al., 2006). The TLR 4 agonist lipopolysaccharide 

(LPS), purified from E.coli (Sigma), or the TLR2 agonist Pam3CysK4 (Calbiochem) were 

used as innate stimulants and KLH (Sigma) was used to assess the KLH recall response. 

An initial test was conducted to find optimal stimulant concentrations prior to conducting 

the whole blood culture-stimulation assay. For the assay 900 L of whole blood was 

stimulated with g/ml of either LPS or Pam3CysK4, and/or g/ml of KLH (final 

concentrations) in a 5 ml polypropylene round-bottom tube (BD Bioscience) and incubated 
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at 37ºC, 5% CO2 humidified incubator for 20 hours. Following incubation, the tubes were 

centrifuged at 1300 x g for 5min at 4ºC, culture supernatants were collected and stored at 

-80ºC and were later measured for cytokines IL-10, IFN- and IL-4.  

 

End-point Chromogenic Limulus Amebocyte Lysate (LAL)  

 

Serum LPS concentrations were analyzed from males and females fed either Purina chow 

or FOS diets only, using the endpoint chromogenic LAL assay (Lonza, Switzerland). A 1:1 

ratio of serum and LAL reagent were mixed in a 96 well plate and incubated for 10 min in 

a block heater maintained at 37ºC. 100 l of pre-warmed chromogenic substrate, at a 

concentration of 2 mM, was then pipetted into each well and incubated for 6 min. The 

reaction was stopped by the addition of 100 l of 25% acetic acid to each well. The plate 

was read at an absorbance wavelength of 405 nm. LPS (EU/ml) levels were calculated 

based on the standard curve (range 0.1 -1.0 EU/ml) with purified LPS from E.coli.  

 

Real Time PCR: Cecal tissue Mucin-2 gene expression 

 

Cecal tissues stored in RNA Later (Qiagen) at -80ºC were used for mucin 2 (MUC2) gene 

expression analysis. Total RNA from thawed cecal tissue was extracted using Qiagen 

RNeasy kit as per manufacturer’s instructions. Total RNA was quantified (ng/l) using a 

NanoDrop spectrophotometer (at Health Canada, Ottawa). A260/280 ratios and gel 

electrophoresis analysis of total RNA were performed to determine RNA quality. Total 

RNA was DNase treated (Qiagen) to remove genomic DNA contamination prior to cDNA 

synthesis and treated total RNA was re-quantified using the Nanodrop spectrophotometer. 
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350ng of RNA was reverse transcribed using the First strand cDNA synthesis kit (Thermo 

Fisher).  

For real time PCR, cDNA was diluted to obtain a concentration of 1200 pg/l in 

RNase-and DNase free water, and 1l of diluted cDNA was added to a PCR mixture (10 

l of Bio-Rad SYBR green supermix, primers at a final concentration of 300nM, final 

reaction volume, 15 l). Hypoxanthine-guanine phosphoribosyltransferase (HPRT) and 

Ribosomal Protein 10A (RPL10A) were used as housekeeping genes (Martinez-Beamonte 

et al., 2011). Real time PCR was carried out using a Bio-Rad CFX-manager software. 

Sequences of the primers, created using MacVector, are as follows: 

MUC2 Forward:  5’ TGTGGTAAAGCAGTTGGAAGAGG 3’ 

MUC2 Reverse:   5’ CCAGATAACAATGATGCCAGAGC 3’ 

HPRT Forward:     5’ TTGCTCGAGATGTCATGAAGGA 3’ 

HPRT Reverse:      5’ AGCAGGTCAGCAAAGAACTTATAG 3’ 

RPL10A Reverse:  5’ AGAAGCGTTTGTCCTTCTGAGGGT 3’ 

RPL10A Forward:  5’ AGCCATGAGCAGCAAAGTTTCACG 3’ 

 

Cell cultures 

 

The non-transformed small intestinal rat cell line IEC-6 and the human colorectal 

adenocarcinoma cell line HT-29 were used in vitro to examine the effects of butyric acid 

on TLR agonist-induced responses.  Both cell lines were purchased from the ATCC (USA) 
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and maintained in 75cm2 tissue culture flasks (CellStar, Greiner-Bio-One). IEC-6 cells 

were grown in Dulbecco’s modified Eagle’s medium (Sigma) with 4 mL-glutamine, 1.5 

g/L sodium bicarbonate, 4.5 g/L glucose, g/ml gentamycin (Sigma) and 10% FBS 

(Sigma). HT-29 IEC cells were grown in RPMI-1640 medium (Sigma) with 0.3 g/L L-

glutamine, 2 g/L sodium bicarbonate, 50 g/ml gentamycin, phenol red and 10% FBS. 

Cells were maintained in a 5% CO2 incubator (Thermo Fisher) at 37ºC and 95% humidity. 

All assays to examine effects of butyric acid and TLR agonists were performed with cells 

seeded at a density of 5x 105 cells/ml and in serum-free media.  

Treatment of IEC-6 cells with butyric acid and TLR agonists  

 

The effects of varying timing of contact and concentration of butyric acid on TLR agonist-

induced chemokine production were examined using the IEC-6 cell line. Production of the 

chemokine CINC-1 by IEC-6 was induced by treatment with either 20 ng/ml of TLR 4 

agonist LPS or 40 g/ml of TLR 3 agonist poly I:C. Effects on CINC-1 production were 

evaluated by co-incubating IEC-6 cells (passage 11-19) with 10 or 25 mM butyric acid 

(Sigma) in the presence of either TLR agonist (Mirmonsef et al., 2012). The effect of pre-

incubation was also tested by pre-treating IEC-6 cells with either 10 or 25 mM butyric acid 

for 18 hrs, followed by 6 hr challenge with either TLR agonist. Media was removed prior 

to TLR-agonist challenge, which was performed with fresh media. CINC-1 (pg/ml) levels 

were measured using ELISA and manufacturer’s protocol (R&D Systems, USA) as 

previously described. 
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p38 pathway inhibition in Poly (I:C) challenged HT-29 IEC treated with Pam3CysK4 

and/or butyric acid  

 

The effect of Pam3CysK4 (TLR2 agonist) and butyric acid on chemokine (IL-8 and IP-10) 

production was evaluated from HT-29 cells stimulated with TLR 3 agonist poly I:C. HT-

29 cells (passage 15-19) were incubated with Pam3CysK4 (10 g/ml) and 10 or 25 mM 

butyric acid and challenged with poly I:C (40 g/ml) for 6 hrs.  HT-29 cells were also pre-

treated with Pam3CysK4 and/or butyric acid (10 or 25 mM) for 2 hrs prior to a challenge 

with poly I:C for 4 hrs. TLR-agonist challenge was performed with fresh media. 

Supernatants were collected after challenge and stored at -80ºC and later measured for IL-

8 and IP-10 production by ELISA (R&D Systems, USA).  HT-29 IEC (passage 28-30) 

were incubated with 20 M of the p38 inhibitor, SB203580 (Invivogen) in the presence of 

10mM butyric acid and 10 g/ml Pam3CysK4. The assay was performed to test the effect 

of butyric acid on IL-8 production induced by poly I:C alone or with Pam3CysK4 via the 

p38 pathway. Following 4 hrs of incubation, supernatants were collected and IL-8 

production was evaluated by ELISA (R&D Systems, USA). 

 

-estradiol treated IEC incubated with butyric acid and TLR agonists or TNF

 

The influence of -estradiol on the effects of butyric acid were examined using IEC-6 and 

HT-29 IEC. IEC were treated overnight with varying concentrations of -estradiol (Sigma) 

(1ng/ml, 5ng/ml and 10ng/ml) (Looijer-van Langen et al., 2011). IEC-6 cells (passage 19-

22) were then treated for 6 hours with LPS (20 ng/ml) or poly I:C (40g/ml) along with 

butyric acid (Sigma) at concentrations of 10 mM or 25 mM in fresh serum free media. The 



49 
 

effect of -estradiol on HT-29 IEC (passage 25-30) were also examined with 50 or 100 

ng/ml of TNF-(Pepro-Tech) Cell culture supernatants were assayed for chemokine 

production by ELISA (R&D systems, USA).  

 

Treatment of HT-29 cells with ATP and TLR agonists 

 

The effects of ATP on HT-29 IEC chemokine production by TLR agonists were also 

evaluated. HT-29 cells (passage 29-32) were incubated with ATP (Sigma), at 

concentrations of 50 M and 75 M, and challenged with TLR agonists Pam3CysK4 

(10ng/ml), LPS (20 ng/ml) or flagellin (100 ng/ml; TLR5 agonist) (Invivogen) for 6 hrs at 

37ºC. Cell culture supernatants were collected and analyzed for chemokine production by 

ELISA (R&D Systems, USA). 

 

Tetrazolium dye reduction (MTT) Assay for cell viability 

 

Following collection of supernatants for cytokine measurements, cell viability of IEC-6 

and HT-29 IECs was performed using the tetrazolium dye reduction assay. The assay was 

developed by Mosmann (1983) to detect cellular growth and survival. Actively respiring 

cells can convert the soluble MTT dye (3-[4,5-dimethylthiazol-2-yl]-2,5, 

Diphenyltetrazolium) (Sigma) to insoluble formazan. The MTT dye at 0.5 mg/ml (final 

concentration) was added to each well with IECs and incubated at 37ºC for 2 hrs.  

Following incubation supernatants were removed and 100L of dimethyl sulfoxide 

(DMSO) (Sigma) solution was added to the each well. Plates were shaken at room 

temperature for 10 min to dissolve the purple formazan crystals, and then read at 600 nm 
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using a Synergy HTTR microplate reader (Bio-Tek, USA). Cell viability was expressed as 

the % of control (untreated cells). 

 

Statistical analysis 

 

Immunological data was analyzed using a two-way of variance (ANOVA) to examine 

overall effects of diet, differences between sexes and interactions (diet x sex). Differences 

were further analyzed using the Tukey’s multiple range test when ANOVA p<0.050.  If 

the two-way ANOVA detected an interaction, differences based on diet were further 

delineated using one-way ANOVA and a Tukey’s multiple range test when ANOVA 

results yielded a P-value less than 0.05. The nonparametric Kruskal-Wallis (KW) test was 

applied in conditions when a significant result was obtained with Bartlett’s test for 

homogeneity of variance. If the KW test result was significant, a Dunn’s test was used to 

detect significant differences between diet groups. Results are presented as the mean ± 

SEM.   
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5. Results 

 

5.1 Effects of DFM ingestion on physiological and immune measures from male and 

female rats under resting state conditions 

 

The following section encompasses the results obtained from male rats fed WB, OB or RS-

supplemented diets relative to AIN-93G (control diet) fed rats. Data on the comparative 

effects of the WB supplement between sexes are also presented in this section. Gut 

microbiota analysis was conducted by our collaborators and is not included here (Abnous 

et al., 2009; Kalmokoff et al., 2013).  
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Table 3. Diet composition of AIN-93G-supplemented with different sources of fibre 

Diet Ingredient AIN-93G WB2 OB3 RS4 

Vitamin-free casein, g/kg 200.0 181.8 166.7 200.0 

Corn starch, g/kg 397.5 382.9 368.3 372.5 

Dextrinized corn starch, g/kg 132.0 117.4 102.8 107.0 

Sucrose, g/kg 100.0 85.4 70.8 75.0 

Soybean oil, g/kg 70.0 65.0 56.0 70.0 

AIN-93G minerals, g/kg 35.0 35.0 35.0 35.0 

AIN-93G vitamins, g/kg 10.0 10.0 10.0 10.0 

choline bitartrate, g/kg 2.5 2.5 2.5 2.5 

α-methionine, g/kg 3.0 3.0 3.0 3.0 

Tert-butylhydroquinone 0.014 0.014 0.014 0.014 

Wood cellulose, g/kg 50.0 20.0 0.0       0.0 

Bran, g/kg 0 164.8 117.0 125 

5DF from bran source, % 0 3.0 5.0 0 

Total 5DF, % 5.0 5.0 5.0 5.0 

Protein, % 20.0 20.0 20.0 20.0 

Total carbohydrate, % 62.9 61.1 61.8 62.9 

Fat, % 7.0 7.0 7.0 7.0 

Energy density, kJ/kg 16.52 16.30 16.38 16.92 

2Oat bran composition: 20.2% protein, 8.5% fat, 41.1% carbohydrate (nonfibre), 18.2% dietary 

fibre, 7% moisture, 5% ash. 

3Hard red wheat bran composition: 15.6% protein, 4.3% fat, 21.8% carbohydrate (nonfibre), 

42.7% dietary fibre, 9.9% moisture, 5.8% ash.  

4High amylose maize starch, 40% resistant starch type II (measured using Megazyme Resistant 

Starch Assay kit following the AOAC 2002.2 approved method), 60% available carbohydrate.  

5DF- Dietary Fibre 
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Fig 2. Weight gain in male rats fed different DFM. Bars indicate mean weight gain (g) ± 

SEM (n=18). Significant effects of diet were analyzed by one-way ANOVA. Differing 

letters represent significant differences in weight gain as determined by the Tukey’s 

multiple range test.  
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Fig 3. Differences in weight gain between male and female rats fed the control or WB-

supplemented diet. Bars indicate mean weight gain (g) ± SEM (n=18 for males; n=12 for 

females per diet). (*) indicates significant effect of sex was analyzed by two-way ANOVA. 

 

Effects of DFM feeding on weight gain between male and female rats  

 

The percentage of protein, non-fibre carbohydrate and fat were equal between the AIN-

93G formulated control diet and DFM-supplemented diets (Table 3). The energy density 

across all diets was equal, ensuring the intake of an equivalent amount of nutrients except 

for the fibre composition.  DFM supplementation did affect the amount of weight gain over 

the course of the feeding trial. Overall weight gain was lower in male rats fed the WB-

supplement compared to RS-fed rats over the course of the 6 week feeding trial (Fig 2). In 

contrast, the amount of weight gain was higher in males relative to females fed either diet 

(Fig 3).   
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Table 4. Serum biochemical measures in male rats fed either the AIN-93G, WB, OB or 

RS-supplemented diets 

                   

Measure 

                                                        

   OB 

                          p value 

   AIN-93G         WB          RS         Diet2 

LDH (U/L) 220 ± 441 156 ± 41 177 ± 29 175 ± 38          NS4 

    ALP  (U/L) 145 ± 3 138 ± 2 157 ± 7 201 ± 7          NS 

ALT  (U/L) 30 ± 1a 47 ± 3c 149 ± 8b 31 ± 2a     <0.0001 

   AST (U/L)       64 ± 3 67 ± 2 62 ± 1 61 ± 1          NS 

 BUN (mg/dL)   19 ± 1ab  21 ± 1b 20 ± 1ab     17 ± 1a        0.0093 

1Data indicates mean ± SEM (n=6).   

2Significant effects of diet were analyzed by one-way ANOVA.  

3Differences in BUN levels in rats fed different DFM were analyzed by Kruskal-Wallis.   

Differing letters represent significant differences in serum biochemical levels as 

determined by the Tukey’s multiple range test or the Dunn’s test.  

4NS-not significant.  
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Table 5. Differences in serum biochemical measures between male and female rats fed either the AIN-93G or WB-

supplemented diet 

                     

Measure 

Males Females                                

    aDiet 

p value          

bSex                              

 

 cD x S AIN-93G WB AIN-93G WB 

LDH (U/L) 220 ± 441 156 ± 41 116 ± 12 106 ± 4 NS2 0.03 NS 

    ALP  (U/L) 146 ± 3b 138 ± 2a 201 ± 7b 118 ± 4a <0.001 <0.001 0.003 

ALT  (U/L) 30 ± 1 47 ± 3 31 ± 2 40 ± 1 <0.001 NS NS 

AST (U/L) 64 ± 3 67 ± 2 59 ± 1 61 ± 2 NS NS NS 

BUN (mg/dL) 19 ± 1 21 ± 1 23 ± 1 24 ± 1 NS NS NS 

1Data indicates mean ± SEM (n=6).  

Significant effects for dieta (D), differences between the sexesb (S) or an interaction (D x S)c were analyzed using two-way 

ANOVA.  

Differing letters indicate significant differences based on diets as determined by Tukey’s multiple range test. 

2NS-not significant.  
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Effects of DFM ingestion on serum biochemical measures between male and female 

rats  

Effect of DFM consumption on standard serum biochemical measures for liver 

(LDH, ALP, AST and ALT) and kidney function (BUN) were evaluated. Serum BUN 

levels also reflect host/endogenous nitrogen utilization by the gut microbiota (Kalmokoff 

et al., 2013). Diet affected certain serum biochemical measures; however, the values for 

each biochemical parameter fell within the reference range for laboratory rats (Wolford et 

al., 1986). Major changes to levels would indicate DFM intake was detrimental to host 

health, which was not the case. Levels of LDH were unaffected by diet but were different 

between sexes (Table 4 and 5, respectively). Males had higher levels of LDH compared to 

females (Table 5) (p=0.03). Basal levels of ALP were higher in female rats relative to male 

rats, in addition to which WB feeding reduced ALP levels in both sexes, however the 

decrease was greater in females compared to males (Table 5). WB and OB-fed rats showed 

a decrease (p<0.001) in ALT levels relative to control-fed rats (Table 4). BUN levels were 

lower in RS-fed rats compared to WB-fed rats (Table 4). AST levels were unaffected by 

diet and did not differ between sexes (Table 5).  
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Fig 4a).  Cecal short chain fatty acid (SCFA) profiles from rats fed either control or the 

WB, OB or RS diets. Bars indicates mean (% of total) ± SEM (n=8).  Significant effects of 

diet were analyzed by one-way ANOVA. Differing letters denote significance based on 

diet determined by Tukey’s multiple range test. 
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Figure 4b). Fecal short chain fatty acid (SCFA) profiles from male rats fed either the 

control or the WB, OB or RS diets. Data indicates mean (% of total) ± SEM (n=6-8).  

Significant effects of diet were analyzed by one-way ANOVA. Differing letters indicate 

significance based on diet determined by Tukey’s multiple range test. 
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Table 6: Relative ratios of SCFA in cecal and fecal contents from rats fed different DFM  

 

 Cecal (Wet wt) 

Acetic:Propionic:Butyric 

Fecal (Dry wt) 

Acetic:Propionic:Butyric 

 

AIN-93G  

 

 

4:1:11 

 

7:1:12 

 

WB  

 

 

3:1:1 

 

8:1:1 

 

OB 

 

 

2:1:1 

 

5:1:1 

 

RS 

 

 

5:1:1 

 

5:2:1 

1,2Ratios of SCFAfrom cecal (wet wt) and fecal (dry wt) contents of rats fed different 

DFM. 
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Figure 5. Differences in the fecal short chain fatty acid (SCFA) profiles between male and 

female rats fed the control or WB-supplemented diet. Bars indicate mean (% of total) ± 

SEM (n=5-6). No significant effects of diet, differences between sexes or an interaction 

(diet x sex) were detected by two-way ANOVA. 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

Acetic Propionic Butyric

%
 o

f 
T

o
ta

l 
F

ec
al

 S
C

F
A

Male AIN-93G Male WB Female AIN-93G Female WB



62 
 

Table 7: Relative ratios of SCFA in the fecal contents from male and female rats fed 

either the control or the WB-supplemented diet 

 Male Fecal  

Acetic:Propionic:Butyric 

Female Fecal 

Acetic:Propionic:Butyric 

 

AIN-93G  

 

 

7:1:11 

 

10:2:12 

 

WB  

 

 

8:1:1 

 

7:1:2 

1,2Differences in the ratios of SCFAfrom the fecal contents of male and female rats fed 

the WB-supplemented diet 

 

Effects of DFM ingestion on cecal and fecal SCFA profiles between male and female 

rats  

Cecal and fecal SCFA levels are shown as a percentage of their respective total SCFA 

amounts for male rats fed the different DFM (Fig 4 a) and b) respectively). Table 6 depicts 

the relative ratios of SCFA from cecal and fecal contents. The SCFA ratios were lower in 

both cecal and fecal contents from OB-fed rats relative to control-fed rats. In contrast, RS 

fermentation doubled the proportion of propionic acid in the fecal content (Table 6).  Cecal 

contents from female rats were not analyzed for SCFA concentrations.  However, the basal 

ratios of fecal SCFA showed females had higher proportions of acetic and propionic acid 

relative to males, while butyric acid proportions were similar between the sexes. However 

the proportion of fecal butyric acid in females fed the WB- supplement was twice as much 

as that in males (Table 7).  
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A) 

  

B) 

  

Fig 6. Differences in the percentages of Foxp3+ Treg population within the CD3+4+25+ T 

cell population in the MLN (A) and spleen (B) between male and female rats fed control 

or WB. Data are shown as % mean ± SEM (n=6).  (*) indicates higher Foxp3+ T cell 

population percentages in both the MLN and spleen of males relative to females as detected 

by two-way ANOVA.  
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A) 

B)   

 

Fig 7. Differences in the percentages of CD68+ population MLN (A) and spleen (B) 

between male and female rats fed control or WB. Data are shown as % mean ± SEM (n=4-

6).  (*) indicates higher CD68+ population percentages in both the MLN and spleen of 

females compared to males as detected by two-way ANOVA.
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Table 8: Flow cytometric analysis of immune cell population percentages from the MLN and spleen in male rats fed different DFM 

 

AIN93G    WB    OB    RS 

                                          

               AIN93G            WB               OB                 RS                         

MLN:     Spleen:                                                                                                 

%CD3+ 79±0.4b 73±0.6a 76±0.7a,b 79±1.3b                  71±0.4a,b     73±0.08b           69±0.4a           71±0.8ab 

%CD3+CD4+ 57±1.0b 50.5±1.0a 55.8±0.7b 58.7±1.2b   44.7±0.8        46.0±1.0         44±1.0            45±1.5 

%CD3+CD8+ 20±0.6 20±0.8 19±0.6 20±0.8   24.2±0.4         24±0.6            23±0.40          24±1.1 

%CD45RA+ 19±0.5a 25±0.3b 21±0.8a 18±0.8a   18.8±0.7b          17±0.5a           22±1.0b          20±0.9a,b 

%CD3-161a+ 0.0±0.0 0.1±0.0 0.1±0.0 0.1±0.0   0.70±0.1        0.90±0.1          1.1±0.4            0.70±0.1 

%CD68+  7.2±0.9 5.2±0.7 6.6±0.8 6.4±0.8     47±2.2           45±1.5           42±3.9             47±2.3 

%Foxp3+* 14±2.6 12±1.4 13±2.6 20±4.0     7.7±1.2           8.6±1.5          6.9±1.1           13±2.8 

Data are shown as the mean % ± SEM (n=4-6) for each diet and tissue. (*) indicates the percentage of Foxp3+ Treg population 

within the CD3+4+25+ in the MLN and spleen of male rats. Significant effects of diet were detected by one-way ANOVA. 

Means with different letters are significantly different as determined by Tukey’s multiple range test.  
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Effects of DFM consumption on immune cell population percentages in the MLN 

and spleen of male and female rats 

Flow cytometric analysis of immune cell population percentages were mainly 

performed on male spleen and MLN tissues. Analysis of immune cells percentages from 

female rats was limited due to inadvertent sample loss.  

Male rats consuming the WB-supplemented diet showed the largest change in the 

percentage of T and B cell populations (Table 8). In the MLN, total T cell (CD3+) and T 

helper cell (CD3+CD4+) percentages were lower (p<0.05) , while B cell (CD45RA+) 

percentages were higher (p<0.05) in WB-fed rats than in rats consuming the control AIN 

93G diet. In the spleen, feeding WB lowered the percentage of splenic B cells (CD3-

45RA+) and slightly increased the percentage of T cells (CD3+), although the latter effect 

was only significant compared to rats fed OB. Diet had no effect on macrophage 

populations in the MLN or spleen.  

Sex-based differences were noted for MLN and splenic regulatory T cell and 

macrophage population percentages. Regulatory T cell (CD3+4+Foxp3+) population 

percentages were higher (p<0.05) in the MLN and spleen of males (Fig 6), while 

macrophage (CD68+) population percentages were significantly (p<0.001) higher in both 

tissues of females (Fig 7). 
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Table 9: Total IgA levels in cecal content and liver of males fed different DFM 

                                                                                                                                 p value                                                                                         

                               AIN-93G              WB                 OB                   RS                  Diet          

Cecal Content 

IgA(g/g)                8.6 ± 0.61           11 ± 2.7         7.6 ± 1.9            6.5 ± 0.8              NS         

Liver IgA 

IgA(g/g)                3.2 ± 0.22           3.5 ± 0.2          3.7 ± 0.2           3.0 ± 0.4             NS 

1,2Total IgA concentrations were shown as mean (g/g) ± SEM for cecal content (n=5-7) 

and liver tissue (n=9-10).  

No significant effect of diet was determined by one-way ANOVA. 

 

 

 

 

 

 

 

 

 

 



68 
 

Table 10: IgA concentrations in cecal content and liver tissue of male and female rats fed 

the AIN-93G or WB-supplement 

                                    MALE                               FEMALE p value3 

                       AIN-93G           WB            AIN-93G         WB          Dieta        Sexb     Diet x Sexc 

Cecal Content 

IgA(g/g)        8.6 ± 0.61        11 ± 2.7          9.0 ± 1.7      16 ± 3.6        NS          NS           NS 

Liver IgA 

IgA(g/g)        3.2 ± 0.22         3.5 ± 0.2        3.1 ± 0.5       3.0 ± 0.3      NS          NS           NS 

1,2Total IgA concentrations were shown as mean (g/g) ± SEM for cecal content (n=5-7) 

and liver tissue (Male n=9-10; Female n=5-9).  

3No significant effects of dieta, differences between sexesb, or an interactionc (diet x sex) 

were detected by two-way ANOVA. 

 

Effects of DFM-supplementation on IgA concentration in cecal contents and liver 

tissue  

Total IgA levels were determined in cecal contents and in liver tissue. Cecal and 

liver IgA levels were unaffected by DFM (Table 9) and did not differ between the sexes 

(Table 10).   
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A) 

 

B) 

 

Fig 8. Cytokine concentrations (pg/g) in cecum (A) and MLN (B) of rats fed different DFM. MLN 

IL-10 and IL-6 were below detectable levels for all rats. Data are shown as mean (pg/g) ± SEM 

(n=3-6). Significant effects of diet were detected by one-way ANOVA. Means with different letters 

are significantly different as determined by Tukey’s multiple range test. 
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Fig 9. Liver tissue cytokine concentrations (pg/g). Data are shown as mean (pg/g) ± SEM 

(n=6). Significant effects of diet were detected by one-way ANOVA. Means with different 

letters are significantly different as determined by Tukey’s multiple range test. 
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Table 11: Cytokine levels in gut mucosal and systemic tissues from male and female rats fed control or the WB-supplemented diet 

 Male Female Dieta 

(P value) 

     Sexb 

(P value) 

    Diet x Sexc 

(P value) Tissue Cytokine 

(ng/g) 

AIN-93G WB AIN-93G WB 

 
1Ileum 

 

IL-6 0.1 ± 0.1 0.5 ± 0.1 1.5 ± 0.3 1.1 ± 0.1 NS <0.01 NS 

IL-4 0.9 ± 0.2 1.4 ± 0.2 0.3 ± 0.1 0.7 ± 0.1 0.05 <0.01 NS 

IL-10 0.3 ± 0.2 0.9 ± 0.2 1.9 ± 0.5 0.7 ± 0.2 NS  0.06 0.02 

TGF- 0.3 ± 0.1 0.5 ± 0.1 BLQ BLQ - -                - 

CINC-1 0.9 ± 0.4 2.1 ± 0.2 0.3 ± 0.1 0.2 ± 0.06 NS NS NS 

 

 

Cecum 

 

IL-6 8.0 ± 0.5 5.7 ± 0.8 10.1 ± 0.8 9.1 ± 1.5 NS <0.02 NS 

IL-4 2.8 ± 0.3 2.5 ± 0.1 3.3 ± 1.7 2.8 ± 1.1 NS NS NS 

IL-10 7.2 ± 0.3 6.1 ± 0.6 7.9 ± 0.2 7.0 ± 0.8 NS 0.03 NS 

TGF- 1.3 ± 0.5 1.5 ± 0.4 nd Nd - - - 

CINC-1 0.9 ± 0.1 0.5 ± 0.2 nd Nd - -               - 

 

 
1Colon 

 

IL-6 2.1 ± 0.2 2.6 ± 0.2 7.8 ± 0.9 6.3 ± 0.4 NS <0.01 NS 

IL-4 1.6 ± 0.1 1.6 ± 0.3 5.0 ± 0.5 3.7 ± 0.5 NS NS NS 

IL-10 1.5 ± 0.2 1.4 ± 0.2 8.1 ± 0.6 9.7 ± 1.1 NS <0.01 NS 

TGF- 0.5 ± 0.0 0.6 ± 0.1 0.4 ± 0.3 0.5 ± 0.1 NS NS NS 

CINC-1 1.3 ± 0.4 1.3 ± 0.1 1.8 ± 0.2 2.2 ± 0.3 NS NS NS 

 
1Spleen IL-6 

IL-4                  

IL-10 

TGF-

CINC-1 

0.2 ± 0.02 

0.03 ± 0.01 

nd 

0.1 ± 0.0 

0.2 ± 0.02 

0.2 ± 0.02 

0.05 ± 0.01 

nd 

0.1 ± 0.0 

0.3 ± 0.04 

BLQ 

0.5± 0.2 

2.7 ± 0.1a 

1.3 ± 0.2 

1.1 ± 0.02b 

BLQ 

0.8 ± 0.1 

4.7 ± 0.3b 

1.5 ± 0.2 

0.7 ± 0.1a 

- 

NS 

- 

NS 

0.03 

- 

<0.001 

- 

<0.001 

<0.001 

- 

NS 

- 

NS 

0.02 

         

 

Liver 

 

IL-6 151 ± 10.5 148 ± 7.1 126* 106 ± 11.4 - - - 

IL-4 59.3 ± 2.2 59.3 ± 0.9 63* 60.0 ± 7.5 - - - 

IL-10 87.5 ± 4.4 73.3 ± 8.9 91.2* 100 ± 11.2 - - - 

TGF- 45.1 ± 8.5 43.3 ± 4.8 nd Nd - -                 - 

CINC-1 8.6 ± 1.4 11.8 ± 2.0 10.0* 8.4 ± 5.9 - - - 

Values indicate the mean (ng/g) ± SEM (n=3-6) for each tissue. Significance for dieta, sexb and diet x sexc was detected by Two-way ANOVA.  Differing letters denote significance based on diet alone as determined by 

the Unpaired t-test (ileal and splenic IL-10) or the Mann-Whitney non-parametric test (splenic CINC-1). (1)Cytokine measures from male ileum, colon and spleen were performed by J McCarville (MSc. Thesis, 2012).  

*denotes the mean of 2 rats. BLQ denotes values that were below levels of quantification; nd-not done; NS-not significant
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Impact of DFM ingestion on gut and systemic tissue cytokines 

Tissue cytokines were measured to gain an understanding of localized (gut) and 

distal (systemic) immune impacts arising from DFM consumption. Tissue cytokines were 

most affected in RS-fed rats. Cecal IL-6 (p=0.08) and IL-4 (p=0.06) trended upwards in 

RS-fed rats but only relative to rats consuming the WB diet (Fig 8A). Effects arising from 

feeding the RS-containing diet were most evident in the MLN.  Levels of CINC-1, IL-4 

and TGF-β1 in the MLN increased in rats fed RS relative to control-fed rats (Figure 8B). 

In the MLN, levels of IL-6 and IL-10 were below the level of detection for all rats, 

regardless of diet. However in the liver, levels of the regulatory cytokine TGF-β1 

significantly increased in rats fed RS and OB compared to rats fed the control diet. Liver 

IL-10 levels were also significantly higher in rats fed either RS or OB but only relative to 

those fed WB (Fig 9).   

The effects of WB intake on gut mucosal and systemic tissue cytokines were 

compared between male and female rats (Table 11). Females consistently demonstrated 

higher levels of IL-6 in the ileum, cecum, and colon relative to males. Levels of ileal IL-

10 were also higher in females relative to males. In addition, WB feeding induced an 

increase in ileal IL-10 levels in males while significantly decreasing levels in females (diet 

x sex interaction p=0.02).  In contrast, IL-6 levels were below the level of detection in the 

spleen of female rats. While levels of splenic IL-4 and TGF- were 10-fold higher in 

females than in males. IL-10 levels significantly increased in WB-fed females compared 

to control-fed females (p<0.01). Splenic CINC-1 levels were 5-fold higher in females 
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compared to males and WB consumption slightly increased CINC-1 levels in males while 

significantly decreasing levels in females (diet x sex interaction p=0.02).  
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5.2 Effects of FOS consumption on physiological and immune parameters between 

male and female rats 

 

This trial assessed the effect of FOS ingestion on tissue immune cell population 

percentages and cytokine levels between male and female rats. In addition, gut microbiota 

compositional changes, SCFA profiles and serum biochemical measures including serum 

LPS were examined. The gut microbiota analysis was conducted by our collaborators and 

the distribution of phylotypes (%) at the Family level is included in the Appendix (Fig A1). 
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Fig 10. Differences in weight gain between male and female rats fed either Purina chow 

or the FOS supplement. Data are shown as mean weight gain (g) ± SEM (n=18 for males; 

n=12 for females). (*) indicates a significant difference in weight gain between male and 

female rats as detected by two-way ANOVA.   

 

Effects of FOS feeding on weight gain in male and female rats 

Rats were fed either Purina chow 5001 formulated for rodents or the 5% FOS-

supplemented diet consisting of 5g of FOS mixed with 950g of Purina chow. FOS ingestion 

did not affect the amount of weight gain in males or females. Weight gain over the 6 week 

feeding trial, was higher in males (p<0.001) relative to females on either diet (Fig 10).   
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Fig 11. Cecal SCFA profiles from male rats fed either Purina chow (Black bars) or 

FOS (Dark Grey bars). Bars indicate mean (% SCFA) ± SEM (n=8). Significant 

effects of diet were detected by an Unpaired T-test. 

 

 

Table 12: Relative ratios of SCFA in the cecal contents from rats fed Purina chow or the 

FOS-supplemented diet  

 

 Cecal (Acetic:Propionic:Butyric) 
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Chow 
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FOS                              4:1:2 
1 Differences in the ratios of SCFAfrom the cecal contents of rats fed either Purina chow 

or the FOS-supplemented diet 
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Fig 12. Fecal SCFA profiles from male rats fed either Purina chow or FOS. Data are shown 

as mean (% of total) ± SEM (n=8). (*) indicates the increase in the percentages of fecal 

butyric acid in FOS-fed male rats relative to control fed male rats as detected by an 

Unpaired T-test. 

 

 

Table 13: Relative ratios of SCFA in the fecal contents from male and female rats either 

Purina chow or the FOS-supplement 

 Male Fecal  

Acetic:Propionic:Butyric 

Female Fecal 

Acetic:Propionic:Butyric 

 

Purina 

Chow 

 

5:1:11 

 

4:1:12 

 

FOS 

 

5:1:2 

 

4:1:1 
1,2Differences in the ratios of SCFAfrom the fecal contents from Purina chow or  

 FOS-fed male and female rats 
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Effects of FOS ingestion on percent total cecal and fecal SCFA between male and 

female rats 

FOS consumption increased the percent total cecal butyric acid (p=0.03) in 

rats relative to control-fed counterparts, while no significant changes in the 

percentages of acetic or propionic acid were observed (Fig 11). An increase in percent 

total fecal butyric acid production was also seen in male rats fed FOS relative to those 

fed chow (P=0.002) (Fig 12). The proportions of fecal butyric acid in FOS-fed males 

were double that of FOS-fed females (Table 13).  
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Table 14. Concentrations of IgA in cecal tissue and cecal content in male and female rats 

fed either Purina chow or the FOS-supplemented diet 

                                   MALE                             FEMALE                                          p value3 

                        Purina chow    FOS          Purina chow      FOS                 Dieta      Sexb    Diet x Sexc 

Cecal Tissue 

IgA(g/g)          9.4 ± 1.41     9.4 ± 0.1      6.6 ± 0.6     6.7 ± 0.04                NS        NS          NS 

Cecal Content 

IgA(g/g)           15 ± 1.32     17 ± 4.3        20 ± 7.7       13 ± 2.8                 NS         NS          NS 

1,2IgA concentrations are shown as mean (g/g) ± SEM for cecal tissue (n=3-5) and cecal 

content (n=4-5).  

3No significance for the effects of dieta, differences between sexesb or an interactionc 

(diet x sex) were detected by two-way ANOVA. 
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Fig 13. IgA concentrations in the liver of male and female rats fed Purina chow or 

the FOS-supplemented diet (g/g). Bars indicate the mean (g/g) ± SEM (n=5-6). 

(*) indicates a significant increase in the levels of liver IgA in FOS-fed males 

relative to FOS-fed females as detected by two-way ANOVA. 

 

 

Effects of FOS intake on IgA concentration 

Total IgA levels were evaluated from cecal contents and cecal and liver tissue. 

Cecal content and tissue IgA levels were unaffected by diet and did not differ between the 

sexes (Table 14).  In contrast, liver IgA concentrations were higher in males compared to 

females (p=0.01) and concentrations increased in FOS-fed males relative to FOS-fed 

females (interaction p=0.04) (Fig 13).  
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Table 15: Comparison of serum biochemical measures obtained from male and female rats fed the Purina chow or the FOS-

supplemented diet 

                   

Measure 

Males Females                       

Dieta      Sexb 

 

D x Sc Control FOS Control FOS 

LDH (U/L)  386 ± 1631   221 ± 54 92.8 ± 18 90.8 ± 13.9 NS2   0.002 NS 

ALP  (U/L)   208 ± 13  144 ± 28.2* 207.4 ± 7.7 216 ± 15.8 0.06 NS 0.06 

ALT  (U/L)   62.2 ± 4.7 53.9 ± 2.2 61.2 ± 3 51.5 ± 2.4 0.008 NS NS 

AST (U/L)  71.3 ± 6.4 62.4 ± 2.2 63.4 ± 2.4 65.9 ± 2.5 NS NS NS 

BUN (mg/dL)  18.6 ± 0.9 17.9 ± 1.5 18.9 ± 1.3 17.6 ± 0.9 NS NS NS 

1Data are shown as mean ± SEM (n=5-6).  

two-way ANOVA was performed to determine the main effects of dieta, sexb and interactionc.  

(*) significance based on diet alone for ALP was further determined by the Mann-Whitney test.   

2NS-not significant.   
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Fig 14. Serum LPS concentrations in male and female rats fed either the Purina chow or 

FOS-supplemented diet. Bars indicate mean (EU/ml) ± SEM (n=4-5). (**) significant 

differences between the sexes were detected by two-way ANOVA.  

 

Effects of FOS feeding on serum biochemical measures between male and female 

rats 

ALT levels decreased in rats following FOS consumption relative to Purina chow-

fed counterparts (p=0.008). Levels of ALP demonstrated a downward trend in FOS-fed 

males, while slightly elevating in FOS-fed females (diet*sex interaction p=0.06). In 

contrast, levels of LDH were significantly higher in males relative to females, regardless 

of diet. Levels of AST and BUN were unaffected by diet and did not differ between the 

sexes (Table 15).  In addition to serum biochemical measures, LPS concentrations in the 

serum of male and female rats fed either diet were determined to assess systemic 

dissemination of gut-derived LPS.  Diet had no effect on serum LPS concentrations; 
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however males had higher circulating LPS concentrations relative to females (p=0.004) 

(Figure 14). 

 

 

Fig 15. Expression of MUC2 from cecal tissue of male and female rats fed either Purina 

chow or FOS. Gene expression relative to housekeeping genes (RPL10A and HPRT) is 

shown as mean ± SEM (n=3-4 for males; n=2 for females). 

MUC2 gene expression in FOS-fed male and female rats 

MUC2 gene expression was evaluated to determine whether the rapid fermentation 

of FOS in the cecum affected the secretion of gel-forming mucin between sexes. Overall, 

MUC2 mRNA expression from cecal tissue was low (Fig 15). Although the expression of 

MUC2 was lower in FOS-fed male rats, this was not significantly different from Purina 

chow-fed males. The limitation in the availability of female cecal tissue restricted the 

comparison of cecal tissue MUC2 expression between sexes. 
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Table 16. Total immune cell population percentages in the MLN and spleen of males and female rats consuming either Purina chow or the 

FOS-supplemented diet 

                 Male                Female Dieta 

(p value) 

      Sexb 

(p value) 

Diet x Sexc 

(p value)  Control FOS Control FOS 

 

MLN 

CD3+ 73±0.91 73±1.5 77±0.2 77±1.3 NS 0.002 NS 

CD3+ 4+ 52±0.7 53±0.7 55±0.8 53±1.4 NS NS NS 

CD3+ 8+ 19±1.2 18±1.0 20±0.7 22±1.5 NS NS NS 

CD45RA+ 23±0.8 23±1.6 19±0.6 19±1.3 NS 0.001 NS 

CD3-161+ 0.30±0.1 0.30±0.1 0.40±0.1 0.30±0.04 NS NS NS 

CD68+ Total 5.9±0.8 5.5±0.5 8.8±0.8 8.1±0.5 NS 0.0005 NS 

*Foxp3+ 11±2.2 9.7±2.1 6.8±1.8 4.9±1.1 NS 0.02 NS 

 

Spleen 

CD3+ 72±1.2 69±2.0 73±0.9 69±1.1 0.03 NS NS 

CD3+ 4+ 46±1.5 44±1.4 46±0.90 43±1.2 NS NS NS 

CD3+ 8+ 26±0.9 25±0.5 26±0.7 25±0.5 NS NS NS 

CD45RA+ 19±1.1 21±1.4 15±1.2 19±1.4 NS NS NS 

CD3+161- 1.2±0.2 1.6±0.2 1.8±0.2 1.4±0.1 NS NS NS 

CD68+ Total 42±1.7 41±1.4 46±2.4 49±1.3 NS 0.002 NS 

*Foxp3+ 5.9±1.4 5.6±1.6 2.1±0.4 1.3±0.6 NS 0.001 NS 
1Data are shown as the percent mean ± SEM (n=5-6).  * indicates the percent Foxp3+ T cell population with the CD3+4+25+ T cells in the MLN and spleen of male 

and female rats. Significance (p<0.05) was analyzed for dieta, sexb and interactionc for each immune cell percentage using two-way ANOVA. 
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Effects of FOS ingestion on MLN and splenic immune cell population percentages 

between male and female rats 

In the MLN, supplementing the diet with FOS had no major impact on the population 

profiles of immune cells including lymphocytes and macrophages. However, significant 

differences were noted in immune cell phenotype distributions between sexes (Table 16). 

MLN B lymphocyte (CD45RA+) population percentages were higher in males compared 

to females, while MLN total T cell (CD3+) percentages were significantly higher in 

females. Although T helper (CD3+4+) population percentages remained unchanged, 

percentages of regulatory T cell (Foxp3+) were significantly higher in males compared to 

females in the MLN and spleen. In contrast, macrophage (CD68+) population percentages 

were higher in the MLN and spleen of females relative to males. Diet affected splenic total 

T cell (CD3+) population percentages, which were observed to decrease in both sexes upon 

FOS intake.  
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Table 17. Cytokine levels in gastrointestinal and liver tissue in male and female rats fed either Purina chow or the FOS-supplemented diet.  
 Male Female Dieta 

(P value) 

     Sexb 

(P value) 

    Diet x Sexc 

(P value) Tissue Cytokine 

(ng/g) 

Control FOS Control FOS 

 

Ileum1 

 

IL-6 BLQ BLQ 1.3 ± 0.5a 2.4 ± 0.2b - - - 

IL-4 0.1 ± 0.02 0.1 ± 0.03 0.9 ± 0.2 1.1 ± 0.2 NS <0.001 NS 

IL-10 3.9 ± 0.3 4.9 ± 0.7 1.3 ± 0.2 1.2 ± 0.2 NS <0.001 NS 

TGF 0.5 ± 0.03 0.5 ± 0.04 BLQ BLQ - - - 

CINC-1 0.2 ± 0.01 0.3 ± 0.02 0.2 ± 0.05 0.2 ± 0.06 NS NS NS 

 

Cecum 

 

IL-6 7.9 ± 0.9 7.7 ± 0.9 5.8 ± 0.7 5.1 ± 0.5 NS <0.01 NS 

IL-4 2.9 ± 0.5 2.3 ± 0.4 2.0 ± 0.1 2.3 ± 0.1 NS NS NS 

IL-10 5.3 ± 0.2 6.5 ± 1.3 8.2 ± 0.8 6.7 ± 0.3 NS 0.03 NS 

TGF- 2.5 ± 0.9 2.2 ± 0.9 2.1 ± 1 2.5 ± 1.3 NS NS NS 

CINC-1 0.9 ± 0.2 0.7 ± 0.1 0.1 ± 0.1 0.5 ± 0.2 NS 0.03 NS 

 

Colon1 

 

IL-6 1.9 ± 0.2 2.5 ± 0.4 6.2 ± 1.2 4.6 ± 0.6 NS <0.001 NS 

IL-4 1.1 ± 0.1 0.8 ± 0.1 3.9 ± 0.3a 4.7 ± 0.1b NS <0.001 0.008 

IL-10 1.0 ± 0.1 0.8 ± 0.1 10.0 ± 0.7 9.8 ± 0.6 NS <0.001 NS 

TGF- 0.4 ± 0.01 0.5 ± 0.03 0.7 ± 0.1 0.7 ± 0.04 0.04 <0.01 NS 

CINC-1 0.7 ± 0.1 0.5 ± 0.1 1.6 ± 0.6 1.8 ± 0.1 NS <0.01 NS 

 

MLN 

 

IL-6 

IL-4               

IL-10 

TGF- 

CINC-1 

1.1 ± 0.6 

0.1 ± 0.02 

1.0 ± 0.1 

nd 

       0.3 ± 0.0 

1.7 ± 0.4 

0.3 ± 0.04 

0.7 ± 0.2 

nd 

0.2 ± 0.05 

0.7 ± 0.2 

0.4 ± 0.1 

1.5 ± 0.1 

0.1 ± 0.02 

nd 

0.6 ± 0.1 

0.4 ± 0.08 

1.8 ± 0.2 

0.2 ± 0.06 

nd 

NS 

NS 

NS 

- 

- 

0.01 

NS 

<0.001 

- 

- 

NS 

NS 

NS 

- 

- 

 

Spleen1 

IL-6 

IL-4 

IL-10 

TGF- 

CINC-1 

0.1 ± 0.04 

1.9 ± 0.3 

nd 

0.4 ± 0.04 

0.4 ± 0.05 

0.1 ± 0.1 

1.8 ± 0.1 

nd 

0.3 ± 0.02 

0.2 ± 0.02 

2.4 ± 0.2 

0.6 ± 0.1 

5.4 ± 0.6 

1.0 ± 0.4 

0.8 ± 0.1 

           1.5* 

       0.50 ± 0.1 

       4.9 ± 0.4 

       1.0 ± 0.6 

       0.8 ± 0.06 

NS 

NS 

NS 

NS 

NS 

- 

<0.01 

NS 

0.07 

<0.001 

- 

NS 

NS 

NS 

NS 

 

Liver 

 

 

IL-6 159 ± 12 173 ± 19 108 ± 9.4 93.8 ± 12 NS <0.0001 NS 

IL-4 32.6 ± 0.8 41.0 ± 6.1 49.0 ± 6.2 45.2 ± 6.5 NS NS NS 

IL-10 73.2 ± 4.2 75.4 ± 7.1 108 ± 11.1 111 ±10 NS 0.0005 NS 

TGF- 37.0 ± 1.5 41.5 ± 2.2 39.4 ± 3.2 37.5 ± 4.7 NS NS NS 

CINC-1 10.9 ± 0.9 9.1 ± 1.0 7.1 ± 1.5 5.3 ± 0.4 NS 0.001 NS 

Values indicate the mean (ng/g) ± SEM (n=3-6) for each tissue. Significance for dieta, sexb and diet x sexc was obtained by two-way ANOVA.  Differing letters denote 

significance based on diet alone as determined by the Unpaired t-test or Mann-Whitney test. (1)Cytokine measures from male ileum, colon and spleen were performed by 

J McCarville (MSc. Thesis, 2012).  *denotes the mean of 2 rats. BLQ denotes values that were below levels of quantification; nd-not done; NS-not significant. 
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Effects of FOS ingestion on gut mucosal and systemic tissue cytokine profiles in 

male and female rats  

Cytokine concentrations in gut mucosal and systemic tissues were compared between male 

and female rats fed FOS (Table 17). Basal cytokine levels varied significantly between 

sexes. In general, colonic tissue cytokine concentrations were higher in females than in 

males. Pro-inflammatory cytokines IL-6 and CINC-1 were higher in the cecum and liver 

of males compared to females. In contrast, the regulatory cytokine IL-10 was higher in the 

cecum and liver of females relative to males. Although diet had no major effect on tissue 

cytokine levels, interactions for colonic IL-4 (diet × sex; p=0.008) and a main effect based 

on diet for colonic TGF-1 (p=0.04) were noted. In the MLN males had higher IL-6 levels, 

while IL-10 levels were higher in females, regardless of diet. Levels of splenic IL-4 and 

CINC-1 were higher in females compared to males, while splenic IL-6 and IL-10 levels 

did not differ between sexes. 
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5.3 Effects of DFM consumption on immune responses in male and female rats to 

immunization with KLH 

 

This trial assessed the effect of DFM-intake on immune parameters from male and female 

rats immunized with KLH. Tissue immune cell population percentages, tissue cytokine 

levels, cytokine levels following ex-vivo stimulation with TLR and KLH recall from whole 

blood were analyzed for the effect of diet, differences between sexes or an interaction (diet 

x sex), to detect the effect of DFM intake on male and female rats to immunization with 

KLH. The kinetics of primary antibody responses were measured at time intervals over a 

2 week period (Day 0, 5, 10, 15) following immunization. A secondary response was also 

measured from male and female rats a week after (day 21) the KLH booster was 

administered.  
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Fig 16. The percentage of CD3+ total T cells in the PP of male and female rats fed different 

DFM. Symbols indicate the % mean ± SEM (n=5). (*) indicates a significant difference 

between sexes was detected by two-way ANOVA and Tukey’s multiple range test.  
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Fig 17a. Differences in the percentage of CD3+4+ TH cells in the PP of rats fed different 

DFM. Bars indicate the % mean (male and female rats pooled) ± SEM (n=10). Significant 

effects of diet were detected by two-way ANOVA. Bars with differing letters are 

significantly different from each other as determined by Tukey’s multiple range test. 
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Fig 17b. The percentage of CD3+4+ TH cells in the PP of male and female rats fed different 

DFM. Results separated by sex is shown here for consistency. Symbols indicate the % 

mean ± SEM (n=5). (*) indicates a significant difference between sexes as detected by two-

way ANOVA and Tukey’s multiple range test.   
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Fig 18. The percentage of CD3+4+25+ Treg cells in the PP of male and female rats fed 

different DFM. Symbols indicate the % mean ± SEM (n=5). No significant effects of diet, 

differences between sexes or an interaction (diet x sex) were detected by two-way 

ANOVA. 
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Fig 19. The percentage Foxp3+ Treg within the CD4+CD25+ T cell population in the PP of 

male and female rats fed different DFM. Symbols indicate the % mean ± SEM (n=5). No 

significant effects of diet, differences between sexes or an interaction (diet x sex) were 

detected by two-way ANOVA. 
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Fig 20. The percentage of CD3+8+ cytotoxic T cells in the PP of male and female rats fed 

different DFM. Symbols indicate the % mean ± SEM (n=5). (*) indicates a significant 

difference between the sexes as detected by two-way ANOVA and Tukey’s multiple range 

test. 
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Fig 21. The percentage of CD62L+ within the CD3+ total T cell population in the PP of 

male and female rats fed different DFM. Symbols indicate the % mean ± SEM (n=5). (*) 

indicates significant differences between the sexes as detected by two-way ANOVA and 

Tukey’s multiple range test.  
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Fig 22. The percentage of TCR+ cells in the PP of male and female rats fed different 

DFM. Symbols indicate the % mean ± SEM (n=5). No significant effects of diet, 

differences between the sexes or an interaction (diet x sex) were detected by two-way 

ANOVA. 
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Fig 23. The percentage of CD161a+ natural killer cells in the PP of male and female rats 

fed different DFM. Symbols indicate the % mean ± SEM (n=5). (*) indicates significant 

differences between sexes as detected by two-way ANOVA and Tukey’s multiple range 

test. 
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Fig 24. The percentage of CD45RA+ B cells in the PP of male and female rats fed different 

DFM. Symbols indicate the % mean ± SEM (n=5). (*) indicates significant differences 

between sexes as detected by two-way ANOVA and Tukey’s multiple range test. 
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Fig 25. The percentage of macrophages (HIS36+) in the PP of male and female rats fed 

different DFM. Symbols indicate the % mean ± SEM (n=5). No significant effects of diet, 

differences between the sexes or an interaction (diet x sex) were detected by two-way 

ANOVA. 
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Fig 26. The percentage of CD103+ DC in the PP of male and female rats fed different DFM. 

Symbols indicate the % mean ± SEM (n=5). A significant difference between sexes 

(p<0.0001) and a diet x sex interaction (p=0.043) were detected by two-way ANOVA. A 

trend towards significance (p=0.07) in females was detected by one-way ANOVA upon 

further analysis. No further differences were determined by Tukey’s multiple range test.  
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Fig 27. Levels of IL-17A in the PP of male and female rats fed different DFM. The thin 

black line separates FOS-fed females (n=2) from females fed the other diets. Symbols 

indicate the mean (pg/g) ± SEM (n=2-5).  No significant effects of diet, differences 

between the sexes or an interaction (diet x sex) were detected by two-way ANOVA. 
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Fig 28. Levels of TGF-1 in the PP of male and female rats fed different DFM. The thin 

black line separates FOS-fed females (n=2) from females fed the other diets. Data are 

shown as the mean (pg/g) ± SEM (n=3-5).  Significance for the effect of diet on females 

was analyzed by one-way ANOVA. Symbols with differing letters are significantly 

different from each other as detected by Tukey’s multiple range test. 
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Fig 29. Levels of IL-10 in the PP of male and female rats fed different DFM. The thin black 

line separates FOS-fed females (n=2) from females fed the other diets. Symbols indicate 

the mean (pg/g) ± SEM (n=2-5).  No significant effects of diet, differences between the 

sexes or an interaction (diet x sex) were detected by two-way ANOVA. 
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Effects of DFM consumption on immune cell percentages and cytokine levels in the 

PP of male and female rats  

 

The percentage of certain immune cell populations differed significantly between 

sexes. The population percentages of CD3+ total T cells, CD3+4+ T helper cells, CD3+8+ 

cytotoxic T cells and CD62L+ lymphocytes were significantly higher (p<0.001) in the PP 

of males relative to females (Fig 16, 17b, 20 and 21, respectively).  Rats ingesting the 

DFM-supplemented diets had significantly reduced (p=0.02) percentages of CD3+4+ T 

helper cells in the PP relative to control-fed rats (Fig 17a).  The percentage of CD161a+ 

Natural Killer cells (Fig 23) and CD45RA+ B cells were significantly higher (p<0.0001) in 

the PP of females compared to males (Fig 24). The percentage of CD103+ DC was not only 

higher (p<0.0001) in the PP of females relative to males but also showed significance for 

an interaction (diet x sex; p=0.043) (Fig 26).  The limited amount of PP tissue restricted 

the range of cytokine analysis, especially in FOS-fed females (n=2). Although diet did not 

alter IL-17A levels (Fig 27), TGF-1 levels were significantly lower (p=0.02) in RS-fed 

females relative to control-fed females (Fig 28).  
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Fig 30. The percentage of CD3+ total T cells in the MLN of male and female rats fed 

different DFM. Symbols indicate the % mean ± SEM (n=5). (*) indicates significant 

differences between sexes as detected by two-way ANOVA and Tukey’s multiple range 

test.  
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Fig 31. The percentage of CD3+4+ TH cells in the MLN of male and female rats fed different 

DFM. Symbols indicate the % mean ± SEM (n=5). No significant effects of diet, 

differences between sexes or an interaction were detected by Two-way ANOVA. 
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Fig 32. The percentage of CD3+4+25+ Treg cells in the MLN of male and female rats fed 

different DFM. Symbols indicate the % mean ± SEM (n=5). No significant effects of diet, 

differences between the sexes or an interaction were detected by two-way ANOVA. 
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Fig 33. The percentage of Foxp3+ Treg cells within the CD4+CD25+ T cell population in the 

MLN of male and female rats fed different DFM. Symbols indicate the % mean ± SEM 

(n=5). No significant effects of diet, differences between the sexes or an interaction (diet x 

sex) were detected by two-way ANOVA. 
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Fig 34a. Differences in the percentage of CD3+8+ cytotoxic T cells in the MLN of rats fed 

different DFM. Bars indicate the % mean (male and female rats pooled) ± SEM (n=10). 

Significant effects of diet were detected by two-way ANOVA. Bars with differing letters 

are significantly different from each other as determined by Tukey’s multiple range test. 
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Fig 34b. The percentage of CD3+8+ cytotoxic T cells in the MLN of male and female rats 

fed different DFM. Results separated by sex is shown here for consistency. Symbols 

indicate the % mean ± SEM (n=5). No significant differences between sexes or an 

interaction (diet x sex) were detected by two-way ANOVA. 
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Fig 35. The percentage of CD62L+ within the CD3+ total T cell population in the MLN of 

male and female rats fed different DFM. Symbols indicate the % mean ± SEM (n=5). No 

significant effects of diet, differences between the sexes or an interaction were detected by 

two-way ANOVA. 

 

 

 

 

 

 

 



112 
 

 

 

Fig 36. The percentage of TCR+ in the MLN of male and female rats fed different DFM. 

Symbols indicate the % mean ± SEM (n=5). (*) indicates significant differences between 

sexes as detected by two-way ANOVA and Tukey’s multiple range test. 
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Fig 37. The percentage of CD161a+ natural killer cells in the MLN of male and female rats 

fed different DFM. Symbols indicate the % mean ± SEM (n=5). No significant effects of 

diet, differences between sexes or an interaction (diet x sex) were detected by two-way 

ANOVA. 
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Fig 38. The percentage of CD45RA+ B cells in the MLN of male and female rats fed 

different DFM. Symbols indicate the % mean ± SEM (n=5). (*) indicates significant 

(p=0.02) differences between the sexes as detected by two-way ANOVA and Tukey’s 

multiple range test. 
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Fig 39. The percentage of CD103+ DC in the MLN of male and female rats fed different 

DFM. Symbols indicate the % mean ± SEM (n=5). No significant effects of diet, 

differences between the sexes or an interaction (diet x sex) were detected by two-way 

ANOVA. 
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Fig 40. The percentage of HIS36+ macrophages in the MLN of male and female rats fed 

different DFM. Symbols indicate the % mean ± SEM (n=5). (*) indicates significant 

differences between the sexes as detected by two-way ANOVA and Tukey’s multiple range 

test.  
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Fig 41. The levels of CINC-1 in the MLN of male and female rats fed different DFM. 

Symbols indicate mean (pg/g) ± SEM (n=4). No significant effects of diet, differences 

between the sexes or an interaction (diet x sex) were detected by two-way ANOVA. 
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Fig 42. The levels of IFN- in the MLN of male and female rats fed different DFM. 

Symbols indicate mean (pg/g) ± SEM (n=3-4). (*) indicates significant differences between 

the sexes as detected by two-way ANOVA and Tukey’s multiple range test.  
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Fig 43. The levels of IL-17A in the MLN of male and female rats fed different DFM. 

Symbols indicate mean (pg/g) ± SEM (n=4). No significant effects of diet, differences 

between the sexes or an interaction (diet x sex) were detected by two-way ANOVA. 
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Fig 44. The levels of IL-4 in the MLN of male and female rats fed different DFM. Symbols 

indicate mean (pg/g) ± SEM (n=4). No significant effects of diet, differences between the 

sexes or an interaction were detected by two-way ANOVA. 

 

 

 

 

 

 

 

 



121 
 

 

Fig 45. The levels of IL-10 in the MLN of male and female rats fed different DFM. 

Symbols indicate mean (pg/g) ± SEM (n=4). (*) indicates significant differences between 

sexes as detected by two-way ANOVA and Tukey’s multiple range test. 
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Effects of DFM ingestion on immune cell population percentages and cytokine levels 

in the MLN of male and female rats 

Overall the effects of diet and differences between sexes in immune cell population 

percentages in the MLN were limited. Percentages of CD3+ (total T cells) in females were 

higher (p=0.02) compared to males (Fig 30), as were percentages of TCR+ cells in 

females (p<0.001) (Fig 36).  In contrast, control and FOS-fed males had higher percentages 

of CD45RA+ B cells compared to females fed the same diets (p=0.02) (Fig 38). MLN 

HIS36+ macrophages were also higher in males (p<0.001) compared to females (Fig 40). 

The percentages of CD103+ DC in the MLN were unaffected by diet and did not differ 

between sexes (Fig 39). The difference in the percentage of CD3+8+ cytotoxic T cells 

between RS-fed and control-fed females was significantly large (Fig 34b). No significant 

differences between sexes were detected and the lowest percentages of CD3+8+ cytotoxic 

T cells were observed in RS and FOS-fed rats compared to control-fed rats (Fig 34a). 

Levels of MLN IL-10 (Fig 45) were generally higher in males (p<0.0001) compared to 

females, possibly reflecting the higher percentage of macrophages (HIS36+) observed in 

the MLN of males. In contrast, levels of IFN-Fig 42) were significantly (p<0.0001) 

lower in males relative to females, concurrent with lower MLN total T cell (CD3+) 

percentages in males. Levels of MLN CINC-1, IL-17A and IL-4 were unaffected by diet 

and did not differ between sexes (Figs 41, 43 and 44). 
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Fig 46a. Differences in the percentage of CD3+ total T cells in the spleen of rats fed 

different DFM. Bars indicate the % mean (male and female rats pooled) ± SEM (n=10). 

Significance for the effects of diet were detected by two-way ANOVA. Bars with differing 

letters are significantly different from each other as determined by Tukey’s multiple range 

test. 
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Fig 46b. The percentage of CD3+ total T cells in the spleen of male and female rats fed 

different DFM.  Results separated by sex is shown here for consistency. Symbols indicate 

the % mean ± SEM (n=5). No significant differences between sexes or an interaction 

(diet x sex) were detected by two-way ANOVA. 
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Fig 47. Effects of DFM on the percentage of CD3+ 4+ TH in the spleen of male and female 

rats fed. Symbols indicate the % mean ± SEM (n=5). An effect of diet (p=0.02) and a diet 

x sex interaction (p=0.008) were detected by two-way ANOVA. (*) indicates control-fed 

males had lower splenic CD3+4+ percentages compared to control-fed females. Symbols 

with differing letters are significant differences based on diet as detected by one-way 

ANOVA and Tukey’s multiple range test. 

 

 

 

 

b 

a a a a 

* 



126 
 

 

 

 

Fig 48. The percentage of CD3+4+25+ Treg cells in the spleen of male and female rats fed 

different DFM. Symbols indicate the % mean ± SEM (n=5). No significant effects of diet, 

differences between the sexes or an interaction (diet x sex) were detected by two-way 

ANOVA. 
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Fig 49. The percentage of Foxp3+ Treg cells within the CD4+CD25+ T cell population in the 

spleen of male and female rats fed different DFM. Symbols indicate the % mean ± SEM 

(n=5). No significant effects of diet, differences between the sexes or an interaction were 

detected by two-way ANOVA. 
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Fig 50. Effects of DFM on the percentage of CD3+8+ cytotoxic T cells in the spleen of male 

and female rats. Symbols indicate the % mean ± SEM (n=5). An effect of diet (p=0.01), 

sex (p=0.004) and a diet x sex interaction (p=0.03) were detected by two-way ANOVA. 

(*) indicates significantly different percentages of  splenic CD3+8+ T cells between males 

fed RS, WB or FOS and females fed the same diets as determined by the Tukey’s multiple 

range test. Symbols with differing letters indicate significant differences based on diet as 

detected by one-way ANOVA and Tukey’s multiple range test conducted on females alone. 
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Fig 51. The percentages of CD62L+ within the CD3+ total T cell population in the spleen 

of males and females fed different DFM. Results are shown as % mean ± SEM (n=5).  No 

significant effects of diet, differences between sexes or an interaction (diet x sex) were 

detected by two-way ANOVA. 
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Fig 52. Effects of DFM ingestion on the percentage of splenic TCR+ cells in male and 

female rats. Symbols indicate the % mean ± SEM (n=5). Differences between sexes 

(p=0.002) and a diet x sex interaction (p=0.01) were detected by two-way ANOVA. (*) 

indicates significantly lower percentages of splenic TCR+ cells in males fed OB or FOS 

relative to females fed the same diets as detected by the Tukey’s test. Symbols with 

differing letters indicate significant differences based on diet as determined by one-way 

ANOVA and Tukey’s multiple range test conducted on males alone. 
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Fig 53.  The percentage of CD161a+ natural killer cells in the spleen of male and female 

rats fed different DFM. Symbols indicate the % mean ± SEM (n=5).  No significant effects 

of diet, or differences between sexes or an interaction (diet x sex) were detected by two-

way ANOVA. 
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Fig 54a. Differences in the percentage of CD45RA+ B cells in the spleen of rats fed 

different DFM. Bars indicate the % mean (male and female rats pooled) ± SEM (n=10). 

Significance for the effects of diet were detected by two-way ANOVA. Bars with differing 

letters are significantly different from each other as determined by Tukey’s multiple range 

test. 
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Fig 54b. The percentage of splenic CD45RA+ B cells in male and female rats fed different 

DFM. Results separated by sex is shown here for consistency. Symbols indicate the % 

mean ± SEM (n=5). (*) indicates significant differences between sexes fed DFM as 

detected by two-way ANOVA and Tukey’s multiple range test.  
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Fig 55. The percentage of CD103+ DC in the spleen of male and female rats fed different 

DFM. Symbols indicates the % mean ± SEM (n=5). (*) indicates significant differences 

between sexes as detected by two-way ANOVA and Tukey’s multiple range test. 
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Fig 56. Effects of DFM ingestion on the percentage of splenic HIS36+ macrophages in 

male and female rats. Symbols indicate the % mean ± SEM (n=5). An effect of diet 

(p<0.05), sex (p<0.05) and a diet x sex interaction (p<0.001) were detected by two-way 

ANOVA. (*) indicates RS-fed males had significantly lower percentages of splenic HIS36+ 

macrophages compared to RS-fed females. Symbols with differing letters indicate 

significant differences based on diet as detected by one-way ANOVA and Tukey’s multiple 

range test conducted on females alone. 
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Fig 57. Effects of DFM on splenic TGF-1 levels in male and female rats. Symbols indicate 

the mean (pg/g) ± SEM (n=4-5). A trend toward a significant interaction (diet x sex 

p=0.074) was detected by two-way ANOVA. Symbols with differing letters indicate 

significant differences based on diet as detected by one-way ANOVA and Tukey’s multiple 

range test conducted on males alone. 
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Fig 58. Splenic IL-4 levels in the spleen of male and female rats fed different DFM. 

Symbols indicate mean (pg/g) ± SEM (n=4-5). A significant difference between sexes 

(p=0.002) was detected by two-way ANOVA. Tukey’s multiple range test did not detect 

further differences. 
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Fig 59. Splenic IFN- levels in male and female rats fed different DFM. Symbols indicate 

mean (pg/g) ± SEM (n=4-5). No significant effects of diet, or differences between sexes or 

an interaction (diet x sex) were detected by two-way ANOVA. 
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Fig 60. The ratio of splenic IFN-/IL-4 in male and female rats fed different DFM. Symbols 

indicate mean ratio ± SEM (n=4-5). A significant difference between sexes (p<0.0001) was 

detected by two-way ANOVA.  
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Effect of DFM on immune cell population percentages and cytokine levels in the 

spleen of male and female rats 

Splenic immune cell percentages were affected by diet, were different between 

sexes and for certain immune cell types a significance for an interaction (diet x sex) was 

also observed. While differences in the percentages of CD3+ total T cells between FOS-fed 

and control fed males and RS-fed and control-fed females were the largest (Fig 46b), there 

was no significant difference between sexes or an interaction (diet x sex).  Analysis of 

combined male and female data indicated the lowest percentages of CD3+ total T cells were 

in RS and FOS-fed rats compared to control-fed rats (Fig 46a).  The percentage of CD3+4+ 

T helper and CD3+ 8+ cytotoxic T cells were significantly lower in RS, WB or FOS-fed 

females relative to control-fed females (Fig 47 and 48, respectively), as DFM intake in 

females reduced the percentages of these two immune cell types to the levels observed in 

males. In contrast, splenic TCR+ population percentages not only significantly decreased 

in OB-fed males (p<0.05) relative to control-fed males, but were also lower in OB and 

FOS-fed males compared to females fed the same diets (Fig 52). The percentage of 

CD45RA+ B cells significantly increased (p=0.02) in RS and FOS-fed rats relative to 

control fed rats (Fig 54a). Overall, males had a higher percentage (p<0.05) of CD45RA+ B 

cells relative to females (Fig 54b). DFM intake influenced the differences in splenic 

CD103+ DC percentages between the sexes. CD103+ DC percentages were the same 

between male and female rats fed the control diet, however DFM intake induced higher 

percentages of splenic CD103+ DC in females relative to males fed the DFM supplements 

(Fig 55). RS intake increased (p<0.0001) splenic macrophage (HIS36+) percentages 
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relative to all other diets in females, and RS-fed females also had significantly higher 

percentages of HIS36+ macrophages than RS-fed males (p<0.001) (Fig 56). WB and OB 

intake decreased (p=0.001) splenic TGF-1 levels (Fig 57).  Although females had lower 

splenic ratios of IFN-/IL-4 compared to males, RS intake in females elevated the ratio to 

levels similar to those observed in RS-fed males (p<0.0001) (Fig 60). 
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Fig 61. IL-10 levels following ex-vivo stimulation with TLR agonists and/or KLH in whole 

blood cultures from male rats fed different DFM. Bars indicate mean (pg/ml) ± SEM (n=2-

3). Co-incubation with KLH and LPS induced higher IL-10 levels in ex vivo cultures from 

FOS-fed males, reflected in a trend towards significance relative to unstimulated negative 

control cultures. Data was analyzed by Kruskal-Wallis test. 
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Fig 62. IL-10 levels following ex-vivo stimulation with TLR agonists and/or KLH in whole 

blood cultures from female rats fed different DFM. Bars indicate mean (pg/ml) ± SEM 

(n=2-3). Diet did not affect IL-10 (pg/ml) levels produced by stimulation with TLR 

agonists and/or KLH. 
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Fig 63. IFN- levels following ex-vivo stimulation with TLR agonists and/or KLH in whole 

blood cultures from male rats fed different DFM. Bars indicate mean (pg/ml) ± SEM (n=2-

3). Diet did not affect IFN- (pg/ml) levels produced by stimulation with TLR agonists 

and/or KLH.  
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Fig 64. IFN- levels following ex-vivo stimulation with TLR agonists and/or KLH in whole 

blood cultures from female rats fed different DFM. Bars indicate mean (pg/ml) ± SEM 

(n=2-3). Diet did not affect IFN- (pg/ml) levels produced by stimulation with TLR 

agonists and/or KLH. 
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Fig 65. IL-4 levels following ex-vivo stimulation with TLR agonists and KLH stimulation 

in whole blood cultures from male rats fed different DFM. Bars indicate mean (pg/ml) ± 

SEM (n=2-5). Diet did not affect IL-4 (pg/ml) levels produced by stimulation with TLR 

agonists and/or KLH. 
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Fig 66. IL-4 levels following ex-vivo stimulation with TLR agonists and/or KLH in whole 

blood cultures from female rats fed different DFM. Bars indicate mean (pg/ml) ± SEM 

(n=2-5). Diet did not affect IL-4 (pg/ml) levels produced by stimulation with TLR agonists 

and/or KLH. 
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Effects of DFM ingestion on ex-vivo cytokine production in whole blood cultures 

stimulated with TLR agonists and/or KLH  

The whole blood culture stimulation assay was performed to evaluate TLR agonist-

induced innate responses at the systemic level in rats fed different fermentable substrates. 

Whole blood cultures from rats fed different DFM were also stimulated with KLH to 

determine recall responses. The recall response to KLH was also assessed in the presence 

of TLR agonists as this approach has been reported to enhance the production of T cell 

cytokines in response to recall antigen (Dammerman et al., 2013). Overall, stimulant-

induced whole blood cultures had higher levels of IL-10 relative to IFN- and IL-4, 

regardless of diet or sex. In whole blood cultures from FOS-fed males, the combination of 

KLH and LPS induced IL-10 levels that showed a trend towards significance (p=0.07) 

relative to unstimulated control (Fig 61). In general, whole blood cultures from OB-fed 

females appeared to be the least responsive to exogenous stimulation.  
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Fig 67. Concentrations of total IgM in the serum of KLH-immunized A) male and B) female rats 

fed different DFM. Bars indicate mean (g/ml) ± SEM (n=4-5). (*) indicates significantly higher 

concentrations of total IgM on day 0 in males compared to females, while on days 5, 10 and 21 

females showed higher concentrations relative to males as detected by two-way ANOVA and 

Tukey’s multiple range test. Please refer to Table 15 (below) for a summary of the statistical 

analysis of the effects of diet, differences between sexes or an interaction (diet x sex). 
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A) 

 

B) 

 

Fig 68. Concentrations of anti-KLH IgM in the serum of KLH-immunized A) male and B) female 

rats fed different DFM. Bars indicate mean (g/ml) ± SEM (n=3-5). (*) indicates significantly 

higher concentrations of anti-KLH IgM in females compared to males on Day 10, while on day 15 

males showed higher concentrations relative to females as detected by two-way ANOVA and 

Tukey’s multiple range test. Please refer to Table 15 (below) for a summary of the statistical 

analysis of the effects of diet, differences between sexes or an interaction (diet x sex). 
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A) 

 

B) 

 

Fig 69. Concentrations of total IgG in the serum of KLH-immunized A) male and B) female 

rats fed different DFM. Bars indicate mean (g/ml) ± SEM (n=4-5). (*) indicates 

significantly higher concentrations of total IgG on days 0 and 21 in males compared to 

females as detected by two-way ANOVA and Tukey’s multiple range test. Please refer to 

Table 15 (below) for a summary of the statistical analysis of the effects of diet, differences between 

sexes or an interaction (diet x sex). 
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Fig 70. Differences in the concentration of total IgG on day 0 between male and female 

rats fed different DFM. Bars indicate the mean (g/ml) ± SEM (n=4-5). A trend towards 

significance (p=0.07) for the effects of diet and significance (p=0.01) for an interaction 

(diet x sex) were detected by two-way ANOVA. (*) indicates OB-fed males had 

significantly higher total IgG concentrations on day 0 compared to OB-fed females as 

determined by Tukey’s multiple range test. Bars with differing letters are significantly 

different from each other as detected by Tukey’s multiple range test. 
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A) 

 

B) 

 

Fig 71. Concentrations of anti-KLH IgG in the serum of KLH-immunized A) male and B) 

female rats fed different DFM. Bars indicate mean (g/ml) ± SEM (n=3-5). (*) indicates 

significantly higher concentrations of anti-KLH IgG on days 10 and 15 in females relative 

to males, while concentrations were significantly higher on day 21 in males compared to 

females as detected by two-way ANOVA and Tukey’s multiple range test. Please refer to 

Table 15 (below) for a summary of the statistical analysis of the effects of diet, differences 

between sexes or an interaction (diet x sex). 
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Fig 72. Differences in the concentration of anti-KLH IgG, 5 days post-immunization, in rats fed 

different DFM. Bars indicate the mean (male and female rats pooled) (g/ml) ± SEM (n=9-10). 

Significance for the effect of diet was detected by two-way ANOVA. Bars with differing letters are 

significantly different from each other as determined by Tukey’s multiple range test. 

 

 

Fig 73. Differences in the concentration of anti-KLH IgG, 10 days post-immunization, in rats fed 

different DFM. Bars indicate the mean (male and female rats pooled) (g/ml) ± SEM (n=7-10). 

Significance for the effect of diet was detected by two-way ANOVA. Bars with differing letters are 

significantly different from each other as detected by Tukey’s multiple range test. 
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Fig 74. Differences in the concentration of anti-KLH IgG on day 21, post-secondary 

immunization, in male and female rats fed different DFM. Bars indicate the mean (g/ml) 

± SEM (n=4-5). Significance for the effects of diet (p<0.01), (*) differences between sexes 

(p<0.0001) and an interaction (diet x sex) (p=0.01) were detected by two-way ANOVA. 

Bars with differing letters are significantly different from each other as detected by one-

way ANOVA and Tukey’s multiple range test conducted in males alone. 
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A) 

 

B) 

 

Fig 75. Concentrations of total IgG2a in the serum of KLH-immunized A) male and B) female rats 

fed different DFM were evaluated only on the 10th and 15th day post-immunization. Bars indicate 

mean (g/ml) ± SEM (n=4-5). (*) indicates significantly higher concentrations of total IgG2a on 

day 10 in males than females, while on day 15 females had higher concentrations over males as 

detected by two-way ANOVA and Tukey’s multiple range test. Please refer to Table 15 (below) 

for a summary of the statistical analysis of the effects of diet, differences between sexes or an 

interaction (diet x sex). 
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A) 

 

B) 

 

Fig 76. Concentrations of anti-KLH IgG2a in the serum of KLH-immunized A) male and B) female 

rats fed different DFM were evaluated only on the 10th and 15th day post-immunization. Bars 

indicate mean (g/ml) ± SEM (n=4-5). (*) indicates significantly higher concentrations of anti-

KLH IgG2a on day 10 in males than females. Females showed a trend towards significance for 

anti-KLH IgG2a concentration on day 15 as detected by two-way ANOVA and Tukey’s multiple 

range test. Please refer to Table 15 (below) for a summary of the statistical analysis of the effects 

of diet, differences between sexes or an interaction (diet x sex). 
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A) 

 

B) 

 

Fig 77. Concentrations of total IgG2b in the serum of KLH-immunized A) male and B) female rats 

fed different DFM were evaluated only the 10th and 15th day post-immunization. Bars indicate mean 

(g/ml) ± SEM (n=4-5). No differences between sexes were detected by two-way ANOVA. Please 

refer to Table 15 (below) for a summary of the statistical analysis of the effects of diet or an 

interaction (diet x sex). 
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A) 

 

B) 

 

Fig 78. Concentrations of anti-KLH IgG2b in the serum of KLH-immunized A) male and B) female 

rats fed different DFM were evaluated on the 10th and 15th day post-immunization. Bars indicate 

mean (g/ml) ± SEM (n=4-5). (*) indicate significantly higher concentrations of anti-KLH IgG2a 

on day 10 in males than females as detected by two-way ANOVA and Tukey’s multiple range test. 

Please refer to Table 15 (below) for a summary of the statistical analysis of the effects of diet, 

differences between sexes or an interaction (diet x sex). 
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Fig 79. Differences in the concentration of anti-KLH IgG2b, 10 days post-immunization, 

in rats fed different DFM. Bars indicate the mean (male and female rats pooled) (g/ml) ± 

SEM (n=9-10). Significance for the effect of diet was detected by two-way ANOVA. Bars 

with differing letters are significantly different from each other as determined by Tukey’s 

multiple range test. 

 

 

 

 

 

 

 

 

0

1

2

3

4

5

AIN-93G RS WB OB FOS

D
ay

 1
0

 a
n

ti
-K

L
H

 I
g
G

2
b

 (


g
/m

l)

a a a 

a 
a,b 

a,b 

b 



161 
 

A) 

 

B) 

 

Fig 80. Concentrations of total IgA in the serum of KLH-immunized A) male and B) female rats 

fed different DFM. Bars indicate mean (g/ml) ± SEM (n=4-5). (*) indicates significantly higher 

concentrations of total IgA on days 0, 5 and 10 in males than females as detected by two-

way ANOVA and Tukey’s test. Total IgA concentrations could not be examined from 

males on day 15. Please refer to Table 15 (below) for a summary of the statistical analysis of the 

effects of diet, differences between sexes or an interaction (diet x sex). 
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Fig 81. Differences in the concentration of anti-KLH IgA, 15 days post-immunization, in 

female rats fed different DFM. Bars indicate the mean (g/ml) ± SEM (n=4-5). 

Significance for the effect of diet was detected by one-way ANOVA. Bars with differing 

letters are significantly different from each other as detected by Tukey’s multiple range 

test. 
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Table 18. Statistical analysis of the effect of DFM on the response of male and female rats to immunization 

with KLH. 

 Day 0 Day 5 Day 10 Day 15 Day 21 

Total IgM 

 

Fig 67 

 

 

Diet – NS1 

Sex -  p <0.0012; 

(M > F) 

Diet x Sex – NS3 

 

Diet – NS 

Sex - p <0.001;  

(F > M) 

Diet x Sex – NS  

Diet - NS 

Sex - p <0.001;  

(F > M) 

Diet x Sex – NS 

Diet –NS 

Sex- NS 

Diet x Sex –NS 

Diet - NS 

Sex - p <0.001; 

(F > M)  

Diet x Sex – NS 

Anti-KLH IgM 

 

Fig 68 

n/a Diet –NS 

Sex- NS 

Diet x Sex –NS 

Diet p=0.07 

Sex - p <0.001;  

(F > M)  

Diet x Sex – NS 

Diet – NS 

Sex - p=0.03; 

(M > F) 

Diet x Sex – NS 

Diet –NS 

Sex- NS 

Diet x Sex –NS 

 

Total IgG 

 

Fig 69, Fig 70 

Diet – 0.07 

Sex – NS 

Diet x Sex 

 p= 0.01 

 

Tukey’s MRT: 

OB-fed M (↑) 

OB-fed F (↓) 

C > WB (F) 

C > OB  (F) 

Diet –NS 

Sex - NS 

Diet x Sex -NS 

Diet –NS 

Sex- NS 

Diet x Sex -NS 

 

Diet –NS 

Sex- NS 

Diet x Sex –NS 

Diet –NS 

Sex - p<0.001 

Diet x Sex  

p=0.004 

 

Tukey’s MRT: 

FOS-fed M(↑) 

FOS-fed F (↓) 

FOS > RS (M) 

FOS > WB (M) 

Anti-KLH IgG 

 

Fig 71, Fig 72, 

Fig 73, Fig 74 

 

 

 

n/a4 

Diet - p=0.01 

Sex – NS 

Diet x Sex – NS 

 

 

Tukey’s MRT: 

C > RS  

C > OB  

C > FOS  

Diet - p=0.023 

Sex - p=0.04 

(F >M) 

Diet x Sex – NS 

 

Tukey’s MRT: 

C > RS  

C > WB 

C > OB 

Diet – NS 

Sex - p <0.001;  

 (F >M) 

Diet x Sex – NS 

 

 

Diet - p=0.01 
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Fig 82. Shift in the anti-KLH IgM kinetics in males fed different DFM. The plot indicates the effect 

of DFM intake on the mean concentration of anti-KLH IgM (g/ml) primary and secondary 

responses of males to immunization with KLH. (The plot summarizes the mean (g/ml) ± SEM at 

each time interval shown in Fig 68 A). 

 

 

Fig 83. Shift in the anti-KLH IgM kinetics in females fed different DFM. The plot indicates the 

effect of DFM intake on the mean concentration of anti-KLH IgM (g/ml) primary and secondary 

responses of females to immunization with KLH. (The plot summarizes the mean (g/ml) ± SEM 

at each time interval shown in Fig 68 B). 
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Fig 84. Shift in the anti-KLH IgG kinetics in males fed different DFM. The plot indicates the 

effect of DFM intake on the mean concentration of anti-KLH IgG (g/ml) primary responses of 

males to immunization with KLH. (The plot summarizes the mean (g/ml) ± SEM at each time 

interval shown in Fig 71 A). 

 

 

Fig 85. Shift in the anti-KLH IgG kinetics in males fed different DFM. The plot indicates the effect 

of DFM intake on the mean concentration of anti-KLH IgG (g/ml) primary and secondary 

responses of males to immunization with KLH. (The plot summarizes the mean (g/ml) ± SEM at 

each time interval shown in Fig 71 A). 
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Fig 86. Shift in the anti-KLH IgG kinetics in females fed different DFM. The plot indicates the 

effect of DFM intake on the mean concentration of anti-KLH IgG (g/ml) primary responses of 

females to immunization with KLH. (The plot summarizes the mean (g/ml) ± SEM at each time 

interval shown in Fig 71 B). 

 

 

Fig 87. Shift in the anti-KLH IgG kinetics in females fed different DFM. Plot indicates the effect 

of DFM intake on the mean concentration of anti-KLH IgG (g/ml) primary and secondary 

responses of females to immunization with KLH. (The plot summarizes the mean (g/ml) ± SEM 

at each time interval shown in Fig 71 B). 
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Effect of DFM consumption on systemic immune responses of male and female rats 

to immunization with KLH 

The adaptive immune response in rats to KLH immunization differed significantly 

between sexes (Table 15). Prior to immunization male rats had higher serum concentrations 

of total IgM, however post-immunization, total IgM levels were significantly higher in 

females relative to males.  Total IgG concentrations did not differ between sexes, but an 

interaction (diet x sex) for total IgG concentrations was detected on the day of 

immunization (day 0) and on day 21, seven days following the KLH booster (Table 15). 

Significantly lower concentrations of total IgG were observed on day 0 in females fed WB 

and OB relative to control-fed counterparts. In addition, on day 0 OB-fed males had 

significantly higher concentrations of total IgG compared to OB-fed females. In contrast 

on day 21, FOS-fed males had higher concentrations of total IgG relative to FOS-fed 

females. Rats consuming DFM had significantly lower anti-KLH IgG concentrations over 

the primary immunization period relative to rats fed the control diet (day 5 and day 10; Fig 

71 and 72). Serum concentrations of total IgG2a, but not IgG2b differed between sexes 

(Table 15). Anti-KLH IgG2a concentrations were higher in males compared to females at 

10, but five days later, females showed a trend towards significance for anti-KLH IgG2a 

(Table 15). Initially on Day 10, anti-KLH IgG2b concentrations were significantly lower 

in RS and OB-fed rats relative to control fed rats (Fig 78; Table 15), however this effect of 

diet was missing five days later  (Table 15).  Total IgA concentrations were higher in males 

compared to females at all-time points examined (Fig 80; Table 15). The concentration of 

circulating anti-KLH IgA was significantly higher in WB-fed females relative to control-
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fed females 15 days post immunization (Fig 81). On day 15 females (on all diets) had 

higher circulating amounts of anti-KLH IgG, IgG2a and IgG2b than males.  In contrast, 

males had higher concentrations of anti-KLH IgM on day 15. The secondary anti-KLH IgG 

response was approximately 10-fold higher in control-fed males compared to control fed-

females. Significance for an interaction (diet x sex; p=0.01) was also noted for the 

secondary anti-KLH IgG response. DFM-intake significantly (p=0.01) reduced the 

secondary anti-KLH IgG response in males relative to control-fed males, while no 

difference diet-based differences were noted between females fed the different DFM diets.  
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5.4 Effects of butyric acid on chemokine production by TLR agonist-challenged IEC 

 

In vitro cell culture models were utilized to assess the time of exposure and dose effect 

of the bacterial fermentation metabolite butyric acid (BA) (10mM and 25mM) on pro-

inflammatory chemokine production by TLR 4 and TLR 3 agonist challenged IECs.  

CINC-1 production was evaluated from IECs challenged with TLR agonists in the presence 

of BA. CINC-1 production was also evaluated from IEC-6 cells pretreated with BA prior 

to challenge with TLR agonists. The effects of butyric acid on CINC-1 secretion by -

estradiol treated IEC-6 challenged with LPS were examined to explore the influence of this 

sex hormone on the effects of BA. The effects of -estradiol on IL-8 production by HT-29 

IEC challenged with TNF-were also determined. Time and dose-dependent effects of 

BA on chemokine production by HT-29 IEC-stimulated by TLR2 agonist lipoprotein 

Pam3Cys in combination with TLR3 agonist poly (I:C) were also evaluated. The effect of 

BA on the combination of TLR agonist-induced IL-8 production via the p38 pathway was 

tested using the p38 blocker (SB203580). The effects of ATP on IL-8 production by TLR 

challenged HT-29 cells were also assessed.   
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Fig 88. CINC-1 production by IEC-6 cells challenged with LPS (20 ng/ml) in the presence 

of 10 mM or 25 mM BA. Bars indicate mean (pg/ml) ± SEM (n= 4 independent 

experiments). Significant effects of BA presence on CINC-1 (pg/ml) levels were detected 

by Kruskal-Wallis (p<0.001). Dunn’s test detected no differences between treatment 

groups. 

 

Fig 89. CINC-1 production by IEC-6 cells pretreated with 10 mM or 25 mM BA prior to 

challenge with LPS (20 ng/ml). Bars indicate mean (pg/ml) ± SEM (n= 4 independent 

experiments). Significant effects of BA pre-treatment on CINC-1 (pg/ml) levels were 

detected by one-way ANOVA (p<0.0008). Differing letters indicate significance between 

treatment groups as determined by Tukey’s multiple range test. 
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Fig 90. CINC-1 production by IEC-6 cells challenged with poly (I:C) (40 g/ml) in the 

presence of 10 mM or 25 mM BA. Bars indicate mean (pg/ml) ± SEM (n= 4 independent 

experiments). A trend towards significance for the effects of BA on CINC-1 (pg/ml) levels 

were detected by Kruskal-Wallis test (p<0.07), although Dunn’s test did not distinguish 

differences between treatment groups. 

 

 

Fig 91. CINC-1 production by IEC-6 cells pretreated with 10 mM or 25 mM  BA prior to 

challenge with poly (I:C) (40 g/ml). Bars indicate mean (pg/ml) ± SEM (n= 4 independent 

experiments). No significance for the effects of BA on CINC-1 (pg/ml) levels were 

detected by Kruskal-Wallis test. 
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Fig 92. Viability of IEC-6 cells treated with 10 mM or 25 mM BA for 18 hrs. Bars indicate 

% mean viabilty ± SEM (n= 4 independent experiments). Significance for the effect of pre-

treatment with BA on IEC-6 cells was detected by the Kruskal-Wallis test. Differing letters 

indicate significance between treatment groups as determined by Dunn’s test. 
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Effects of dose and time of exposure to BA on chemokine production by TLR-agonist 

challenged IEC-6 cells 

 CINC-1 levels were unaffected when IEC were challenged with LPS in the 

presence of BA. However, levels decreased when IEC were pretreated with BA prior to 

LPS challenge (Fig 88 and 89). In contrast to effects on LPS-induced CINC-1 production, 

pre-treatment of IEC-6 cells with BA did not have an effect on CINC-1 (pg/ml) levels 

produced by poly (I:C)-challenged cells. CINC-1 levels produced by poly (I:C)-challenged 

IEC in the presence of butyric acid showed a trend toward a significant increase (p = 0.07) 

(Figs 91 and 90). Pre-treatment of IEC-6 cells with 25 mM BA resulted in a 30% reduction 

in cell viability (Fig 92). 

 

 

 

 

 

 

 

 

 



174 
 

A) 

 

B) 

 

Fig 93. CINC-1 production by IEC-6 cells treated with varying concentrations of -estradiol (0-

10 ng/ml) prior to A) treatment with BA alone or B) challenge with LPS (20 ng/ml) in the 

presence of 10 mM or 25 mM BA. Bars indicate mean (pg/ml) ± SEM (n= 3-10 independent 

experiments). No significance for the effects of BA on LPS-induced CINC-1 production by -

estradiol treated IEC-6 cells were detected by one-way ANOVA. 
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Fig 94. IL-8 production by HT-29 IEC treated with varying concentrations of -estradiol 

(0-10 ng/ml) prior to treatment with TNF-(50 or 100 ng/ml). Bars indicate mean (pg/ml) 

± SEM (n= 3 independent experiments). No significance for the effects of -estradiol on 

TNF--induced IL-8 production by  IEC was detected by one-way ANOVA. 

 

Effect of BA on chemokine production by -estradiol treated IEC  

BA had no impact on CINC-1(pg/ml) production by -estradiol treated IEC-6 cells 

challenged with LPS (Fig 93). -estradiol pre-treatment of HT-29 IEC challenged with 

TNF-also had no effect on IL-8 (pg/ml) production at any concentration tested (1-10 

ng/ml) (Fig 94). 
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A) 

  

B) 

 

Fig 95. Effect of 10 mM BA on Pam3Cys (10 g/ml) and/or poly (I:C) 

(40g/ml) -induced A) IL-8 and B) IP-10 production by HT-29 IEC after 6 

hr. Data are shown as the mean (pg/ml) ± SEM (n=5 independent 

experiments). Significance for the effect of BA on TLR-induced IL-8 and IP-

10 (pg/ml) was detected by one-way ANOVA. Differing letters indicate 

significance between treatment groups as determined by Tukey Kramer 

multiple range test. 
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Fig 96. Viability of HT-29 IEC concurrently treated with 10 mM BA and/or 

TLR-agonists following a 6 hr. Data are shown as the % mean ± SEM (n=5 

independent experiments). No significant differences in % cell viability 

between different treatment groups were detected by one-way ANOVA.  
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Fig 97. Effect of a p38 inhibitor on IL-8 production by HT-29 IEC 

concurrently treated with 10 mM BA and/or TLR-agonists following a 4 hr. 

Data are shown as the mean (pg/ml) ± SEM (n=4 independent experiments). 

A significant effect of treatment on IL-8 (pg/ml) levels was detected by one-

way ANOVA. Differing letters indicate significance between treatment groups 

as determined by the Tukey Kramer multiple range test. 
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Fig 98. IL-8 production by HT-29 IEC pre-treated with 10 mM BA and/or 

Pam3Cys (10 g/ml) followed by challenge with poly (I:C) (40 g/ml). Data are 

shown as the mean (pg/ml) ± SEM (n=4 independent experiments). Significance 

for the effect of pre-incubaction on poly (I:C)-induced IL-8 (pg/ml) by HT-29 

IEC was detected by one-way ANOVA. Differing letters indicate significant 

differences between treatment groups as determined by the Tukey Kramer 

multiple range test.  
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Fig 99. Viability of HT-29 IEC pre-treated with 10 mM BA and/or Pam3Cys 

followed by a 4 hr challenge with poly (I:C). Data are shown as the % mean 

viability ± SEM (n=4 independent experiments). No significant differences in 

% cell viability between different treatment groups was detected by one-way 

ANOVA.  
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A) 

 

B) 

 

Fig 100. Effect of 25 mM BA on Pam3Cys (10 g/ml) and/or poly (I:C) (40 

g/ml) -induced A) IL-8 and B) IP-10 production by HT-29 cells after a 6 hr. 

Data are shown as the mean (pg/ml) ± SEM (n=5 independent experiments). 

Significance for the effect of BA on TLR-induced IL-8 and IP-10 (pg/ml) was 

detected by one-way ANOVA. Differing letters indicate significant 

differences between treatment groups as determined by the Tukey Kramer 

multiple range test.  
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Fig 101. Vability of HT-29 cells concurrently treated with 25 mM BA and/or 

TLR-agonists following a 6 hr. Data are shown as the % mean viabilty ± SEM 

(n=5 independent experiments). Significant differences in % cell viability 

between different treatment groups were detected by Kruskal-Wallis test. 

Differing letters indicate significance between treatment groups as determined 

by Dunn’s test.  
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Fig 102. IL-8 production by HT-29 IEC pre-treated with 25 mM BA and/or 

Pam3Cys (10 g/ml) followed by challenge with poly (I:C) (40 g/ml). Data are 

shown as the mean (pg/ml) ± SEM (n=4 independent experiments). Significance 

for the effects of pre-treatment on poly (I:C)-induced IL-8 (pg/ml) by HT-29 IEC 

was detected by one-way ANOVA. Differing letters indicate significant 

differences between treatment groups as determined by the Tukey Kramer 

multiple range test.  
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Fig 103. Viability of HT-29 IEC pretreated with 25 mM BA and/or Pam3Cys 

followed by a 4 hr challenge with poly (I:C). Data are shown as the % mean 

viability ± SEM (n=4 independent experiments). No significact differences in % 

cell viability between different treatment groups were detected by one-way 

ANOVA. 
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Effect of BA on TLR2 and/or TLR3 agonist-induced IL-8 (pg/ml) by HT-29 IEC 

Pre-treatment of HT-29 IEC with Pam3Cys enhanced poly (I:C)-induced IL-8 

production (Fig 102). However, pre-treatment of HT-29 IEC with 25 mM BA 

inhibited the combination of Pam3Cys and poly(I:C)-induced IL-8 production (Fig 

102), suggesting BA blocked the enhancing effect of this TLR2 agonist on TLR3-

induced chemokine production. This inhibitory effect was not observed when IEC 

were pre-treated with a lower concentration of BA (10 mM) (Fig 98). Co-incubation 

with 10 mM or 25 mM BA acid significantly reduced poly(I:C)-induced IL-8 and IP-

10 production by HT-29 IEC (Fig 95B and 100B). Co-incubation of IEC with 

Pam3Cys and poly(I:C) did not enhance TLR3 agonist-induced IL-8 production, 

indicating the enhancing effect on IL-8 production required contact with the TLR2 

agonist prior to the TLR3 agonist.  The p38 blocker SB203580, significantly inhibited 

poly (I:C)-induced IL-8 production by HT-29 IEC, while co-incubation with 

SB203580 and 10 mm BA showed no additive inhibition (Fig 97). 
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Fig 104. IL-8 production by HT-29 IEC stimulated with  LPS and/or Flagellin for 6 

hr in the presence of ATP (50 or 75 nM). Data are shown as the mean (pg/ml) ± SEM 

(n=4 independent experiments). Data were analyzed by Kruskal-Wallis (p<0.001). 

Differing letters indicate significance between treatment groups as determined by 

Dunn’s test.  

 

Fig 105. IL-8 production by HT-29 IEC stimulated with Pam3Cys (10 g/ml) in 

combination with LPS (20ng/ml) or Flagellin (100 ng/ml) for 6 hr in the presence of 

ATP (50 nM). Data are shown as the mean (pg/ml) ± SEM (n=5 independent 

experiments). Data were analyzed by Kruskal-Wallis (p<0.001). Differing letters 

indicate significance between treatment groups as determined by Dunn’s test.  
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Effect of ATP on chemokine production by TLR-challenged HT-29 cells 

ATP had no effect on TLR-stimulated production of IL-8 (pg/ml) by HT-29 IEC 

(Fig 104 and 105). Significance was only observed with flagellin, or the combination of 

flagellin and ATP (Fig 104) and/or Pam3Cys (Fig 105) relative to media control. 
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6. Discussion 

 

DFM ingestion has been shown to play an important role in host health via 

improvements to bowel function, serum cholesterol levels and diabetes (Slavin 2004). 

However, complex carbohydrates including WB, OB, RS and FOS are regularly consumed 

by healthy individuals. A comparative analysis of the immune changes mediated by these 

fermentable substrates, which have different physico-chemical and fermentative 

properties, would provide better understanding of how each type of substrate affects the 

local gut and systemic immune environments under resting conditions, potentially 

impacting overall host health. Considering that sex-associated differences in the faecal 

communities of rodents have previously been observed (Bernbom et al., 2006; Hoentjen et 

al., 2005), it is also necessary to understand the influence of fermentable substrate 

consumption between male and female rats.  The current study demonstrated shifts in 

serum biochemical measures, SCFA profiles, cytokine concentrations and in certain cases 

changes to immune cell populations in non-immune challenged male and female rats and 

in immunized rats, following the feeding of different fermentable substrates contained 

within a common basal diet. These effects differed with the fermentable substrate, between 

sexes, and with respect to tissue location, illustrating the effects of DFM are complex and 

dependent upon multiple factors including diet type and sex.   
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6.1a) RS-ingestion differentially impacted mucosal and systemic immunological 

parameters than did WB or OB-ingestion under resting conditions 

 

Differences in weight gain, serum biochemical measures and SCFA profiles were 

observed in DFM-fed rats. However, significant differences in certain measures were only 

observed between WB and RS-fed rats. For example, the amount of weight gain and BUN 

levels were lower, while fecal acetic acid percentages rose in WB-fed rats relative to RS-

fed rats. The difference in the directionality of these fermentation and biochemical 

measures in WB-fed rats relative to RS-fed rats suggests that differences in the gut 

microbiota community or their products created conditions leading to these markedly 

different profiles. These observations are supported by the gut microbial community 

analysis by our collaborators (Abnous et al., 2009; Kalmokoff et al., 2013). WB increased 

richness in fecal bacterial communities of rats relative to those fed an AIN-93G control 

diet, with the majority of the changes occurring within the C. cocciodes and C. leptum 

groups (Abnous et al., 2009). In contrast, the microbial community profile in rats fed the 

RS-supplemented diet was limited in diversity, and was dominated by the phylum 

Bacteroidetes in the cecum, while Ruminococcus bromii predominated in the feces 

(Kalmokoff et al., 2013). Microbial composition and metabolism in the large intestine 

affects the manner in which nitrogenous waste such as urea is excreted. The carbohydrate 

to nitrogen ratio decreases along the length of the large intestine and protein metabolism 

by Clostridia and other facultative bacteria leads to accumulation of nitrogenous by-

products that are excreted mainly by the kidneys. In contrast, fermentable carbohydrates 

have been shown to exert a urea-lowering effect and shift nitrogen excretion from the 
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urinary route to the fecal route (Meijers et al., 2009; Evenpoel et al., 2009).  Kalmokoff et 

al. (2013) also reasoned the nitrogen cycling in RS-fed males was such that the cecal 

microbiota broke down endogenous proteins, leading to an increase in fecal urea 

concentration in the gut. This abundance in urea in turn led to the overgrowth of the 

nitrogenous utilizers within the Bacteroidetes in the distal colon, possibly explaining the 

lower BUN levels observed in RS-fed rats (Kalmokoff et al., 2013). Whether DFM-

induced alterations in gut microbiota nitrogen cycling may be connected to weight gain 

requires further examination.  

Downstream gut mucosal and systemic immune parameters were mainly impacted 

in RS-fed rats.  RS consumption induced the most changes to MLN cytokine levels.  MLN 

CINC-1, IL-4 and TGF-1 levels increased in RS-fed rats relative to control fed-rats, but 

RS consumption had no impact on MLN lymphocyte percentages. The MLN is 

strategically placed outside of the GALT and is important in maintaining gut homeostasis 

by blocking translocated commensal bacteria from leaving the MLN and entering into the 

circulation (Macpherson and Uhr, 2004). An unusual feature of the RS-fed cecal and fecal 

community is that they are both dominated by species within Bacteroidetes (Kalmokoff et 

al. 2013). On this basis, the increase in MLN CINC-1 might actually reflect a higher 

concentration of LPS in the MLN resulting from the increased proportion of these Gram-

negative bacteria in the gut community, as demonstrated by others (Alonso, 1996). Rats 

are cecal fermenters, and RS has been noted to ferment to completion in the cecum. Cecal 

cytokines IL-6 and IL-4 were observed to be highest in RS-fed rats but were not 

significantly different from control-fed rats. The cecum can rapidly absorb SCFA via 
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passive diffusion (Flemming et al., 1991), which may have blunted the immune response 

in this tissue. IL-6 is secreted during epithelial repair (Reed, 2005; Rollwagen et al., 2006) 

and its increase in relation to fermentable fibre intake suggests alterations may occur at the 

level of the gut epithelium due to an associated increase in SCFA production, possibly 

explaining the immune changes observed in the MLN of RS-fed rats. 

Rats fed the WB supplement showed effects on lymphocyte population profiles. 

WB-fed rats showed the highest percentage of MLN B cells (CD3-45RA+), but lowest total 

T cell (CD3+) percentages, reflecting a decrease in the T helper (CD4+) subset. This 

difference in lymphocyte population patterns suggests that MLN B cell activation may 

have increased in rats fed the WB diet, potentially reflecting the WB-associated increase 

in community richness.  However, we observed no concurrent alterations in cecal, serum 

or liver IgA levels in WB-fed rats. While it cannot be ruled out that changes to IgA levels 

occurred at time points prior to the sampling period, it is also possible that changes were 

too low to be evident in the total IgA pool. WB ingestion also induced a reduction in splenic 

B cell (CD45RA+) percentages compared to control-fed rats; however no immune changes 

were noted in the liver with WB-fed rats. These results demonstrate systemic immune 

measures were also impacted differently in WB-fed rats compared to OB and RS-fed rats.     

Ingestion of RS and OB-supplemented diets led to changes in TGF-1 

concentrations at the liver. The gut normally has a TGFβ-rich environment which helps 

maintain mucosal homeostasis by mediating the balance between regulatory and 

inflammatory responses within the GI tract (Konkel and Chen, 2011) and TGF- is also 

essential in regulating immune activity in the liver (Crispe, 2009).  Rats consuming the RS-
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supplemented diet showed an increase in TGF-1 levels both at the MLN and liver, 

possibly reflecting heightened immune regulation along the gut-liver axis.  The liver is 

pivotal in trapping gut-derived commensal microbes that reach the systemic circulation 

(Balmer et al, 2014) and TGF- helps tolerize the liver environment against gut-derived 

components, including LPS (Woof and Kerr; Thomas and Knolle, 2011). SCFA produced 

in the GI tract can disseminate through the circulation and this has been shown following 

consumption of fermentable fibres (Jakobsdottir et al., 2013; Arjmandi et al., 1991).   

Although SCFA have been reported to influence systemic immune activity 

(Maslowski et al., 2009), few studies have addressed effects of fermentable fibres on 

systemic immune parameters. Since increased liver TGF-1 levels were observed in rats 

consuming either OB or RS-supplemented diets, attributing the systemic effects solely to 

SCFA production may be an oversimplification. Concurrent with liver TGF-1 levels, 

serum ALT levels also increased in OB-fed rats.  ALT is not only abundant in the liver, but 

can increase in rats even in the absence of liver damage (Ozer et al., 2007; Yang et al., 

2009), thus making it difficult to ascertain whether the increase in ALT levels observed in 

the current study  are somehow linked to the immune changes observed at the liver of OB-

fed rats.   

-glucan is a component of oat bran that could be potentially be involved in the 

effects on ALT. Yeast-derived -glucan has been shown to inhibit elevation of ALT levels 

following LPS-induced liver injury in male Wistar rats (Sandvik, et al., 2007).  In addition, 

marine -glucan induces a decrease in ALT levels and an increase in liver macrophages 

following 24 hr LPS challenge in male Wistar rats (Neyrinck et al., 2007). Collectively, 
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these studies illustrate -glucan from varied sources can exert effects at the level of the 

liver. Given the very different compositions of RS and OB and the evidence for systemic 

effects of -glucan, it is possible that the increase in liver TGF-1 levels may occur via 

different mechanisms in OB as opposed to RS-fed rats, with RS acting indirectly via SCFA 

production, in contrast to direct effects of OB mediated via fibre components. 

The findings in this study demonstrate DFM ingestion can affect immune 

parameters differentially under steady state conditions and that differences in these effects 

are reflective of the physico-chemical properties and fermentation characteristics of the 

fermentable substrate. Based on the shifts in immune parameters in RS-fed rats, it would 

appear that consumption of resistant starches may heighten immune regulation under 

resting state conditions more so than do dietary fibres such as OB and WB. 

6.1b)  Physiological and immunological differences between male and female rats 

ingesting the WB supplement 

 

Levels of ALP were significantly lower in male rats relative to female rats fed the 

control diet, indicating a sex-based difference in basal levels of ALP. However, ALP levels 

were significantly lower in both sexes following WB feeding. The origin of serum ALP is 

usually intestinal and is involved in transport of metabolites across cell membranes and of 

triglycerides across the trans-epithelial barrier (DeSchryver-Kecskemeti et al., 1991; 

Dufour et al., 2000). Inhibiting the intestinal transport of lipids using inhibitors was shown 

to block intestinal ALP secretion and lower serum ALP levels (Kaur and Gupta, 2007). 

Others have demonstrated lower serum ALP levels in rats fed a high fat diet supplemented 

with inulin, and have hypothesised the effect was due to inhibition of fat absorption by 
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inulin (Azorin-Ortuno et al., 2009). Although serum triglyceride levels were not evaluated 

in the present study, a significant interaction (diet*sex) was detected for serum ALP levels, 

suggesting WB intake may alter lipid-mediated activity differentially between male and 

female rats. 

 Mucosal and systemic immune parameters also differed between male and female 

rats consuming the WB-supplemented diet. WB ingestion induced the most changes in 

cytokine levels at the ileum. WB feeding led to increased ileal IL-4 levels in both male and 

female rats. Ileal IL-10 levels decreased in females but increased in males following WB 

intake. WB has a short transit time in proximal regions of the colon and can induce higher 

enterocyte turnover and faster transit of IEC up the villous column in the small intestinal 

segments of rats (Roberfroid, 2000; Vahouny et al., 1985). This suggests the changes in 

ileal cytokines levels after WB consumption may have been independent of the effects of 

fermentation, and may instead indicate a direct effect of this fibre. WB particles have been 

observed to abrade the mucosa leading to the release of mucin and exfoliated IEC (Perrin 

et al., 2001).  

IEC are known to participate in innate immunity through PRR (Shultz and Pabst 

2013; Knoop et al., 2013). The ileum contains the inductive sites of the Peyer’s patches, 

where professional APC including macrophages and dendritic cells help facilitate the 

sampling of luminal contents (Coombes, 2007; Schulz and Pabst, 2013). Various 

components of the fibre in the diet could have also induced changes in cytokine levels at 

the ileum. Previous studies have shown arabinoxylan, -glucan and gliadin can induce 
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innate immune activation (van Creyveld et al., 2008; Wismar et al., 2011; Thomas, 2006).  

Besides diet-based effects, differences in ileal cytokine levels were also observed between 

male and female rats. Ileal IL-6 levels were higher in females compared to males. IL-6 is 

involved in protecting the intestinal epithelium from injury by regulating trefoil factor, a 

meditator of gut epithelial repair (Rakoff-Nahoum et al., 2004). These findings suggest the 

higher IL-6 levels in the ileum of females may reflect differences in the sensitivity of the 

ileal mucosa between the sexes. 

Cecal and colonic tissue IL-6 levels were also higher in females than in males. The 

higher IL-6 levels in locations distal to the ileum may be driven by changes to the mucus 

lining due to the accumulation of SCFA. IL-6 helps in the production and maintenance of 

the intestinal mucus gel and intestinal mucin production has been shown to be sex-specific 

(Groux-Degroote et al., 2008; Sheth et al., 2010). In addition, mucin can be secreted in 

response to increases in acetate and butyrate levels arising from fermentation in the gut 

(Barcelo et al., 2000). The ratios of fecal acetate and propionate were higher in females 

compared to males when fed the control diet, suggesting environmental pressures in the 

gut shaped differential basal mucosal immune responses between male and female rats.    

The differences in basal mucosal cytokine levels in male and female rats may also 

reflect sex-based differences in cytokine-secreting immune cell populations within the 

GALT. Although analysis of immune cell populations between the sexes could not be 

thoroughly completed (due to loss of some of the samples from females), the percentages 

of CD3+4+Foxp3+ Treg cells were higher in males relative to females in both the MLN and 
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spleen. In contrast, the percentages of CD68+ macrophages were higher in the MLN and 

spleen of females than in males. The MLN and spleen are strategically positioned for 

circulating B and T cells to gain access to their cognate antigen, and to facilitate APC-T 

cell interactions and help shape immune homeostasis within these tissue environments 

(Macpherson and Uhr, 2004; Bronte and Pittet, 2013). However, the elevated percentages 

of MLN and splenic Tregs in males and macrophages in females suggests immune 

homeostasis may occur in a differential manner between males and females.  

In addition to the higher CD68+ macrophage percentages, IL-10 levels were 

consistently higher in females compared to males in mucosal tissues. IL-10 is a regulatory 

cytokine that is secreted by M2 macrophages, in addition to other cell types (Mantovani et 

al., 2004). Besides the heightened basal levels of IL-10 in females, WB intake led to an 

increase in splenic IL-10 levels in females relative to control-fed counterparts. 

Concurrently, levels of the pro-inflammatory cytokine CINC-1 decreased in the spleen of 

WB-fed females, indicating WB intake in females induced an anti-inflammatory cytokine 

profile at the systemic level.  

In keeping with these observations it has been shown that splenocytes from rats 

weaned on fermentable fibre showed higher levels of mitogen-induced IL-10 production 

than control-fed rats (Stillie et al., 2005). Insoluble fibres and glucose-based fibres have 

been demonstrated to increase numbers of splenic Treg cells in IL-10-/- mice (Bassaganya-

Riera et al., 2011). Treg cells secrete both TGFand IL-10 in the gut upon stimulation with 

SCFA (Smith et al, 2013), however the possibility that SCFA production from DFM-
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induced immune-modulatory effects at the spleen have only been a point of speculation to 

date (Stillie et al. 2009).  

 These findings illustrate DFM-mediated effects differ between sexes, at both 

physiological and immunological levels. Location-specific effects were not only a 

reflection of the physico-chemical characteristics of WB, but were possibly influenced by 

the differences in background immune cell populations and in the cytokine milieu in 

mucosal and systemic sites between male and female rats. In addition, WB intake mediated 

immune changes at the systemic level in female rats, while no systemic immune changes 

were noted in males fed WB.    

6.1c) Differential metabolism of FOS resulted in altered systemic immune measures 

between male and female rats 

 

In the faecal community of females, FOS supplementation altered community 

structure by increasing abundance within the Phylum Bacteroidetes and reducing 

abundance within the Family Lachnospiraceae.  Differences in the metabolism of the FOS-

supplemented diet appeared to reflect sex-associated differences in gut nitrogen 

availability.  Since male and female rats consumed a proportionally equivalent amount of 

protein types in both diets, this indicates that either male rats have a reduced ability to 

digest dietary protein in the small intestine, allowing more protein to pass into the lower 

gut, or that additional endogenous protein sources must be present in the male gut lumen, 

but absent in the females. The results from the immunological analysis of these rats support 

the latter.   
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In Sprague-Dawley rats, the male colon is more permeable than that of females 

(Homma et al., 2005), and our results also support possible differences in gut barrier 

function independent of diet in male and female BioBreeding control rats.  Firstly, serum 

LPS concentrations in male rats were higher than in females, independent of diet; this is 

consistent with an increased translocation of gut bacteria in males demonstrated by others 

(Bruggencate et al., 2005; Fontaine et al., 1996).  In addition, liver tissues from males 

showed significantly higher levels of the pro-inflammatory cytokines IL-6 and CINC-1. 

Both cytokines are involved in the immune response to inflammation and tissue injury 

(Rakoff-Nahoum et al., 2004; Reed et al., 2005). Finally, basal liver IgA levels were 

significantly higher in males than females and further increased when fed the FOS-

containing diet.  IgA is the major immunoglobulin found in the mucosal secretions of 

mammals and is important in protecting the host from invasion by pathogenic bacteria 

(Woof and Kerr, 2006).  In both rats and humans, liver macrophages (Kupffer cells) are 

involved in the removal of IgA-opsonized bacteria and antigens via FCR1 receptors, an 

important role when gut barrier function is reduced (Woof and Kerr, 2006; Brenchley et 

al., 2012).  Although we did not directly analyze gut barrier function by methods such as 

FITC-dextran administration, these findings suggest a potential decrease in gut barrier 

function leading to heightened cytokine and IgA production at the systemic level in male 

rats compared to females.  

Feeding FOS to rats is known to impact gut barrier function, inducing the shedding 

of mucin and increasing the translocation of gut pathogens (Fontaine et al., 1996; Ten 

Bruggencate et al., 2003; Ten Bruggencate et al., 2004; Ten Bruggencate et al., 2005). 
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Increased gut permeability in males fed FOS might also result from a higher turnover of 

gut mucosal cells. Colonocyte maturation and differentiation appears to be dependent on 

butyrate (Mariadason et al., 2000; Tappenden et al., 1997), which increased in fecal 

contents of males fed the FOS-supplemented diet. A higher rate of colonic epithelial 

turnover would also increase protein availability in the male lumen and may further 

contribute to differences in gut permeability between males and females.  

In contrast to males, females appear to possess a more efficient gut barrier function.  

For example, intestinal permeability in Sprague Dawley rats has been linked to mucin 

secretion and this has been shown to be sex-specific (Sheth et al., 2010).  Although we did 

not directly measure mucin secretion, levels of ileal IL-6, a cytokine involved in inducing 

expression of several mucin genes (Enss et al., 2000; Groux-Degroote et al., 2008) were 

higher in females than males.   

 In addition, the female gastrointestinal tract tissue had high basal levels of IL-10, 

a cytokine known for its role in mucosal homeostasis (Malloy et al., 2011). Female rats 

consuming the FOS-supplemented chow had the highest levels of IL-4 in caecum and 

colon, tissues in which IL-10 levels were high. This is a cytokine profile indicative of TH2 

activity, a T cell phenotype that supports antibody production and mediates immune 

homeostasis at the gut level (Romagani, 1999; Bulek et al., 2010).  Additionally females 

had a higher percentage of MLN CD68+ cells, indicating an increased presence of 

macrophages in the MLN along with higher levels of gut mucosal IL-10 compared to 

males. IL-4 and IL-10 are inducers of M2 phenotype macrophages that help maintain a 

tolerogenic gut environment and in turn differentiate T helper cells into TH2 (Mantovani et 
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al., 2002).  These cell phenotypes and cytokine profiles would support greater gut barrier 

integrity (Bulek et al., 2010; Hardy et al., 2013) potentially contributing to differences 

between sexes in preventing gut-derived stimuli from entering into systemic 

compartments. Diet and sex also had differential effects at the systemic immune level. 

Splenic CD3+ (total T cell) percentages were affected by diet, with the lowest percentages 

observed in female rats consuming the FOS-supplemented diet, while splenic macrophage 

(CD68+) populations were higher in females compared to males. Together, this suggests 

that immune population distributions can be selectively affected by diet and sex, at the 

systemic and mucosal level. Taken in context with data from our collaborators regarding 

community structure, sex-specific effects were evident at the systemic level and may be 

result of a naturally leakier gut in males than females. 

 

6.2 The immune modulatory effects of butyric acid on IEC are dependent upon timing of 

exposure.   

 

IEC defenses are maintained through the sensing of microbiota-derived products 

including SCFA, which are mediators in this host-microbiota dialogue (Alenghat et al., 

2014). Butyrate is anti-inflammatory due to its ability to down-regulate NF-B mediated 

pro-inflammatory cytokine production by IEC (Kumar et al., 2009; Cox et al., 2009). Other 

SCFA, including acetate, have also been shown to halt neutrophil migration to areas of 

inflammation by acting through GPR43 receptors on neutrophils (Maslowski et al., 2009). 

In contrast, Vinolo et al. (2009) showed butyrate and propionate, but not acetate, induced 

neutrophil migration and increased pro-inflammatory chemokine CINC-2 levels in rats 
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(Vinolo et al., 2009). Earlier studies by Ohno et al. (1997) also showed butyrate up-

regulated macrophage inflammatory protein-2 (MIP-2) expression by IEC challenged with 

either LPS or IL-1(Ohno et al., 1997). Similarly, Fusunyan et al. (1999) showed butyrate 

increased IL-8 secretion but decreased monocyte chemokine protein-1 (MCP-1) secretion 

by LPS-challenged Caco-2 IEC (Fusunyan et al., 1999). These findings illustrate that the 

effects of butyrate on pro-inflammatory cytokine production differ depending on the type 

of immune cell it is acting upon and the presence of specific PRR agonists or inflammatory 

inducers. Within the gut environment it would be anticipated that IEC contact with butyrate 

depends upon fermentation substrate type and availability, and that the timing of contact 

of butyrate with IEC may also play an important role in the immune-modulatory outcome.  

Furthermore, multiple factors converge in the gut environment including TLR agonists and 

hormones, in addition to butyrate.  All of these would be anticipated to contribute to or 

influence IEC signaling in response to innate immune stimuli, and so their potential 

interactions should be taken into consideration when examining the effects of butyrate.   

The butyric acid concentrations utilized in the present study were selected based on 

the SCFA levels observed in DFM-fed rats, in addition to those reported in the literature 

(Mirmonsef et al., 2012).  The effect of timing of contact with butyric acid on chemokine 

production by IEC-6 differed based on the type of TLR agonist these non-transformed cells 

were stimulated with. For example, levels of CINC-1 produced by poly (I:C)-challenged 

IEC-6 cells trended upward in the presence of butyric acid in a concentration-dependent 

manner, while the concurrent presence of butyric acid had no effect on LPS-induced CINC-

1 production by IEC-6.  In contrast, butyric acid pre-treatment significantly decreased LPS-
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induced CINC-1 production by IEC-6. Although this decrease was observed following pre-

treatment with either 10mM and 25mM butyric acid, effects on IEC viability were only 

observed at the higher butyric acid concentration, while 10mM butyric acid pre-treatment 

of IEC-6 cells did not result in decreased cell viability.  Butyric acid pre-treatment of IEC-

6 prior to poly (I:C) challenge had no effect on CINC-1 levels induced by this TLR3 

agonist. These results suggest the effects of timing of contact with butyric acid on IEC 

responses is TLR agonist-dependent. Butyric acid is known to promote cellular 

differentiation, inhibit cellular proliferation and to induce apoptosis in mammalian cell 

lines due to its ability to hyperacetylate histones (Davie, 2003). As cellular differentiation 

of IEC-6 cells has been shown to be induced by 2mM sodium butyrate after 12 hr (Patel et 

al., 2009), the differences observed here in the effects on TLR3 versus TLR4-induced 

CINC-1 production suggest that butyrate-induced differentiation has a differential impact 

on responses to these innate PRR ligands. In addition, Bailon et al. (2010) noted that 

butyrate’s anti-inflammatory effects were more evident in transformed cells including HT-

29 IEC, rather than non-transformed IEC, indicating this variable must be taken into 

context when evaluating the effects of butyric acid. 

  TLR2 in intestinal epithelial cells is hyporesponsive to ligand-mediated 

activation via the MYD88 signalling pathways and yet has been implicated as being 

important to intestinal barrier function and modulation of innate immune responses 

(Mazmanian, 2005; Hayashi et al., 2010; van Bergenhenegouwen et al., 2013). The 

bacterial cell wall component lipoprotein, ubiquitous in the gut, is the natural ligand for 

TLR2 and was a good candidate to examine the effect of combining TLR agonists. Effects 
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on chemokine production by HT-29 IEC challenged with a combination of TLR2 and 

TLR3 agonists were dependent upon butyric acid concentrations and time of contact. 

Although IL-8 levels from Pam3Cys and poly (I:C) challenged HT-29 IEC decreased in 

the presence of 25mM butyric acid, this decrease probably reflects a reduction in the 

percentage of viable cells observed with butyric acid at this higher concentration. In 

contrast, exposure of HT-29 IEC to 25mM butyric acid for a short period of time (2 hr) 

significantly decreased IL-8 production induced by the combination of Pam3Cys and poly 

(I:C) without changes to IEC viability.  However, 10mM butyric acid pre-treatment did not 

have this down regulatory effect. These results suggest that preconditioning of transformed 

IEC with high concentrations of butyric acid for short periods of time can down-regulate a 

dual TLR signal-induced innate response.  In contrast to effects on IL-8 levels, the presence 

of butyric acid (at either concentration) significantly reduced poly (I:C) and the 

combination of poly (I:C) and Pam3Cys-induced IP-10 production by HT-29 IEC. IP-10 

transcription is controlled by a MYD88-independent signalling pathway, activated 

following TLR3 engagement (Takeda and Akira, 2004) and IP-10 levels have been shown 

to be affected  by butyrate,  but not by acetate or propionate (Inatomi et al., 2005).  Taken 

together, these findings illustrate the presence of Pam3Cys did not impact poly (I:C)-

mediated IP-10 production and that butyric acid modulates IP-10 production by HT-29 IEC 

stimulated by dual TLR ligands differently from that of IL-8.  

 Collectively these results suggest that the effects of butyric acid on IEC responses 

are complex and are dependent upon exposure time, concentration and type of innate 

immune stimulant encountered. These factors would be expected to contribute to effects of 
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DFM mediated through SCFA production at the mucosal epithelial level, and reflect the 

need to examine multiple products of microbial structure and metabolism in order to gain 

insight into the effects of DFM on the gut mucosal immune system.  

 

6.3 The kinetics of anti-KLH antibody production are more suppressed in males than in 

females following DFM consumption   

 

 Microbial fermentation of DFM leads to large amounts of SCFA production, and 

these gut-derived metabolites have been demonstrated, in the current study and previously 

by others, to modulate immune responses at the gut epithelial level (Kumar et al., 2009; 

Smith et al., 2013). The net portal flux of SCFA has been found to vary in the blood of pigs 

fed fermentable substrates including resistant starch and arabinoxylan (Ingerslev, et al., 

2014).   SCFA can also reach the circulation and levels in the portal serum of rats fed 

different DFM have been reported to correlate with cecal SCFA levels, providing a route 

for effects on immunity at the systemic level, including the liver (Jakobsdottir et al., 2013). 

SCFA can modulate systemic immune cell activity via G protein coupled receptors on 

immune cells (Maslowski et al., 2009; Vinolo et al., 2009).  Other gut-derived metabolites 

have also been demonstrated to circulate and affect systemic immunity. Taking a 

metabolomics approach, Wikoff et al. (2009) was able to determine that the metabolic 

profile between the serum of germ free and conventionalized mice differed greatly in 

compounds arising exclusively from gut microbiota-driven metabolism including 

tryptophan (Wikoff et al., 2009). Tryptophan catabolism in the gut by indoleamine 2,3 

dioxygenase enzyme leads to the release of kynurenine and picolinic acid, which have been 
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shown to suppress LPS-challenged IgM production by splenocytes in vitro (Harrington et 

al., 2008).  Dietary supplements have also demonstrated an impact on systemic adaptive 

responses to immune challenge. Mitogen-stimulated splenocytes from lambs fed a diet 

supplemented with 0.05% of leucine or ketoisocaproate or isovalerate were shown to 

differ in their antibody production to sequential immunization with T cell-dependent and 

T cell-independent antigens (Khulman et al., 1988). Collectively, these results demonstrate 

a link between gut-derived metabolites and immune function at the systemic level. 

However the scope of studies researching this link are limited, and have been restricted to 

understanding the effect of particular metabolites in connection to systemic immune 

challenge (Tuyishime et al., 2014), while combinatorial effects on immune measures from 

a large range of gut-derived metabolites and microbial components would be anticipated 

to occur in vivo. Furthermore, gut-derived metabolites or microbial components could 

either induce systemic immune tolerance or prime the immune system which would in turn, 

dictate host responses during immune challenge. These effects on host systemic immune 

status have been shown to be partly dependent upon microbial component-PRR 

interactions. For example, bacterial peptidoglycan can prime the systemic immune system 

under resting conditions, via NOD1 receptors, to enhance neutrophil activity (Clarke et al., 

2010). Recent findings by Oh et al. (2015) demonstrate the influence of bacterial flagellin-

TLR5 ligation on the longevity of humoral responses to seasonal vaccination with 

influenza (Oh et al., 2015). It would be anticipated that diet and sex would further influence 

microbiota-derived metabolite profiles and influence the impact of microbiota-derived 

components, leading to differential effects on systemic immune parameters. To the best of 
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our knowledge, we demonstrate for the first time that the kinetics of antibody production 

in response to immunization with a T cell-dependent antigen (KLH) differ between male 

and female rats following DFM consumption. 

Effects were also observed on immune cell population percentages and cytokine 

levels in the PP, MLN and spleen. These changes were evaluated a week after the KLH 

booster was administered, after which time the cytokines involved in regulating antibody 

production and class switching would be returning to  baseline levels.  The PP are the 

inductive sites of the GALT where APCs process antigens to present to naïve T cells and 

B cells are activated upon encountering antigens. In the current study, T cell population 

percentages in the PP were higher in males than in females, reflecting higher percentages 

of  CD3+ (total) T cells, CD3+4+ T helper cells, CD3+8+ cytotoxic T cells and CD62L+ (L-

selectin+) T lymphocytes compared to females. CD62L/L-selectin is a homing receptor that 

recruits naïve T cells to peripheral lymph nodes and its expression on neutrophils has been   

shown to decrease with butyrate pre-treatment in vitro (Vinolo et al., 2009). However, in 

vivo effects of gut-derived metabolites would not be restricted to those of butyric acid 

alone, and in addition, effects of this SCFA on neutrophils and T cells may differ.  Sex-

based differences have also been noted in CD62L/L-selectin expression. CD62L 

expression on memory T cells from the spleen was observed to be lower in male mice 

relative to females (Barrat et al., 1997), in contrast to the pattern observed in this study. In 

addition, CD3+4+ T helper cell population percentages increased in control-fed rats relative 

to rats fed all other DFM-supplemented diets, concurrent with an increase in TGF- in 

control-fed female rats compared to RS-fed female rats. Fermentable fibre feeding has been 
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noted to lower T cell responses to mitogen stimulation in lymphocytes from tissues such 

as the PP, where B cell functions predominate (Schley and Field, 2002). The parallel rise 

in all T cell phenotypes in the PP of males is thus interesting.  In contrast to males, B cell 

population percentages were higher in the PP of females. CD103+ DC also showed 

significance for a diet*sex interaction in the PP, along with a trend towards higher 

percentages of CD103+DC in females relative to males. These findings suggest that B cell-

mediated activity was prevalent in the female rats, while T cell-driven functions may 

predominate in males at the PP. 

 These patterns in lymphocyte population profiles switched between the PP and the 

MLN in male and female rats. The percentages of CD3+ T cells was higher in females 

relative to males, a pattern opposite to that observed in the PP. MLN IFN- levels were 

also higher in females compared to males, although there were no changes in the 

percentages of CD3+4+ T helper cells in the PP. These differences were also accompanied 

by higher B cell percentages in control and FOS-fed males compared to females fed the 

same diets. Moreover, HIS36+ macrophage percentages were also higher in the MLN of 

males than in females and this was paralleled by higher IL-10 levels in the MLN of males 

relative to females. Although difficult to ascertain, as we did not evaluate lymphocyte 

mucosal homing receptors, it is nevertheless possible that B cells migrated out of the PP 

and into the MLN, explaining why B cell percentages may have been low in the PP and 

high in the MLN of male rats relative to female rats.  Since we observed no changes in the 

CD3+4+ T helper cell percentages, it is reasonable to assume the high IL-10 levels were a 

reflection of the elevated macrophage population in the MLN, as IL-10 is secreted by 
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macrophages, in addition to other cell types (Mantovani et al., 2004). Overall, the immune 

milieu in the MLN of the male rats was indicative of immune regulation. 

 Examination of the PP and MLN immune cell populations and cytokine levels 

helped illustrate the immune environment and potential mechanisms of action within these 

locations, possibly in response to gut-derived signals. The immune parameters in these 

locations were mainly affected by RS intake in either sex, or by FOS feeding in males, 

highlighting the observation that ingestion of fermentable substrates impacted immune 

measures within peripheral lymphoid tissues. In addition there were sex-based differences 

in immune parameters within these tissues, which possibly points to a difference in the 

manner by which gut mucosal homeostasis is achieved between male and female rats. 

Collectively the interplay between diet and sex on immune parameters within these 

locations would dictate the immune outcome at distal systemic sites. 

 DFM intake clearly affected antibody responses in male and female rats 10 days 

after immunization with KLH. Rats fed the DFM-supplemented diets demonstrated a 

decrease in the primary anti-KLH IgG response relative to control fed rats. It should be 

noted that anti-KLH IgG concentrations in FOS-fed rats were lower than control-fed rats 

on day 5, but by 10 day concentrations were on par with that of control-fed rats. In contrast, 

in WB-fed rats the anti-KLH IgG concentrations were not different from control-fed rats 

on day 5, but concentrations were lower on day 10 in WB-fed rats relative to control-fed 

rats. These differences may reflect differences in the impact of the metabolism of these two 

fermentable substrates by the gut microbiota community on the response to immunization. 

Given that host-microbe interactions are often considered to be bi-directional, it is also 
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possible that immunization could influence microbial metabolism of these fermentable 

substrates. No evidence currently shows whether parenteral immunization could affect the 

gut microbiota community and this would be an interesting avenue to explore in the future.     

These results indicate that DFM intake in rats, regardless of sex, delayed antibody 

class switching from IgM to IgG.  This conclusion is supported by the observation that 

DFM intake by rats had no impact on anti-KLH IgM concentrations on day 5 or day 10. 

Anti-KLH IgG2a concentrations were unaffected by diet, while anti-KLH IgG2b 

concentrations were lower in rats fed RS or OB relative to control-fed rats. IgG2a 

production by B cells requires IL-4 (usually provided by TH2 cells) and can also occur 

independently of T cell help at certain stages of the antibody response, making this subclass 

of antibody slower to peak (Sakai et al. 1995; Medgeysi et al., 1981). This may explain 

why the effects of DFM intake were not observed with anti-KLH IgG2a, but were evident 

with anti-KLH IgG2b. Besides the effects of diet, the primary antibody response was also 

observed to differ between sexes, with males demonstrating lower anti-KLH IgG antibody 

concentrations relative to females. On day 10, concentrations of anti-KLH IgM and IgG 

were higher in females compared to males, while anti-KLH IgG2a concentrations were 

lower in females relative to males.  At day 10 concentrations of anti-KLH IgG2b were 

similar between the sexes. The KLH booster dose was administered on day 15. At this time 

point, high serum concentrations of anti-KLH IgG, IgG2a, IgG2b and IgA were observed 

in females compared to males. Interestingly males had higher levels of anti-KLH IgM 

compared to females on the day the booster was administered, yet the anti-KLH IgG 

secondary response was 10-fold higher in males than in females, demonstrating a diet*sex 
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interaction. Females had higher anti-KLH IgG levels during the primary response so would 

have been expected to demonstrate a greater secondary response to the booster, while in 

males the higher concentrations of anti-KLH IgM suggested slower B cell class switching, 

which should have hampered the kinetics of the secondary response to the booster. In 

addition, splenic B cell percentages were lower in control-fed males relative to control-fed 

females, further confounding the observed elevation in the secondary response in males. 

Others have also observed this phenomenon, and have shown this to be singular to outbred 

rat strains including Wistar rats (Kawai et al., 2013). This particular strain of rats also tend 

to exhibit larger inter-individual variability compared to inbred rat strains (Kawai et al., 

2013).  

The secondary anti-KLH IgG responses were significantly suppressed in male rats 

fed the DFM diets, especially following FOS consumption. IL-10 levels in whole blood 

cultures stimulated with KLH and LPS from FOS-fed male rats demonstrated a trend 

towards significance relative to unstimulated control cultures. LPS has been shown to 

enhance the suppressive functions of Treg cells, which secrete IL-10, via TLR4 activation 

Caramalho et al., 2003). We previously noted serum LPS levels were higher in males 

relative to females under resting conditions, and may explain the slight elevation in IL-10 

levels observed in whole blood cultures from FOS-fed males following stimulation with 

LPS and KLH. However, it is interesting that IL-10 rose only in FOS-fed males and was 

not observed in males fed the other DFM diets. We have previously also demonstrated in 

rats ingesting either RS or FOS an increase in immune regulatory markers such as TGF- 

and IgA, respectively, at the liver. Collectively, these results suggest consumption of highly 
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fermentable substrates in males induced a greater degree of systemic tolerance, leading to 

a less robust host response under immune challenged conditions. 

7. Conclusion 

 

The current study has attempted to highlight differences in DFM-mediated mucosal 

and systemic immune measures between male and female weanling rats. The findings of 

our collaborators demonstrated that gut microbiota communities metabolized DFM 

differently between sexes. These DFM-induced alterations in community structure resulted 

in differential SCFA profiles, potentially contributing to differential effects on mucosal 

and systemic immune parameters between male and female rats. Differences in the effect 

of these DFM on immune measures between male and female rats may also reflect inherent 

differences in the immunological architecture of the GALT between sexes. Although sex 

hormone-mediated effects on immune cell activity are well recognized, the immune cell 

types and cytokine milieu observed within the gut mucosal compartments in the current 

study suggest gut immune homeostasis is achieved via different routes between male and 

female rats. This is intriguing because the gut microbiota is necessary for early GALT 

development and occurs postnatal, a stage at which the influence of sex hormones would 

be minimal. Additionally, the microbiota diversifies at the weanling stage when solid food 

is introduced into the diet. Since both male and female weanling rats in the current study 

were fed the same control diet, it would be reasonable to expect gut-microbiota 

diversification following consumption of control diet may alter GALT immune cell 

populations and activity in the same manner between the sexes, however this was not the 
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case. Peripheral lymphoid tissue in males demonstrated a T cell bias versus that of 

macrophage and B cell dominant populations in females. Steegenga et al. (2014) noted 

sexual dimorphism in the expression of histone-modifying genes in the small intestine and 

colon of pre-pubescent mice, along with sex-specific taxa present in the colonic microbiota. 

Their results illustrate epigenetic factors influence the bi-directional relationship between 

the host and the microbiota early on in GALT development, possibly explaining the 

differences we noted in the peripheral lymphoid immune cell populations between sexes. 

What is less understood is how, if at all, epigenetic factors may affect systemic immune 

activities via the gut-liver axis. In light of the current findings it would appear that under 

homeostatic conditions immune regulation occurs constantly along the gut-liver axis in 

males. Levels of regulatory cytokine TGF- were especially heightened in DFM-

consuming rats in mucosal and systemic tissues, possibly reflecting the higher percentages 

of FoxP3+ Treg cells in these tissue compartments. Recent evidence shows SCFA exert their 

regulatory effects in the colon partly by stimulating histone acetylation of the FoxP3+ gene 

locus in CD4+ T cells, inducing their differentiation into Treg (Alenghat and Artis, 2015). 

This may explain why highly fermentable substrates increased tissue TGF-1 levels in 

male rats, and also suggests the male gut lumen may be predisposed to a microbiota that 

produces high amounts of SCFA. In contrast females had high background levels of IL-10 

in mucosal and systemic tissues, and levels of this cytokine were affected by diet only in 

the female ileum. Of the two regulatory cytokines, TGF- is well recognized to be an 

immune suppressant as evidenced by its prevalence in tumor micro-environments 

(Whiteside, 2012). The increase in MLN and liver TGF- levels in DFM-fed male rats 
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may suggest a mechanism through which fermentable substrates may hinder systemic 

immune responses in males under challenged conditions. We observed that DFM-fed males 

had lower anti-KLH antibody responses relative to control fed males, and this effect was 

less marked in females.   

 Host immune status is shaped by the complex interplay between diet and sex.  

Investigating the dynamics of these factors together, rather than separately, will provide 

better understanding of the potential impact on host health. 
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8. Future Directions 

 

It would be interesting to examine whether the choice of basal diet may alter the 

outcome of DFM-mediated effects in rats. For example in the current study, male rats fed 

the FOS-supplemented Purina chow diet, under resting conditions, did not show alterations 

to TGF-levels in the gut mucosal or liver tissue, unlike males fed the DFM-

supplemented AIN-93G diets;  nevertheless, male rats fed the FOS-supplemented AIN-

93G diet still demonstrated the lowest levels of anti-KLH IgG to secondary immunization.  

Could this outcome have been different if the AIN-93G diet was substituted with Purina 

chow? Purina chow, which contains soy protein, has been criticized as a diet choice as it 

has the potential to affect gene expression via estrogenic effects due to the presence of high 

levels of circulating isoflavones after its consumption (Brown and Satchell, 2001). For this 

reason, it has been replaced with the soy-free AIN-93G formulated diet in the majority of 

rodent studies. However, Purina chow may be a better representation of a human diet than 

the highly-defined AIN-93G diet, and understanding DFM-mediated effects within the 

background of this diet and/or diets with varying sources of protein may help provide 

detailed insight into effects of DFM intake on host health. 
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10. Appendix 

 

 

 

 

Figure AI. Change in the male and female faecal community in response to the FOS-

supplemented diet. Bar graphs indicate the distribution of phylotypes (%) at the Family 

level. Rats fed rodent chow (■) or rodent chow supplemented with OF (□).   Left panel: 

females.  Right panel: males.  Arrows indicate major taxa changing in response to OF A) 

Family Porphyromonadaceae (Genus Barnesiella).  B) Family Prevotellaceae (Genus 

Prevotella) C and D) Family Lachnospiraceae.  Inset: Pie charts show the distribution of 

phylotypes at the level of Phylum in rats fed rodent chow (upper pie charts) or rodent 

chow supplemented with OF (lower pie charts).  

 


